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The course of chlorination of 2,4,6-trichlorophenol (I) in water and approximately 20% sulfuric 
and hydrochloric acids has been investigated. In all these media the reaction gives primarily 
2,4,6.6-tetrachloro-2,4-cyclohexadienone (II) which is subsequently chlorinated under formation 
of polychlorinated alicyclic ketones or isomerized to give the more stable 2,4,4,6-tetrachloro
-2,5-cyclohexadienone (III), the precursor of further arising chlorinated 1,4-benzoquinones. 
The ratio of the arising polychlorinated alicyclic ketones to chlorinated 1,4-benzoquinones is 
significantly influenced by concentration of hydrogen chloride in the reaction medium. On the 
basis of model experiments, the reaction mechanism of exhaustive chlorination of 2,4,6-trichloro
phenol has been suggested. 

Chlorination of phenol or its mono- and dichloro derivatives is known l - 7 to afford primarily 
2,4,6-trichlorophenol (I). This upon further chlorination gives various products depending 
on reaction conditions. The course of chlorination of phenol in sewage water is significantly 
influenced by the pH value of the medium2 • In an alkaline medium the aromatic nucleus is 
destructed8 and at the phenol-chlorine ratio 1 : 10 (w/w) aromatic compounds cannot be de
tected at a1l9 . Eliasek and Jungwirth chlorinated 0'001% (ref. s) to 0'1% (ref.6 ) aqueous solu
tions of phenol at pH 2- 3 and phenol-chlorine ratio 1 : 6 (w/w).After 24 h they obtained a mix
ture of the following chlorinated 1,4-benzoquinones in 60% yield: 2,6-dichloro-I,4-benzoquinone 
(IV), 2.3,5-trichloro-I,4-benzoquinone (V) and tetrachloro-I,4-benzoquinone (VI) (ref.6 ). Miiller 
and Linde 7 , who chlorinated concentrated acidic aqueous phenol dispersions, studied the time 
dependence of the content of chlorine and carbonyl groups in the product and concluded that the 
chlorination proceeds via 2,4,6-trichlorophenol (I) and only after this stage a more significant 
amount of chlorinated 1,4-benzoquinones is formed7 •10• 

However, the results of the mentioned studies do not explain sufficiently the 
processes taking place in the chlorination of phenol or compound I in acidic aqueous 
media. Thus, e.g., the formation of polychlorinated alicyclic ketones has been over
looked as the result of rather difficult analytical evaluation. The aim of the present 
work is to elucidate the course of the exhaustive chlorination of I in acidic aqueous 
media using analytical methods developed earlier by the author and coworkers14 - 18 • 

,. Present address: International Economic Association Interchimvolokno, Bucharest, 
Roumania. 
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EXPERIMENTAL 

Synthesis of Model Compounds 

The model compounds were prepared in chromatographic purity by described procedures: 
2,4,6-trichlorophenol (I) was obtained by chlorination of phenol I I , 2,4,6,6-tetrachloro-2,4-cycio
hexadienone (II), b.p. 43'O°C/16 Pa, by chlorination of I or its sodium salt (ref. I I ), 2,4,4,6-tetra
chloro-2,5-cyclohexadienone (III), m.p. 123'2°C, by chlorination of I (ref.12) or isomerization 
of II (ref. I I ), 2,6-dichloro-l ,4-benzoquinone (I V), m.p. 121- 122'O°C, 2,3,5-trichloro-l ,4-benzo
quinone (V),m.p. 169'2-169'8°C, and tetrachloro-I,4-benzoquinone(VI), m.p. 294-295'O°C, 
by oxidation of the corresponding chlorinated phenols I , 2,3,4,6,6-pentachloro-2,4-cyciohexa
dienone (VII), m.p. 29- 29'4°C, by chlorination of 2,3,4,6-tetrachlorophenol or its sodium 
salt!!, 2,3,4,4,6-pentachloro-2,5-cyciohexadienone (VIII), m.p. 112-113'O°C, by isomerization 
of VII (ref. ll ), and 2,2,3,4,5,6,6-heptachloro-3-cyciohexenone (IX), m.p. 95·7-96·6°C, by chlori
nation of I (ref. 13). All the melting points are corrected. 

Analysis of Reaction Products 

The homogenized samples I were first qualitatively analyzed by thin-layer chromatogra
phyll.14.15. Quantitative analysis was performed by gas-liquid chromatography l6.17 (also in 
combination with mass spectrometry I 8), and IR spectroscopyl. 

Gas-liquid chromatographic analysis of reaction mixtures containing simultaneously the 
ketones II, III, VII, VIII, and IX and the chlorinated I ,4-benzoquinones IV- VI was complicated 
by decomposition of the ketones at temperatures above 125°C under formation of less chlorinated 
phenols l8 ; enabling thus a determinat;on of the sum of the isomeric ketones (e.g. II and Ill) 
at best. The use of lower temperature or a temperature program was not suitable for analyses 
of IV- VI which were not eluted under the given conditions or their peaks coincided with those 
of the ketones. Both groups of compounds were therefore separated on the basis of their dif
ferent solubility in warm n-heptane or tetrachloromethanel . Fractional crystallization afforded 
three fractions of which the first contained VI, the second IV and V, and the third a mixture 
of the ketones II, III, VII-IX, and in some cases also I. The content of IV-VI in the first two 
fractions was determined by gas-liquid chromatographyl6. The amount of the ketones in the 
third fraction was estimated by quantitative IR spectroscopy; however, at lower concentrations 
of one of the isomeric ketones it was possible to determine only their total amount l . In the 
gas-liquid chromatographic analysis of the reaction mixtures containing, in addition to com
pounds Ii- IX, compound I or 2,3,4,6-tetrachlorophenol, it was necessary to convert the chloro
phenol to a more volatile derivative and to determine the corresponding ketone as free chloro
phenol18 . More volatile chlorophenol derivatives were prepared by treatment with diazomethane, 
analogously to ref. 17 . In this reaction the ketones II, III, VII-IX remain intact, whereas the 
chlorinated 1,4-benzoquinones IV- VI give compoundsl9 that are not eluted under the given 
conditions I. 

Chlorination 

The chlorinations were performed at 75°C under constant hydrodynamic conditions in a previ
ously described apparatusl ; the weight ratio of the chI oro derivative (I, II or VII) to the reaction 
medium was about I : 10 to I : II. All the obtained values are means of two independent experi
ments. 
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Chlorination 0/ compound I. Compound 1(19'75 g; 0,01 mol) was suspended in water (200 ml) 
or in 20'13% sulfuric acid (200 ml) or in 20'84% hydrochloric acid (200 ml). Chlorine was intro
duced into the reactor at 75 ± 0·5°C. After the end of chlorination, the content of the reactor 
was extracted with several portions of benzene (total amount about 800 ml) until no organic 
compounds were detected by the thin-layer chromatography of the last extract. The combined 
benzene extracts were dried over anhydrous sodium sulfate and the solvent was evaporated under 
diminished pressure (bath temperature below 45°C). Since the obtained residue was not homo
geneous, it was dissolved in a suitable solvent prior to further analyses. The solubility of the 
product was influenced by the amount of VI. Acetone or benzene or their mixtures proved to be 
the best solvents. After the extraction, the content of hydrochloric acid in the aqueous phase 
was determined by titration with silver nitrate according to Mohr2o and then the water was 
evaporated in vacuo at temperatures lower than 50°C. The sulfuric acid-containing aqueous phases 
were neutralized with sodium carbonate solution and the obtained solution was evaporated 
to dryness. The residue was extracted with acetone for 6 h and the extract was taken down at a re
duced pressure (bath temperature below 40°C). The pertinent experimental data are given in Ta
bles I-HI. 

Chlorination o/compound II. The ketone II( 4·70 g; 0,02 mol) was added at 75 ± 0·1 °C to a solu
tion of chlorine (0,1 g) in 20'78% hydrochloric acid (50 ml). Chlorine (total 1,40 g; 0,02 mol) 
was introduced into the formed suspension. The content of the reactor was extracted with benzene, 
the extract dried over anhydrous sodium sulfate and benzene evaporated under diminished pres
sure (bath temperature below 35°C), yielding 5·45 g of a residue whose composition is given 

TABLE I 

Products of chlorination of compound I in water 

Amount of chlorine 
mol/moll 0·51 1'00 1·50 2,02 2·50 3'00 

Chlorination time, min 75 135 200 320 490 1260 
Formed HCI, mol/moll 1'33 2·50 3,65 4·27 4·77 5·21 
Isolated organic material, g 18,95 17·74 18,25 18,60 19,15 20'30 
Product 'isolated from aqueous acidic 0'30 0·60 0,95 1·10 1·45 1·55 

phase, ga 

Composition of the organic material 
mol/moll 

I 0·58 0'37 0·21 0·07 0,02 0'002 
II + III 0·15 0·20 0,24 0,09 0,05 0'01 
IV 0·16 0·29 0,39 0,47 0,11 0,003 
V 0·01 0,01 0,04 0·12 0'38 0,40 
VI <0,001 0,01 0·01 0·12 0·15 
VII + VIII 0·04 0·06 0,06 0,07 0,07 0'04 
IX 0·01 0,04 

(I Composition is analogous to that of oily compounds arising in hydrolysis of ketone III (ref. 21). 
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in Table IV. Thus, exhaustive chlorination of II with 2·10 g (0'03 mol) of chlorine afforded 5,43 g 
of the residue (Table IV). In an analogous way, ketone II was chlorinated in water and 20·13% 
sulfuric acid, affording 4·58 g and 5'04 g, respectively, of red-yellow semicrystalline material 
of composition given in Table IV; however, these chlorinations were not well reproducible. 

Chlorination of compo lind VII. Ketone VII (4'00 g; 0'0l5 mol) was added at 75 ± O'I°Ctoasolu
lion of chlorine (0'20 g) in 20·78% hydrochloric acid (40 ml) and the formed suspension was 
chlorinated with 1'05 g (0'015 mol) of chlorine. The reaction mixture was extracted with benzene, 
the extract dried over anhydrous sodium sulfate and the solvent evaporated in vacuo at a tempera
ture lower than 40°C. The residue contained 18'6%(w) of the ketone IX and 80'2% (w) of the 
ketone VIII. 

Isomerization 

homerization of compound II. A suspension of ketone II (4'64 g; 0'02 mol) in 20·78% hydro
chloric acid (50 ml) was stirred at 75 ± 0·1 °C for 30-120 min. After cooling, the reaction mix
ture was extracted with benzene. The benzene extract was dried over anhydrous sodium sulfate 
and evaporated in vacllo at a temperature lower than 40°C, affording 4'39 g of a yellow crystal
line material of composition given in Table V. Similarly was isomerized the ketone II in water 
or 20'13% sulfuric acid; yield 3'38 g and 3'80 g, respectively, of a red oil in which only com
pounds listed in Table V were identified. 

Isomerization of compound VII. A suspension of ketone VII (4'00 g; 0·015 mol) in 20'78% hydro
chloric acid (40 ml) was stirred at 75 ± 0·1 °C for 4 h. After cooling, the crystalline product 

TABLE 11 

Products of chlorination of compound ~ in 20·13% sulfuric acid 
------ -----.--

Amount of chlorine 
mol/moll 0·50 1·02 1'35 1·51 2·00 2·46 

----_ .. 

Chlorination time, min 35 80 130 165 220 1260 
Formed HCl, mol/moll 1'35 2·20 2-84 3,03 3-96 4·64 
Isolated organic material, g 18·70 19·10 19·45 19·55 19'85 20'90 
Product isoiated from aqueous acidic 0'03 0'03 0'03 0'03 0·05 0'05 

phase, ga 

Composition of the organic material 
mol/moll 

I o·w 0'33 0·19 0·15 0,05 0'006 
II + 1lI 0·11 0·25 0'30 0·25 0'04 0'02 
IV 0·19 0·28 0'31 0·28 0,05 <0·001 
V 0'01 0'03 0'05 0·15 0·48 0'30 
VI <0,001 0,04 0'30 
VII + VIII 0'02 0·04 0'06 0·07 0'13 0,10 
IX 0'02 0·04 

a Unidentified products. 
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was taken up in benzene, the organic extract dried over sodium sulfate and taken down at a tem
perature lower than 40°C. Yield 3'85 g of a crystalline product containing 97· 5% (w) of the ketone 
V Ill, 2% (w) of 2,3,4,6-tetrachlorophenol, and o· 5% (w) of the unreacted ketone VII. 

RESULTS AND DISCUSSION 

In accord with Scheme 1, chlorination of compound 1 in water and 20·12% sulfuric 
acid (2'5 mol of chlorine to 1 mol of 1) affords mainly the chlorinated 1,4-benzo
quinones IV- VI (about 0·6 mol/mol of 1) and only minor amounts of the poly
chlorinated alicyclic ketones Ill, Vll-IX (up to 0'15 mol/mol of 1) (Table I and II). 
The remaining part of the product consists of unidentified oily compounds the 
character of which was already discussed21 • Following chlorination of the com
pound 1 proceeds only slowly, the maximum consumption of chlorine being about 3 
mols per 1 mol of 1; at this stage the portion of unidentified products both in the 
organic and acidic aqueous phases increases21 (Table I). 

The principal products of exhaustive chlorination of compound 1 in 20'84% hydro
chloric acid (2'5 mol elz/mol of 1) are the polychlorinated alicyclic ketones VIll 

T ABLE III 

Products of chlorination of compound I in 20'84~-;; hydrochloric acid 

Amount of chlorine 
mol/moll 0·25 0·53 1·01 1·53 2-00 2-55 

---_.----

Chlorination time, min 40 63 114 190 320 1 290 
Formed HCI, mol/molla 0'30 0-70 1·25 1'59 2-05 2-58 
Isolated organic material, g 19-75 20-55 21·40 23-10 24'60 27-50 
Product isolated from aqueous acidic 0'03 0-05 0-06 0'05 0'02 0·15 

phase, l 
Composition of the organic material 

mol/moll 
I 0-84 0·70 0·47 0·26 0'11 0-006 

II + III 0'07 0·16 0'10 a-os 0·03 <0'001 
IV 0·03 0'02 0'02 0·02 0·01 <0'001 
V 0·01 0'02 0'05 0·06 0-08 0·01 
VI 0·01 0·08 0·10 0·19 0·25 
VII 0'04 0-06 0·20 0'07 0-01 <0·001 
VIII <0'001 0'04 0'34 0·44 0·53 
IX <0-001 0·003 0·01 0'05 0-14 

a The values are somewhat distorted due to loss of hydrogen chloride from the chlorination appa-
ratus; b unidentified products; chlorinated hydroquinones were not found. 
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and IX (about 0'7 mol/mol of I), the rest being mainly tetrachloro-l,4-benzoquinone 
(VI) (up to 0·25 mol/mol of I) (Table III). 

I 
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From the chlorination data given in Tables I - III it is evident that the quantitative 
differences in the product composition in the given media depend on sufficiently 
high concentration of hydrochloric acid'. This is, however, not a mere effect of proton 
concentration, since 20% sulfuric acid also contains a high concentration of protons, 
yet the results of exhaustive chlorination of compound I are similar to those obtained 
in water. Therefore, the different results must be due to the behaviour of one of the 
intermediates arising during the chlorination. 
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As we have found already previously, such key compound whose fate is most 
influenced by hydrogen chloride concentration in the reaction mixture is 2,4,6,6-tetra
chloro-2,4-cyclohexadienone (11). The inductive effect of the symmetrically placed 
chlorine atoms in the enol form of compound 1 facilitates further chlorination 
of 1 to give the keto form of compound I I. Its formation depends on the ease of forma
tion of the trichlorophenoxide anion by loss of proton and subsequent isomerization 
and chlorination2l . The requirements for this reaction are met in principle in all but 
extremely acidic reaction media in which the cleavage of proton from the compound I 
is impossible. This holds first of all for strong acids which are known to stabilize 
the enol forms 22 • 

The formation of ketone 11 in the chlorination of 1 was proved by thin-layer 
chromatography 1 1,14 as well as by the gas-liquid chromatography - mass spectro
metry method 18. Because of fast isomerization and chlorination of 11 and its com
plicated determination it was not possible to determine quantitatively the ketone 11 
in the presence of its more stable isomer, 2,4,4,6-tetrachloro-2,5-cyclohexadienone 
(Ill) in the. complex reaction mixtures. Therefore only sums of 11 and III are given 
in Tables I - III. According to the thin-layer chromatography, the concentration 
of 11 was invariably 1·5 to 2 orders of magnitude lower than that ofIIl. 

The course of chlorination of 1 according to Scheme 1, particularly the formation 
of the polychlorinated alicyclic ketones Ill, VIl -IX, was confirmed by model 
experiments with chromatographically pure ketone 11 (Tables IV and V). 

Isomerization of ketone 11 in water and dilute sulfuric acid afforded red oily com
pounds which were difficult to identify. In addition to the more stable isomer Ill, 
the reaction mixture contained up to 0·1 mol of compound 1 (based on one mol 
of starting 11) and traces of the chlorinated 1,4-benzoquinones IV - VI. As seen, 
the character of the reaction products is the same as the character of compounds 
arising in the hydrolysis of ketone III in water and sulfuric acid21 . 

The results of isomerization of 11 in hydrochloric acid are, however, qualitatively 
different (Table V). In the absence of chlorine, ketone 11 is obviously isomerized 
to give .ketone Ill. Only a small amount of III gives the chlorinated 1,4-benzoquino
nes IV - VI, the greatest part remaining unreacted. Simultaneously, a significant 
amount of 2,3,4,4,6-pentachloro-2,5-cyclohexadienone (VIlI) was observed. Since, 
in the given medium, direct chlorination of III to VIlI is out of question 1 , we assume 
that the chlorine cation, arising by cleavage from the ketone 11 (ref. 2 1), can produce 
elemental chlorine from hydrochloric acid according to the equations: 

HCl """ H + + Cl

Cl- + Cl + """ C1 2 • 

The formed elemental chlorine can then chlorinate the unreacted ketone 11 to give 
2,3,4,6,6-pentachloro-2,4-cyclohexadienone (VIl) which under the given conditions 
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isomerizes almost completely to the more stable derivative VIII. Since the concentra
tion of the arising elemental chlorine is proportional to that of the reacted ketone II 

TABLE IV 

Products (mol/mo\) II of chlorination of ketone II 

Reaction medium Water 20'78/~ HCI 
---------

Reaction time, min 180 205 230 300 

Amount of chlorine, mol/mol II 1'07 1·07 1'07 1·57 
~---. -~---~ 

I 0·03 0·02 0'02 0·01 
II a a a 

III 0·32 0·28 0'05 0'01 
IV 0·27 0'02 <0'001 0·01 
V 0'04 0·30 0'02 0'03 
VI 0'02 0'04 0·18 0'18 
VII 0'05 0·05 0'16 0·09 
VIII 0'07 0·\7 0·51 0·51 
IX <0'001 0·09 

Traces of the compound identified by thin-layer chromatography. 

TABLE V 

Products (mol/mol II) of isomerization of ketone II 
------- ---~~-~~--

Reaction medium Water 
20.1r'~ 

20'78% HCI H 2 SO4 

Reaction time, min 60 60 60a 120 

I 0·08 0·10 0·29 0·29 
II b b b 

III 0'05 0·05 0·35 0'34 
IV b <0'001 b 

V <0'001 0'01 <0·001 
VI ·:::0'001 <0'001 0'04 0'05 
VII <0'001 <0·001 
VIII 0·23 0·23 

-- ----- -_._--
a Ident ical results obtained also after 30 min; b traces of the compound identified by thin-layer 
chromatography. 
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(its oxo-enol isomerization gives the trichlorophenolate anion which reacts with 
proton to give I), it is obvious that the excess of the chlorination agent is consumed 
in the oxidation of chlorinated hydroquinones (whose formation in the medium 
with a high concentration of hydrogen chloride must be assumed) producing the 
corresponding chlorinated 1 ,4-benzoquinones IV - VI (ref. 21). 

Chlorination of the ketone II afforded qualitatively the same results as chlorina
tion of the phenol I (Table V). In water and dilute sulfuric acid the isomerization 
of I I to the more stable I II is preferred, the latter giving then the chlorinated 1,4-benzo
quinones IV-VI (ref.21). Concurrent chlorination of ketone II gives only small 
amounts of ketones VII and VIII (about 0·2 mol per mol of the starting II). At the 
same time, other chlorination reactions of ketones II and III (as evidenced by the 
proven presence of I) take place leading to minor quantities of red, unidentified 
oils21 • 

Chlorination of the ketone II in hydrochloric acid affords a mixture of ketones 
VII -IX (about 0'7 mol per mol of the starting II) in addition to the chlorinated 
l,4-benzoquinones IV - VI (about 0·2 mol per mol of the starting II). This confirms 
the assumption that in this medium the chlorination of compound II prevails over 
its isomerization. The ketone VII, formed by substitution chlorination of II, is the 
precursor of further two compounds: ketone VIII and 2,2,3,4,5,6,6-heptachloro
-3-cyclohexenone (IX). Model experiments proved that these compounds arise 
from ketone VII by isomerization and addition of chlorine, respectively (Scheme 1). 
Under the given reaction conditions, the isomerization into the more stable isomer 
VIII is preferred (about 0·8 mol per mol of the starting VII) since the chlorination 
of VII to IX is obviously difficult. Both these reactions are less sensitive towards 
hydrogen chloride concentration than in the case of the ketone II. 

As follows from the above discussion, in the chlorination of I or II the ratio 
of the formed polychlorinated alicyclic ketones to the chlorinated 1,4-benzoquinones 
is influenced by hydrogen chloride concentration in the reaction medium. The balance 
of hydrogen chloride arising in the exhaustive chlorination of I in the given reaction 
systems is very complex. Hydrogen chloride arises by reactions leading to compounds 
II, IV, and VII and adds simultaneously to the arising 1,4-benzoquinones IV and V 
(Scheme 1; ref. 21 ). The found balance of hydrogen chloride in the reaction systems 
agrees with that calculated according Scheme 1. 

'-iCI_H.~"" 

~.¢c 
CI 

X 
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In order to explain the different effect of hydrochloric acids we suggest the forma
tion of a complex (X) between the ketone II and HCl. This inhibits the isomerization 
of the ketone II into the ketone III in the medium of high initial concentration 
of hydrogen chloride and at the same time promotes its further chlorination in the 
meta-position to give the ketone VII. 

Ketone III, formed by isomerization of II, is the precursor of the chlorinated 
1,4-benzoquinones IV - VI. Compound IV arises via a chlorine cation or proton21 , 

a condition which is fulfilled in the given media. The compounds Vand VI are not 
formed by substitution chlorination of IV but by addition of hydrogen chloride 
to the starting chlorinated 1,4-benzoquinones IV and V followed by a very fast 
oxidation of the arising chlorinated hydroquinones by chlorine21 • 
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