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A A Vasil’ev, A S Burukin, S G Zlotin

Contents

I. Introduction
II. Reactions with S- and Se-nucleophiles
III. Reactions with N-nucleophiles
IV. Reactions with O-nucleophiles
V. Reactions with F-nucleophiles
VI. Reactions with C-nucleophiles
VII. Catalytic carbonylation and carboxylation
VIII. Catalytic C—C cross-coupling
IX. Metallation

Abstract. Methods for the replacement of chlorine atoms in
polychloroarenes upon treatment with various reagents are
surveyed. Considerable attention is given to catalytic methods
and elucidation of the structure—reactivity relationships for
polychloroarenes. The bibliography includes 322 references.

1. Introduction

According to the long-term environmental protection strategy
of the EU countries, the production and utilisation of environ-
mentally hazardous chemical compounds will be ceased by
2020. Polychlorinated aromatic compounds (polychloroar-
enes, PCA) are among such compounds. The disposal of toxic
PCA produced on the industrial scale, such as first-generation
insecticides polychlorobiphenyls and polychlorodioxins
formed as their biodegradation products, remains an unsolved
problem. Its solution requires information on the reactivity of
these compounds, which would suggest promising approaches
to their conversion into ecologically safe products or substan-
ces with useful properties. Catalytic hydrogenolysis of the
C—Cl bond in PCA has been studied in sufficient detail.! =8
However, the resulting products are, as a rule, of little practical
significance because many hydrogenolysis products can be
prepared according to simpler and cheaper procedures. Other
reactions of PCA containing from two to six chlorine atoms in
the aromatic nuclei have been documented to a lesser extent. Of
these reactions, reduction-type processes, including metalla-
tion and electron-transfer reactions, as well as reactions with
nucleophilic reagents, deserve notice. In addition, the develop-
ment of procedures for the formation of new C—C and
C—heteroatom bonds instead of poorly reactive C — Cl bonds
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is a good challenge for processing PCA into practically useful
compounds of the aromatic series.

The chemical properties of PCA often differ from those of
monochloro derivatives due to the mutual influence of the
chlorine atoms. Polychloroarenes are characterised by high
acidity of the aromatic protons and high electron affinity. The
shift of the first half-wave reduction potential (£;,2) to more
positive values, on the average, by 0.2—0.3 V, upon the
introduction of every next chlorine atom into the aromatic
nucleus can serve as the criterion of the electron affinity.% 10
For example, this parameter for hexachlorobenzene is
—1.44 V (relative to a saturated calomel electrode), as opposed
to monochloroarenes, which are reduced at potentials equal or
close to the values of supporting electrolyte discharge. At the
same time, a negative charge on the chlorine atoms (for
example, in hexachlorobenzene), the small C—Cl bond length
(1.7 A) and the rather large van der Waals radius of the
chlorine atoms (1.8 A) hinder the attack of nucleophiles on
the electron-deficient carbon atoms in PCA.

The present review summarises the main reactions of PCA
(containing from two to six carbon atoms in the aromatic core)
resulting in the replacement of chlorine atoms by other
elements. These include:

(1) nucleophilic substitution reactions,

(2) reactions accompanied by the C—C bond formation
through metallation of PCA,

(3) transition metal-catalysed cross-coupling reactions.

The only monograph summarising the reactions of PCA
was published in 1974.!! The reactions of perchloroalkylarenes
that involve the side aliphatic chains with retention of chlorine
atoms in the aromatic moieties were considered in a more
recent review.!'2 In a chapter of a multivolume monograph '3
devoted to organic halogen-containing compounds, the prop-
erties of polyhaloarenes are not considered separately. In this
connection, in our opinion, it is reasonable to discuss not only
the results of studies published in the last decade, but also the
earlier data. The present review includes data on low-chlori-
nated arenes in particular, because dioxins containing two
chlorine atoms in the aromatic nuclei belong to environmen-
tally hazardous compounds. In addition, certain reactions,
which have been studied only for arenes containing two or
three chlorine atoms, would be useful also for chemical
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modifications of highly chlorinated PCA. Since the physico-
chemical properties and the structures of polychloroarenes
have been covered in detail in the earlier monograph,'! various
chemical transformations of these compounds are only con-
sidered below.

I1. Reactions with S- and Se-nucleophiles

Aromatic thiols, sulfides and their derivatives have found wide
use as rubber vulcanisation promotors and modifiers of
polymeric compositions. They also serve as intermediates in
the synthesis of organic conductors, biologically active com-
pounds and other valuable compounds. The main procedure
for their synthesis is based on the nucleophilic substitution of
chlorine atoms in chloroaromatic compounds under the action
of sulfur-containing nucleophiles.

1. Characterisation of reactions of non-activated
polychloroarenes with S- and Se-nucleophiles

Reactions of polychlorobenzenes with sodium alkanethiolates
RSNa in hexamethylphosphoramide (HMPA) resulting in
high yields of poly(alkylthio)benzenes were documented. !4~ 1¢

RSNa =

|

Cl, . \
HMPA, 80-100°C &

n =2-6; R = Me, Et, Pri.

(SR),

The course of the reactions with sodium ethanethiolate and
with sodium methanethiolate especially should be thoroughly
controlled 1617 because alkylthiobenzenes formed in the first
step can undergo dealkylation induced by an excess of sodium
alkenetiolate to give alkali metal arenethiolates (see the
review '8).

ArSR + RSNa —> ArSNa + R;S,
R = Mg, Et.

It is more convenient to use Pr'SNa as the sulfur-containing
reagent. Under the reaction conditions, the resulting aryl
isopropyl sulfides are stable. After completion of the reaction,
these compounds can be transformed into benzenethiols and
then into other alkyl aryl sulfides. The latter can be prepared by
one-pot reactions with metallic sodium and then with alkylat-
ing agents (alkyliodides or esters). The isopropyl groups can be
removed by the reaction with sodium in HMPA or pyridine at

~100 °C.1®
PriSNa = ‘ ) Na
Cl, m—(SPr), ———
HMPA, NS HMPA, 100 °C
80100 °C
Alkl
— @(SAM”
— @(SNa)n o
AcOEt
ity @(SEt)n

n=2-6.

Dichlorobenzenes 1la—¢¥ react with sodium alkanethio-
lates in HMPA to form bis(alkylthio)arenes and their trans-
formation products.!” For example, the reactions of
1,4-dichlorobenzene (1c¢) with EtSNa and MeSNa afford
1,4-bis(ethylthio)benzene (85%) and 4-(methylthio)benzene-

1 Hereinafter, isomeric PCA have identical numbers but are denoted by
different letters.

thiol (52%), respectively, as the major products. The reactions
with sodium propane-2-thiolate are not accompanied by
S-dealkylation. However, these reactions afford mixtures of
mono- and bis(isopropylthio)benzenes. The composition of
the products depends on the amount of the reagent. The
disubstitution products are the major products in the reactions
of PriSNa with 1,3- and 1,4-dichlorobenzenes (1b.c); for steric
reasons, the reaction with 1,2 isomer 1a gives 2-chloro(isopro-
pylthio)benzene as the major product even in the presence of an
excess of thiolate (Table 1).13

Table 1. Reactions of isomeric dichlorobenzenes 1a—c¢ with PriSNa in
HMPA at 80 °C.!3

Compound Number Reaction  Products Yield
of equiv. time /h (%)
of PriSNa

1,2-Cl,C¢H4 (1a) 1 0.5 2-CIC¢H4SPr 92
3 36 2-CIC¢H4SPr, 68

1,2-(PriS)2C5H4 11

1,3-Cl,CsHa (1b) 1 0.5 3-CIC¢H4SPr, 60

1,3-(PriS)2C(,H4 5

3 36 1,3-(PriS)>CsHy 56

1,4-C12C6H4 (lc) 1 0.5 4-C1C6H4SPri, 72
1,4-(PriS)>CsHy 7

3 4 1,4-(PriS),CsHy4 96

Thiolate anions react also with highly chlorinated are-
nes.'* 17 For example, the reactions of isomeric tri- and
tetrachlorobenzenes with an excess of PriSNa in HMPA at
100 °C resulted in products of complete substitution of chlor-
ine atoms in yields of up to 95%.1° The degree of substitution in
the reaction with pentachlorobenzene (2) can be controlled by
varying the temperature. At 0 °C, three chlorine atoms are
replaced to give compound 3; at 100 °C, five chlorine atoms are
replaced to form compound 4. It should be noted that the
removal of the isopropyl groups in dichloroarene 3 with
metallic sodium is accompanied by reduction of the C—ClI
bonds.

SPri SMe
3 SPr SMe
0°C 1) Na
al al 2) Mel
) SPr! SMe
Pr'SNa
CsHCl;s 3(85%)
HMPA .
2 SPr!
100 °C Spr!
——
PriS SPri
SPri
4 (90%)

The product of the complete replacement of chlorine atoms
in hexachlorobenzene (5) by PriS groups is formed at room
temperature.!”-20 The increase in the reaction temperature to
100 °C results in the elimination of one isopropyl group and
the formation of pentakis(isopropylthio)benzenethiol. The
reaction of Ce(SPr')s with metallic sodium is accompanied by
the replacement of one sulfur-containing group by hydrogen.'#

20°C . DNa
> CG(SPr‘)(, —— C()(SMC)() + C(,H(SME)5
Ccle PriSNa 2-35h (95%) 2) Mel Q1)
6
5 100 °C

L~ » C4(SPr)sSH
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The reaction of hexachlorobenzene (5) with PhCH,SNa
produced hexakis(benzylthio)benzene, whose benzyl groups
can be removed under the action of sodium in liquid ammo-
nia.>!

It should be noted that compounds Ce(SAlk)e are produced
by nucleophilic substitution only in the case of hexachloroben-
zene (5). Attempts to obtain this type of compounds by the
reactions of copper mercaptides with tetra-, penta- or hexa-
bromobenzenes failed.!”-22

Polychloroarenes were used as the starting compounds for
the synthesis of fused heterocycles containing the 1,4-dithiane
(6, 7) or 1,3-dithiolane (8) fragments.?® Two approaches to the
synthesis of these products were developed. One approach is
based on the substitution of isopropylthio groups for chlorine
atoms in 1,2-dichlorobenzene (1a) and 1,3,5-trichlorobenzene
(9a) followed by the transformation of the resulting com-
pounds into the target heterocycles in six experimental steps.
Compounds 6 and 7 are formed in low yields (12% and 8%,
respectively, based on the starting chloroarenes).

©i ©iSCH2C02Et
SCH,CO-Et
s/ﬁ
S(CH>)>SSO:Me S
—~CI -
S(CH»)>SSO:>Me S

S

6 (12%)
cl SCH>CO,Et
b
a >
Cl Cl EtO,CCH-S SCH,CO-,Et
9a
S(CH»):SS0:Me 57
S S
> C
MeSO,S(CH,)S S(CH,),SS0:Me S S
7(8%) S

(a) (1) PriSNa, HMPA, 25 °C, 2 h; (2) Na, 100 °C, 2 h; (3) BrCH,CO»Et,
50 °C, 2 h; (b) (1) LiAlHy4, THF; (2) SOCl,, PhH, 2 h; (3) MeSO,SK,
EtOH, 18 h; (¢) AICl5, MeNO,.

Another, more efficient, approach is based on the treat-
ment of the in situ generated benzenehexathiolate with dibro-
moalkanes.?® Reaction products 7 and 8 were synthesised in
two steps in satisfactory yields.

Cl S—

a cl 1) PriSNa, HMPA, 25 °C S 57
—
2) Na, 100 °C _

Cl Cl S S—

Cl S—

5

Br(CHz)zBr

— 2 7(32%)

5
T S

CHBr; S
—<

S
s/
8 (38%)

The nucleophilic substitution of sulfur for the chlorine
atoms was carried out also in other solvents, for example, in
DMF,?3~26 methanol,?” etc. Not only alkali metal alkanethio-
lates, but less nucleophilic alkali metal arenethiolates were also
used as the reagents. The reactions of 1,3- and 1,4-dichloro-
benzenes (1b,c) with potassium benzenethiolate in DMF,
dimethylacetamide (DMA), N-methylpyrrolidone (NMP),
diglyme and ethylene glycol were investigated.?®-2° As a rule,
both chlorine atoms are replaced in these reactions. The best
results (high yields of products) were obtained in DMA and
NMP, whereas the reactions in diglyme and ethylene glycol did
not virtually take place. Such solvents as water and toluene
were used primarily in combination with phase-transfer cata-
lysts (see below).

The substitution of benzene-1,2-dithiolate for the chlorine
atoms in 1,2,3,4-tetrachloro- (10a) and hexachlorobenzene (5)
gave polycyclic dithianes 11 and 12, respectively; however,
their yields did not exceed 4% .2*

al
c1: ; ) (I

cl (10a)

T sen \©

11 (1.4%)
HS Na, DMF
0. g
100 © '

HS ¢ C

cl 1
Cl (5)
L >
40h

The reaction of 1,2,4,5-tetrachlorobenzene (10b) with an
excess of 4-CICgH4SNa in DMF at 120 °C affords only
monsubstitution product 13 due apparently to the insuffi-
ciently high nucleophilicity of the 4-chlorobenzenethiolate
anion.3¢

cl Ay ocausna cl cl
_— >
DMF, 120 °C

cl cl cl S

10b 13 (80%)

12 (4%)

Sodium benzenethiolates (prepared from benzenethiols
and NaH) react with 1,2,4-trichlorobenzene (9b) in 1,2-di-
methoxyethane to give the complete substitution product in
94% yield.*! Under these conditions, hexachlorobenzene (5)
gave hexakis(phenylthio)benzene. 1,3-Dimethyimidazolidin-2-
one (14) is a solvent of choice for such reactions. In this solvent,
the reactions proceed even at room temperature to form
hexakis(arylthio)benzenes in high yields.3?- 33

Cl SAr
Cl Cl ArSH. NaH ArS SAr
[\ .
Cl Cl MeN ‘ NMe, —20 °C  ArS SAr
cl s 0 (14) SAr

Ar = Ph (96%), 4-MeCgH. (91%), 4-ButCsH, (76%),
4-BrCgHy (48%), 2-naphthyl (72%).
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Not only mononuclear PCA, but also compounds contain-
ing several aromatic rings, react with S-nucleophiles. In poly-
chlorobiphenyls 15, one chlorine atom at position 4 is generally

replaced.?’
Cl,
OCI ‘l
Cl Cl Cl SMe
15

Cl,,@ = 4-CICsHy, 3,4-Cl,C6H3, 2,5-C1.CsH3,
2,4-Cl,CgH3, 2,4,5-C13CsHo.

MeSNa
MeOH A

The substitution product of two chlorine atoms (at positions 4
and 4) was detected only in the case of symmetrical
2,2',4,4',5,5/-hexachlorobipheny1.

In octachloronaphthalene (16), all chlorine atoms can be
replaced by sulfur-containing groups in DMF at room temper-

ature.34
cl ol SR SR
cl cl RS SR
Oo RSNa (8 equiv.), DMF OO
20°C,5h
c c 0°C RS SR
c o Cl SR SR
16
R = Et (69%), Bu" (74%), PhCH> (Bn) (73%), cyclo-CsH 1, (Cy) (48%);

Ph (66%), 4-CICsH4 (83%), 4-BrCsH4 (46%), 2-MeSCsH4 (66%),
benzothiazol-2-yl (48%).

In addition to alkane- and arenethiolates, the reactions of
PCA were carried out also with other sulfur-containing nucleo-
philes, including hydrogen sulfide, metal sulfides, isothiourea
derivatives, heterocyclic thiones, dimethyl sulfoxide, carbon
disulfide and dialkyl sulfides.?%- 353 For example, the reaction
of 1,3,5-trichlorobenzene (9a) with sodium hydrosulfide pro-
duced 3,5-dichlorobenzenethiol (17).3°

Cl SH
NaSH
B
DMF, 90 °C
Cl Cl Cl Cl
9a 17 (48%)

The reaction of 1,4-dichlorobenzene (1c¢) with Na,S in
NMP is of industrial significance as a procedure for the
production of poly(1,4-phenylene sulfide). After the comple-
tion of the reaction in NMP, small amount of macrocyclic
hexamer 18 was isolated from low-molecular-mass fractions.>®

Nazs

Cl Ccl —>

— HS%CGHA;S)TH + @ %

18 (3.3%)

The chlorine atoms at positions 1 and 8 in octachloro-
naphthalene (16) were replaced by the disulfide fragment upon
refluxing with Na,S; in ethanol.#® Fusion of compound 16 with
elemental sulfur at 310—320 °C under nitrogen allows the
introduction of two disulfide bridges into the molecule.

S—S
Cl Cl
Nazsz
me 1
Cl Cl Cl Cl
Cl Cl Cl Cl
OO | (56%)
Cl Cl S S
Cl Cl cl al
16 S >
310-320 °C, 15 min
Cl Cl
S——=S
(73%)

Carbon disulfide can be used as the S-nucleophile.#!
Oxidation of the reaction product, viz., 2,4-dichlorobenzene-
thiol (17), afforded the corresponding disulfide 19. Analo-
gously, the reaction of hexachlorobenzene (5) with the CS,—
ButOK —DMSO system at 110 °C produced pentachloroben-
zenethiol in 72% yield.

Cl
CS», EtOH
e
K>COs, DMSO, 110 °C
al 1
9a
SH Cl
12 Q
R
Cl Cl
. cl
17 (95%) 19 (74%)

The chlorine atom in chloroarenes is replaced by the sulfur
atom also in the gas-phase reaction with hydrogen sulfide in a
flow reactor at 500-—700 °C.3%3¢ The reaction afforded a
complex mixture of products consisting mainly of benzene-
thiols and diaryl sulfides and was accompanied by the partial
dehalogenation of arenes. 1,4-Dichlorobenzene (1¢) reacts
much more easily than chlorobenzene. The yields of 4-chloro-
benzenethiol and bis(4-chlorophenyl) sulfide (20) are 15% and
56%, respectively. Under these conditions, the reaction of 1,2-
dichlorobenzene (1a) gives 2-chlorobenzenethiol (30%) and
thianthrene 21 (61%); the reaction of 1,2,4-trichlorobenzene
(9b) produces dichlorobenzenethiol (15% —56%) and
2,7-dichlorothianthrene 22 (26% —45%).

JTQ, L0
QJ@

Dialkyl sulfides and dialkyl disulfides can also serve as a
source of sulfur at high temperature. 1,4-Dichlorobenzene (1¢)
reacts with diethyl disulfide to form a mixture of 4-chloroben-
zenethiol (55%), bis(4-chlorophenyl) sulfide (16%), benzene
(9%) and thiophene (14%).>® Presumably, the reaction
involves thermal decomposition of dialkyl disulfides accom-
panied by elimination of hydrogen sulfide, which reacts with
PCA. Dialkyl disulfides are reagents of choice for the synthesis
of benzenethiols, while hydrogen sulfide, for the synthesis of
diaryl sulfides.3>-36.38
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The replacement of chlorine atoms in PCA in the reaction
with thiourea under electroreduction conditions in liquid
ammonia (—40 °C, with KBr or Bu'OK as the additives) was
documented.#? The reaction afforded a mixture of sulfur-
containing products, viz., ArSH, ArSSAr and ArSAr. The
ion-radical Sgn1 mechanism was proposed for this reaction.

Selenation reactions of PCA were less studied. For exam-
ple, the reaction of PCA with lithium methaneselenolate
produces aryl methyl selenides,*? which readily undergo deme-
thylation with an excess of methaneselenolate (analogously to
methanethiolates). The resulting areneselenolates can be alky-
lated with alkyl iodides to give alkyl aryl selenides 23.%*
Examples of such products are given in Table 2.

ArCl + MeSeLi Y MeSeLi (excess)
+ _— _— >
r eSeLi “Lal rSeMe ~MeaSe
~RI
—> ArSeLi —> ArSeR
23

Table 2. Reactions of isomeric dichlorobenzenes la—c¢ with lithium
methaneselenolate (4 equiv. MeSeLi, DMF, 120 °C) followed by alkyla-
tion with R1.43

Compound Time/h R Products 23 Yield (%)
1,2-C¢H4Cl; (1a) 16 Me 2-CIC¢H4SeMe 87
1,3-C(,H4C12 (lb) 8 Me 3-C1C(,H4SeMe 86
1,4-C¢H4Cl> (1¢) 8 Me 4-CIC¢HsSeMe 72

8 Et 4-CIC¢H4SeEt 81

8 Pri 4-CIC¢H4SePri 76

The reaction of hexachlorobenzene (5) with sodium benze-
neselenolate in HMPA proceeds at room temperature to give
hexakis(phenylseleno)benzene.3?

SePh
ﬁ[ PhSeNa, HMPA P hse:@isel)h
B
PhSe SePh
SePh
5 (51%)

The reaction of 1,2-dichlorobenzene (1a) with elemental
selenium affords 9,10-diselena-9,10-dihydroanthracene in

moderate yield.*
Cl Se

—
Cl Se

1a (26%)

A heterocycle containing the diselenide bridge between
positions 1 and 8 of the naphthalene fragment was synthesised
by the fusion of perchloronaphthalene (16) with selenium at
335-340 °C in an inert atmosphere.*?

Se—Se

Cl
OO 335340 °C.7h OO

2. Reactions of activated polychloroarenes

with S-nucleophiles

The reactions of PCA containing electron-withdrawing groups
in the ortho or para positions with respect to chlorine atoms
generally proceed under milder conditions, in some cases, at
room or reduced temperatures. Data on the formation of the
reaction products of activated PCA, including compounds
2429, with S-nucleophiles are presented in Table 3.46-64

3. Reactions of polychloroarenes with S-nucleophiles

under conditions of phase-transfer catalysis

The reactions of PCA with S-nucleophiles can be promoted, in
particular, by phase-transfer catalysts (PTC). Crown ethers,
ammonium salts and phosphonium salts were used as
PTC.%-66 Under these conditions, it became possible to
perform the reaction of 1,2,4,5-tetrachlorobenzene (10b) with
an alkanethiol—-KOH system in toluene, which does not
proceed in the absence of catalysts (Table 4).7 The reaction
produces 1,4-dialkylthio-2,5-dichlorobenzenes (30a,b). The
highest yield of the products was achieved with the use of
dodecyltricyclohexylphosphonium bromide as the catalyst.
The reactions of 1,3,5- and 1,2,4-trichlorobenzenes (9a,b)
with alkanethiols in the presence of PTC proceed at higher
temperatures.

Cl Cl Cl SR
j@: RSH (n equiv.), KOH, PTC j@i
PhMe
Cl Cl RS Cl

10b 30a,b
R = n-C;7H;s (a), n-Ci2Has (b).

The reactions of dichlorobenzenes require even more
drastic conditions (110 °C).%® The reactivity of the compounds
decreases in the following sequence: 1,2 isomer (la) > 1,3
isomer (1b) > 1,4 isomer (1c); the reactivity of nucleophiles
decreases in the following sequence: primary thiols > tertiary
thiols > benzenethiols (Table 5).

The reactions of sodium methanethiolate with dichloro-
and trichlorobenzenes in the presence of tetrabutylphospho-
nium bromide resulted in the replacement of one chlorine atom
to yield (methylthio)chlorobenzenes. The latter were trans-
formed into the corresponding disulfides by demethylation and
oxidation, for example, as shown below:%>

Cl SMe
NaSMe, Bu}PBr 1) Cly, 50 °C, 8 h
80 °C,6h 2) DMF, H,O0, 100 °C
Cl Cl Cl 1
9%a (99%)
SH Cl Cl
1) NaOH (aqueous)
— - _
2) HCl, H,0-» §—5
Cl Cl
17 (83%) a 19 (96%) c

3-Chloro-2-(isopropylthio)nitrobenzene was obtained in
quantitative yield by the reaction of 2,3-dichloronitrobenzene
(24a) with the PriSH — KOH system in water in the presence of
PTC (the quaternary ammonium salt Adogen 464).%°

NO» NO»
Cl prsH, KOH Spr!
- >
Adogen 464, H,O, A
cl cl

24a



Table 3. Reactions of polychloroarenes bearing electron-withdrawing groups with S-nucleophiles.

Compound S-Nucleophile Reaction conditions Products Yield (%) Ref.
NO> NH, AcONa, EtOH, A NO>  NH: 85 46
Cl HS Me C[s Me
Cl Cl
(242) F F
PriSH H,0 - organic solvent NO, _ 97 47
Bu;NBr, 65 °C SPr!
Cl
— o SR SR
NO; RSNa (R = Et, BuY) HMPA, 80 °C SR al R = Et: A (65%); 48
Cl 4 R = Bu:
A (21%) + B (42%)
SR SR
Cl (24b) N B
Me - NO, 99 49
=~ )
HN J N\/}
Cl
NO, H.N  OMe KOH, MeOH NO, NH, 67 50
cl = s
S NH I
Me N=/ Me NN
O O
NO, MeSNa DMF, 0 °C NO» 60 (X =Y = SMe) 51
Cl Y 24 (X = SMe, Y = Me)
N N 7(X = Me, Y = SMe)
ok X 0k
HSCH,CO,Et Et;N, DMF, 0 °C NO> 60 51
S._CO,Et
~ "N



Table 3 (continued).

Compound S-Nucleophile Reaction conditions Products Yield (%) Ref.
NO, 2,5-, 2,4- and - NO, 91-99 52
Cl 3,5-(Me0)2C6H3SH S
Cl , \@(OMe)z
(24¢) C
NO» - 2-HSC6H4C(O)NM82 K2C03, DMEF, A NO» O§ NMe, 75 53
Q 50
Cl
NH, Cl
NH;
NO, 1,2,3-Cl3C¢H,SH AcONa, EtOH, A NO, 6 (sce?) 54
‘ Bepe!
al Cl Cl
4 Cl Cl
(25a)
CHO HS(CH,);COEt K,CO;, DMF, 20 °C CHO 70 55
@a @S(CHQ;COzEt
Cl Cl
(26a)
CHO seeb KF, DMSO, CHO CHO 71 56
©/Cl sulfolane, 180 °C @/Cl N @/SM@
Cl SMe Cl
(26b)
COH 2-HSCsH4CO,H K,CO3, PhCH,OH, CO,H CO,H 70 57
@a Cu, 110 °C S
Cl Cl
(27a)
Me HS(CH,),COH K,CO3, DMF, Me 60 58
EtO,C 120-125 °C EtO.C
Cl S(CH2),COH
Cl Cl



Table 3 (continued).

Compound S-Nucleophile Reaction conditions Products Yield (%) Ref.
CN 4-MeOC¢H4SH 1) Bu'OK, DMSO SCsH4,OMe-4 9 59
Cl\©/C1 2) MeCN, A @CN
SC6H4OMC-4
(28a)
NC ql 2-RNHCH4NSH (R = Alk) K,COs, THF NHR - 60
@[ NC S
NC Cl
RSH (R = Pr", Ph) K,CO3, DMSO, 90 °C NC SR 51 (R = Prm), 61
KI 55 (R = Ph)
NC SR
C(O)Me 2,5- and 3,4-Cl,C¢H3SH K>COs, Cu, 125-155 °C C(O)Me 37-77 62
/©/Cl /©/SC6H3C12
Cl Cl
(29)
C(O)Me MeSNa THEF, 25 °C C(O)Me 82-94 63
Cl SMe
Cl Cl
Cl Cl
NMe, Pr"SH NaH, DMSO, 120 °C NMe, - 64
Cl O SPr
Cl N=N Cl N=N
Cl Cl
Cl SPr™

Note. The dash means that the reaction conditions or the yields were not reported. ® The yield of the product of reduction to the corresponding amine is given. ® The MeS — ions generated in situ from DM SO were used as the

reagent.
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Table 4. Reactions of polychloroarenes 9a,b and 10b with thiols (RSH) under phase-transfer catalysis.®’
Compound R Equiv. of thiol, n PTC Time /h Temperature /°C  Product Yield (%)
1,2,4,5-Cl4CeH> (10b) n-C7H;s 3 18-Crown-6 2 25 30a 70
PEG-300% 2 25 30a 62
n-C|2H25PCy3Br 2 25 30a 99
n-CoHos 3 — 24 50 — —
BusNBr 24 25 - -
BusPBr 2 25 30b 78
1,3,5-C15CsH3 (9a) Pri 0.3 BuyNBr? 5.5 140 see © 85
n—C7H15 1.5 n—C12H25PCy3Br 3 50 see© 93
1,2,4-C13C6H3 (9b) n-C7H15 1.5 n—ClezsPCy_;Br 3 50 see d 92

aPEG is poly(ethylene glycol); P aqueous NaOH was used;% ©3,5-Cl,CsH3SR is formed; 42,5-Cl,CsH3SR is formed.

Table 5. Reactions of isomeric dichlorobenzenes la—c¢ with thiols
under phase-transfer catalysis (110 °C, 60% KOH, dicyclohexano-
18-crown-6).6%

Lompound Thiol Time /h Composition of  Yield of the
substitution pro-  isolated
ducts (GLC data) monosubsti-
(%) tution pro-
—  duct (%)
mono- di-

1,2-Cl,C¢H4 (1a)  PriSH 16 93 0 89

Bu"SH 14 92 5 88
Bu'SH 75 94 0 84
1,3-Cl,C¢Hy4 (1b)  PriSH 24 86 6 79
Bu"SH 24 87 6 81
Bu'SH 125 86 12 73
1,4-Cl,C¢Hy (1c)  PriSH 150 54 35 43
Bu"SH 90 76 14 65
Bu'SH 250 31 53 27

The BujNBr-catalysed reaction of 2,4-dichloro-5-methyl-
acetophenone with S-prenylisothiourea allowed the introduc-
tion of the prenylthio group into the aromatic nucleus.”®

C(O)Me
Cl H,N.

=
v

NH NaOH
_ >

Me S\/Y BU4NBI‘
Cl
C(O)Me C(O)Me
Cl S\/Y
> T
Me Me
S\/Y Cl
85:15)

II1. Reactions with N-nucleophiles

Since amines are much less reactive than S-nucleophiles, the
reactions of the former with PCA are performed under more
drastic conditions or in the presence of catalysts. In some cases,
metal amides are used as aminating agents.

1. Amination of non-activated polychloroarenes

The reaction of 1,4-dichlorobenzene (1¢) with lithium diiso-
propylamide at — 78 °C affords a mixture of isomeric amina-
tion products,”!  with  3-chloro-N,N-diisopropylaniline
predominating. This can be attributed to the fact that the
reaction proceeds via 4-chlorobenzyne.

Cl Cl NP1 NPrb
or Tre Oy
Cl Cl

le (64 36)

LiNPr
THF, —78 °C

The reaction of an excess of 1,2-dichlorobenzene (1a) with
diphenylamine and KOH in the presence of polyethylene
glycol dimethyl ether at 160—165°C produced N-(3-chloro-
phenyl)-N,N-diphenylamine in 53% yield,’?> which is also
evidence for the intermediate formation of 3-chlorobenzyne.
The reaction of 1,3,5-trichlorobenzene (9a) with hydrazine
hydrate at 180—200 °C in pyridine produced 3,5-dichlorophe-
nylhydrazine in 60% —82% yield.”?

1,2,4,5-Tetrachlorobenzene (10b) reacts with a strong
reducing agent, Me>NCH>ONa, which is prepared from
NaBHs; and DMF in the presence of Cp,TiCl,
(Cp = n-CsHs). The complete conversion of the starting
compound (GLC data) affords 2,4,5-trichloro- N, N-dimethyl-
aniline along with the reduction product.”

Cl MezNCHzoNa
_— >
85 °C
Cl Cl
10b
Cl MeoN Cl
~- 1, KX
Cl Cl Cl Cl
(1:1.2)

In the reaction of piperidine with decachlorobiphenyl (31),
one or two chlorine atoms are replaced.”> The degree of
conversion depends on the reaction conditions. Thus the
monosubstitution at position 4 is achieved upon refluxing in
DMF, whereas prolonged heating with an excess of piperidine
in an autoclave gives the 4,4'-disubstituted product.
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Cl Cl
Cl Cl Cl
31
Cl Cl
(CH)sNH (2 equiv.) O O C>
DMF, A
Cl ¢l
Cl Cl
(CHz)sNH (excess) C O O /\:>
175 ° C autoclave, 16 h
Cl Cl

2. Substituent effect on the reactivity and regioselectivity

of amination of polychloroarenes

The reactivity of PCA and the pathway of amination depend
on the nature and position of the substituent. For example, 2,6-
dichlorobenzonitrile (28a) reacts with ethylenediamine at
120 °C resulting in the replacement of one chlorine atom.”®
The reaction was performed in the presence of catalytic
amounts of P»Ss to ensure the attack of ethylenediamine at
the nitrile group with the aim of providing the route to the
corresponding imidazolidine; however, the electrophilicity of
the aromatic C— Cl fragment proved to be higher.

CN CN
Cl Cl Cl N
NH,(CH,):NH> (1 equiv.) " NH,
P,Ss, 120 °C
28a (38%)

The reaction of perchloroisophthalonitrile (32) with
ammonia proceeds under milder conditions”” to give 3,5,6-
trichloro-2,4-dicyanoaniline. In the reaction of compound 32
with an oligopeptide, it is the amino group of the lysine
fragment that is involved in the replacement.”®

NH,
NH; Cl CN
Cl Cl Cl
Cl CN CN
— (82%)
Cl Cl
CN RNH
3 RNH, Cl CN
MeCN, Et;N, A
Cl Cl
CN

R= @OzC*GlLl*]rys*Gly*NHBoc (@ is solid support).

In the reactions of dichlorobenzoic acid derivatives 33 and
34a with amines, one chlorine atom in the ortho position with
respect to the carboxy group is replaced.”® 82

Cl Cl
H,O
ﬁ[ + NH,CH,CO,H T
H>NSO» CO,H

33

Cl :QNHCHzcozH
H>NSO» COH
COZH
COzH

(80%

-HCl1

The reactions of polychlorobenzoic esters or amides with
amines and hydrazines proceed analogously.®? For example,
methyl 2,6-dichloro-3-nitrobenzoate reacts with 1 equiv. of
alkylamine or hydrazine in aqueous ethanol resulting in the
replacement of the chlorine atom at position 2 (82% —97%
yields). In the presence of an excess of amine, both chlorine
atoms are replaced to give the corresponding products in
virtually quantitative yield. In the reactions of 3-aminosul-
fonyl-2,6-dichlorobenzamides 35 with alkyl- and benzylamines
in EtOH, also one or two chlorine atoms are replaced depend-
ing on the conditions; in dioxane, the major products result
from the replacement of the chlorine atom at position 2.83

Cl NHR?
H>NSO, CONHR! R2NH H,oNSO,» CONHR!
2
dioxane, A
Cl Cl
35
R! R? Yield (%)
H Bn 62
Bun 86
2-MeCsHy Bn 67
Bun 82
Ph(CHz)2 EtO(CHo>)» 88

The nitro group is a good activating substituent in the
nucleophilic substitution reactions involving PCA.84-%3 In
2.,4-dichloronitrobenzene derivatives 24b, 25a and 36, the
chlorine atom in the ortho position with respect to the nitro
group is replaced.®>- 86,88

NO, NO»
Cl RZRONH. A NR2R3
RRNEA
R! R!
Cl Cl
24b, 25a, 36

R! = H (24b), Me (36), Cl (25a);
R2R3N = AIKNH, NH,, N(CH2),, N 0.
__/
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In the reaction of 3,4,5-trichloronitrobenzene (25b) with a Cl
heterocyclic amine, the replacement occurs primarily at the  Q,N NO,
chlorine atom in the para position with respect to the nitro R
roup.”4
group Cl Cl
O:N CF3 NO,
K>CO3, DMF
+ HzN—</ —_— 39
80 °C
COzEt NHNHAc
Cl OxN NO» O:N NO;
25b AcNHNH,»
0N a CFs MeCN.20°C NHNHAc ~ Cl NHNHAc
N
. /4& ] NO, 0,
N CO,Et
H (0]
al NHNH:
NH>NH> O,N 02N
. . . EEE———
The reactions of PCA with amines proceed more rapidly at ROH
high pressure (0.6—1.0 GPa).”> For example, 2.,3,5,6-tetra- NHNH, NHNH,
chloronitrobenzene reacts with primary amines under these NO, 0,

conditions to form the substitution product of the nitro group;
in the reactions with secondary amines, the chlorine atom in
the ortho position with respect to the nitro group is replaced. In
some cases, the reactions afford mixtures of isomeric mono-
and diamines. The reactions with diamines produce annelated
compounds.

Polychloroarenes containing two nitro groups react at
substantially lower temperatures. For example, ammonolysis
of 2,4,6-trichloro-1,3-dinitrobenzene (37) proceeds at 48 °C
and results in the replacement of two chlorine atoms.%®

NO, NO,
cl A mpon O NH,
_—
48 °C
NO» NO,
Cl NH,
37 (70%)

In the reactions of 1,2,3,4-tetrachlorodinitrobenzene (38)
with amines, not only chlorine atoms, but also nitro groups are
replaced.”” As a rule, primary amines replace one of the nitro
groups, whereas secondary amines replace the chlorine atom in
the ortho position with respect to the nitro group. High yields
of the substitution products were achieved in the reactions
performed in the two-phase toluene—water system in the
presence of tetraalkylammonium salts (for example, Aliquat
336).

Cl
O:N Cl
Me,NH
PhMe-H,O
O:N a Aliquat 336
Cl
38
NMe, Cl
O:N. Cl MexN. Cl
> +
O:N Cl O,N Cl
Cl Cl
(51%) (25%)

Trichlorotrinitrobenzene 39 reacts with hydrazine deriva-
tives at room temperature.®® The reaction with acetylhydrazine
affords a mixture of monosubstitution products. The reaction
with unsubstituted hydrazine is accompanied by dehalogena-
tion and denitration.

The trifluoromethyl group having a strong — I effect also
facilitates the replacement of the chlorine atom in PCA.
However, its activating effect is weaker than the effect of — M
groups. The reactions of trifluoromethyl derivatives of PCA
40a, 41 and 42a with amines proceed, as a rule, only at high
temperature.”® 104

R'R’NH
160—-260 C

NR]R2

40a, 41, 42a (70% —99%)

X = H (40a), Cl (41), NO, (42a).

Due to the simultaneous presence of the CF3; and NO»
groups in chloroarenes 42b and 43, the reactions can be
performed under milder conditions.!03-106

02N CF3
P "OH, 1
I I OH, 100 °C H,N al
Cl
Q THF 20 °C
FiC

NO,

The relative reactivity of chlorine atoms in PCA depends
not only on the activating substituents, but also on the polar-
isability of the nucleophile.!®” For example, 2,4,6-trichloro-
3,5-bis(trifluoromethylsulfonyl)nitrobenzene  reacts  with
sodium azide (a soft nucleophile) in methanol at —80 °C to
form a mixture of substitution products. However, harder
nucleophiles, such as piperidine and 4-acetylaminoaniline,
selectively replace one chlorine atom in the ortho position
with respect to the nitro group.
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3. Catalytic amination of polychloroarenes

Copper salts and oxides catalyse amination of non-activated
PCA. The reactions of 1,3-dichloro-substituted tetrafluoro-
and 2,4,6-trifluorobenzenes with aqueous ammonia in the
presence of CuCl in an autoclave at 140 °C were found to
proceed non-selectively to give mixtures of amination and
hydrodechlorination products.!®® The reactions of 1,2- and
1,4-dichlorobenzenes (1a,¢) with ammonia in the presence of
copper oxide at 180—240 °C produce the corresponding phe-
nylenediamines.'%?

Ultradispersed (nanosized) copper, which is formed in situ
by the reaction of tris(3,6-dioxaheptyl)amine (TDA-1) with
copper salts, proved to be an efficient catalyst for the reaction
of N-(3-pyridyl)acetamide with dichlorobenzenes 1a,b.!'9 The
solvent-free reaction was carried out by refluxing the reactants
with azeotropic distillation of water.

NHA.
= ¢ cucl, TDA-1

S K,COs | Cl cl
N \©/ TAC

(82%)

In some cases, it is reasonable to perform the amination of
PCA bearing electron-withdrawing substituents in the pres-
ence of copper or its salts as the catalyst. For example,
2,4-dichlorobenzoic acid (27a) and its amide (44) react with
amines in the presence of copper or its salts resulting in the
replacement of the ortho-chlorine atom with respect to the

electron-withdrawing group.!11-119
COH CO;H
Cl NRIR?2
R'R2NH
—_—
[Cu]
Cl 27a Cl
CONH, H:NO)C  CH:COH
Cl RNHCH,CO;H, CuCl; or bronze N\R
KzCO}, Hzo or HO(CHz)on
Cl 44 Cl

R = H (55%), 4-FCcHa4 (80%).

In the reaction of valine methyl ester with 3,4-dichloro(tri-
fluoromethyl)benzene (40a) catalysed by Cu(l) salts using
sonication, the chlorine atom in the para position with respect
to the CF3 group is replaced to give the corresponding
substitution product in high yield.'?° Without sonication, the
yield is as low as 10%.

a gy
al ) N Pri
H2N CHPI“COQMC

KF, Cu(1), sonication FC CO,Me
F3C 3

40a (80%)

4-Aminobenzoic acid in which the nucleophilicity of
the amino group is lower than that in aniline reacts with
2,4-dichloro-5-nitrobenzoic acid (34b) in boiling DMF in the
presence of copper powder to give 2-(4-carboxyanilino)-4-
chloro-5-nitrobenzoic acid.!?!

02N COZH HZN KzCOz
b SN
:@i + \©\ DMF, Cu, A
cl cl COH

34b

O:N COH
- XX
Cl NH

(57%)

COH

Nickel complexes with the 1,1’-bis(diphenylphosphino)fer-
rocene (dppf), 1,10-phenanthroline (phen) and 2,2-bipyridyl
(bipy) ligands were examined as catalysts for amination of
PCA.'22 Under these conditions, 1-methylpiperazine reacts
with 1,3- and 1,4-dichlorobenzenes (1b,c), resulting in the
replacement of only one chlorine atom.

/ N\ [Ni], NaH, ¢-CsH;;ONa
HN NMe
__/ THF, 63 °C

o)
9 O /—\

(36%)

s 5O

(65%)

Cl

Amination of PCA (for example, of compounds 9a and
45a) with benzophenone imine can be performed with the use
of the catalytic Pd>(dba)s;—dppf system (dba is dibenzylide-
neacetone).!?> After hydrolysis in the final step, the corre-
sponding aniline derivatives are obtained in good yields.

Cl
NH,
Cl Cl
(9a)
—_— >
1) Pdx(dba)s, dppf, Cl cl
PhYPh Bu'ONa, xylene, A Me (88%)
\ Tho  la a
Ny DHO Me
(45a) HoN Cl
L >
(76%)

Cross-coupling of 1,2,4,5-tetrachlorobenzene (10b) with
primary and secondary amines in the presence of Pd(OAc)
and ligand 46 according to a developed procedure >4 afford
compounds 47 as a result of the replacement of one chlorine
atom.12%-126 The reaction is accompanied by reductive dech-
lorination to dichloroaniline derivatives 48. Hexachloroben-
zene (5) does not react with amines under the above-mentioned
conditions.
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cl Cl RIR2NH, Bu'ONa, PhMe
NMCz
Cl

Cl
o Pd(OAc)z,,gomo "

Cy.P  (46)
cl NR!R2 NR!R2
s :@i n c12@/
cl cl
47 48
R'R2N Yield (%)
47 48
(CH2)N 26 10
O(CH-CH»),N 25 41
Bu"NH 7 4

Amination of chloroarenes with trans-di(p-acetato)bis{2-
[di(zert-butyl)phosphino]-2-methylpropyl-C,P}dipalladium
(which was prepared by heating Pd(OAc), with BuiP in
toluene) was covered by the patent.!?” This method was used
for the synthesis of N-(4-chlorophenyl)piperidine (59% yield)
and 1,4-bis(dibutylamino)benzene (77% yield) by the reactions
of 1,4-dichlorobenzene (1¢) with piperidine or dibutylamine,
respectively.

Cross-coupling of 1-bromo-2,6-dichlorobenzene (49) with
polyamines 50 catalysed by the Pd(dba),—BINAP system
[BINAP is 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl] pro-
ceeds slowly.!?® However, cyclisation products 51 were pre-
pared by refluxing the reactants in dioxane over a long period
of time (50—70 h), the yields being dependent on the length
and conformational flexibility of the polyamine chain. The
structures of linear by-products 52 provide evidence that the
bromine atom is replaced in the first step of the reaction. No
cyclisation products are formed in the reaction with the
diamino ether HzN(CHzCHzO)zCHzCH2NH2.

Pd(dbd)z BINAP
NHz Bu‘ONa dioxane,

A,50-70h
NH
Cl

k m n X Yield (%)

51 52
1 0 1 1 47 _
0 0 0 1 27 —
0 1 0 1 17 —
0 0 0 2 12 17
0 0 0 3 10 21

The results of studies on the reactions of mono- and
polynuclear chloroarenes in the presence of catalytic systems

containing a source of palladium combined with
BINAP,2°- 131 ]_diphenylphosphino-2-(1-methoxyethyl)fer-
rocene 132 or tri(zert-butyl)phosphine 33 may be useful for
performing the C— N cross-coupling reactions of PCA.

IV. Reactions with O-nucleophiles

Chlorine atoms in PCA can be replaced by O-nucleophiles to
form phenols or their ethers.

1. Reactivity of polychloroarenes towards

O-nucleophiles in the presence of bases

Isomeric dichlorobenzenes react with NaOMe in HMPA to
form the corresponding chloroanisoles.'** In the reactions of
2,6-dichlorotoluene (45a) with potassium or sodium meth-
oxides in aprotic solvents, one chlorine atom is replaced.!35— 138
The reaction rate can be increased by addition of copper
compounds; however, the resulting aryl methyl ether under-
goes partial demethylation.

Me Me

Cl Cl Cl
MeONa or MeOK
_ >

OMe

45a (82% —93%)

The reaction of 2,4-dichlorotoluene (45b) with KOH in
methanol at 200 °C and 30 atm produced 5-chloro-2-methyl-
phenol.'3® At lower pressure (12 atm), the product was
obtained in substantially lower yield (12%).

Me
OH

MeOH 200 °C, 30 atm

cl
45b (82%)

3-Aminophenol reacts with 1,3,5-trichlorobenzene (9a) as
the O-nucleophile to give diether 53.14° In this reaction, KoCO3
or NaOMe was used as the base (B) and HMPA or NMP as the
solvent.

Cl OH
/©\ " @\ e
Cl Cl NH,
9a

53 (86%)

The reactions of 1,3,5- (9a) and 1,2.,4-trichlorobenzenes
(9b) with ButOK in HMPA 4! resulted in the replacement of
one chlorine atom to give the corresponding substitution
products in low yields. In the case of isomer 9b, the initially
formed ether undergoes dealkylation to give 2,5-dichloro-
phenol.
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Cl
X=H,Y =Cl
—_—
Cl
Cl OBut!
Bu'OK (16%)
Cl Cl
Y Cl
X X=CLY=H Bu'OK
e B
9a: X = H, Y = Cl;
9:X =CLY =H OBu! OH
Cl Cl

(17%)

Unlike compounds 9a,b, 1,2,3,5-tetrachlorobenzene (10c)
undergoes disproportionation under these conditions to form a
mixture of 1,2,4,5-tetrachlorobenzene (10b), pentachloroben-
zene (2) and isomeric trichlorobenzenes. 4!

Hexachlorobenzene (5) reacts with potassium tert-but-
oxide in THF %2 or with the Pr'OH —NaOH system 43 to give
the corresponding alkyl pentachlorophenyl ethers in 67% and
92% yields, respectively. The reaction of decachlorobiphenyl
(31) with KOH in aqueous methanol (autoclave, 180 °C) or in
boiling ethylene glycol produces 4,4’-dihydroxyoctachlorobi-
phenyl in quantitative yield.!#* In the reaction of decachloro-
biphenyl (31) with sodium methoxide in a MeOH —pyridine
mixture (PyH), one or two chlorine atoms at positions 4 and 4’
are replaced depending on the amount of the nucleophile.”>

Cl Cl Cl Cl
1 Cl Cl Cl

C
31
Cl Cl Cl Cl

KOH, MeOH, H-O,

180 °C, autoclave
or KOH, (CHon)z, A

Cl Cl Cl Cl
(99%)
Cl Cl Cl Cl
NaOMe (1 equiv.)
> (I OMe
MeOH, PyH, 50 °C
Cl Cl Cl Cl
(90%)
Cl Cl Cl Cl
NaOMe (2 equiv.)
—— > MeO OMe
MeOH, PyH, 50 °C
Cl Cl Cl Cl
(90%)

The reactions of octachloronaphthalene (16) with alkali
metal hydroxides and alkoxides were investigated.!42 145
Although the reaction conditions are substantially different,
it should be noted that the attack of the alkoxide ion occurs
predominantly on position 1 of the naphthalene ring; the
attack of the hydroxide ion, on position 2. These reactions
produce compounds 54a and 54b, respectively (Table 6).

cl o cl
cl A oo
cl cl
cl o Cl
16
Ccl OR c
cl e cl ' _OR
— X - Xr
cl a cl
c o cl c

54a 54b

Table 6. Reactions of octachloronaphthalene (16) with alkali metal
derivatives. !4 145

R Reagent Solvent Tempera-  Yield (%) 54a:54b
ture /°C
Me MeONa pyridine 115 254 90:10
Me MeOH, ~100 63 99:1
NaOH
But Bu'OK THF 20 82 85:15
H KOH DMSO 120 90 30:70

2 Disubstituted (25% yield) and trisubstituted (20%) products were also
isolated.

Polychlorinated o-hydroxylated diphenyl oxides were syn-
thesised by the reactions of polychlorobenzenes with
(poly)chloroguaiacols 55 in the K>,CO3;—DMF system fol-
lowed by demethylation of the substitution products with
boron tribromide. 46

OMe
OH
i, - e
55
OH
(0]
el e

(8% —24%)

1) K»,CO3, DMF

_— >

2) BBr;, CH3C12

m=0-4;,n=2-5.

As mentioned above, the presence of an electron-with-
drawing substituent in the aromatic ring increases the reac-
tivity of PCA, due to which the reactions with O-nucleophiles
can be performed under milder conditions. In these reactions, it
is the chlorine atom in the ortho position with respect to the
electron-withdrawing group that, as a rule, undergoes replace-
ment. For example, the reaction of 2,4-dichlorobenzoic acid
(27a) with chlorophenols in pyridine in the presence of K>,COs3
afforded ortho-substitution products (in approximately 70%
yields).'#7 In the reactions of 2,4- (24b) and 2,6-dichloronitro-
benzenes (24d) with hydroxythiophene derivatives in DMSO at
100 °C, the chlorine atom in the ortho position with respect to
the nitro group is replaced to give the products in 57% and
84% yields, respectively.!48
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CO,Me
Cl CO,;Me 5/0
K»,CO3
S X, -OH —MM—
0.N DMSO0, 100 °C
24b: X = CI,Y = H;
24d: X = H,Y = Cl

The reactions of 2,5-dichloronitrobenzene (24¢) with
substituted phenols,!#% 159 including the microwave (MW)-
promoted reactions, are characterised by analogous regiose-
lectivity.!5!

Nigleg
- O,

In the reactions of 3,4-dichloronitrobenzene (24e) 152153
and 3,4-dichloro-1-trifluoromethylbenzene (40a)'>* containing
no chlorine atoms in the ortho position with respect to the
electron-withdrawing group, the attack of O-nucleophiles
occurs on the para position; for example:

Q- el

24e

The para position in the aromatic ring is more active in
hydrolysis of 1-substituted 3,4-dichlorobenzenes. For exam-
ple, hydrolysis of 3,4-dichloronitrobenzene (24e) (15% NaOH
in MeOH, 72 °C) affords 2-chloro-4-nitrophenol with the
regioselectivity of >99%.'5 The reaction of 3,4-dichloro-
trifluoromethylbenzene (40a) with the Bu'OH - KOH system
in DMSO at 75 °C produces 2-chloro-4-trifluoromethylphenol
in 27% yield.!>° Interestingly, the hydroxy group replaces the
Cl atom in the meta position with respect to the nitro group in
2,5-dichloronitrobenzene (24¢) upon hydrolysis of the latter
with aqueous NaOH. 157

The reactions of dichloronitrobenzenes 24 with sodium
2,2, 2-trifluoroethoxide proceed under more drastic conditions
(in DMF or HMPA at 150 °C under N»).!>8 The reactivity of
the chlorine atoms increases in the following sequence: ortho
position > para position > meta position. For example, under
these reaction conditions, the chlorine atom in the ortho
position with respect to the nitro group is replaced in 2,3- and
2,5-dichloronitrobenzenes (24a,c), the reaction of 2,4 isomer
24b affords a mixture of the ortho- and para-substituted
products in a ratio of 3: 1, and 3,4 isomer 24e gives the para-
substituted product.

KOH MW
H20 165-195 °C

NaOH, Alzox
DMSO

CF;CH 2ONa

(86%

The reactions of sodium 2,2,2-trifluoroethoxide with
dichlorobenzonitriles proceed analogously to form products
in higher yields.

The reactions of trichloroarenes containing electron-with-
drawing substituents proceed analogously. For example, the
replacement of the chlorine atom in sulfone 56 in the reaction
with sodium 2-methoxyethoxide also occurs at the ortho
position. 139,160

SO-Me SO>Me
@i _NaO(CH2):0Me, O™ 0OMe
leane 25°C
Cl
Cl
(85%)

The reactions of dichlorobenzenes containing two or more
electron-withdrawing groups with O-nucleophiles were docu-
mented.'¢!-192 The product of the replacement at the para
position with respect to the trifluoromethyl group was pre-
pared in 75% yield by refluxing 3,4-dichloro-2-nitro-6-trifluo-
romethylbenzene (42¢) with 3-hydroxybenzoate in acetone in
the presence of potassium carbonate. In the reaction of
2,4-dichloro-3,5-dinitrotrifluoromethylbenzene  (43) with
ethyl 3-hydroxybenzoate in acetone at room temperature, the
chlorine atom at position 4 is also replaced,'®! and the
subsequent nitration affords ethyl 5-(3-chloro-2,6-dinitro-4-
trifluoromethylphenoxy)-2-nitrobenzoate in a total yield of
83%. 2,6-Dichloro-4-trifluoromethylbenzonitrile (57) reacts
with HOCH,>CH,CN and NaCN in acetonitrile at room
temperature. In this case, acrylonitrile is eliminated from the
initially formed B-cyanoethyl ether to give the corresponding
phenol.162

CN
c Cl HOCH)CN
MeCN, NaCN, 20 °C
CF3
57
CN CN
Cl O Cl OH
—H,C=CHCN
CF3 CF?
(84%)

Three chlorine atoms are replaced in perchloroisophthalo-
nitrile (32) by refluxing it in alcoholic solutions of KOH.!63

OR
ROH NC CN
KOH
RO OR
Cl

R = Me (79% yield), Et (58%).

Due to high electrophilicity, the chlorine atom at position 2
in 2,4,6-trichloro-1-nitro-3,5-bis(trifluoromethylsulfonyl)ben-
zene (58) is replaced by the hydroxy group upon refluxing in
methanol even in the absence of bases (apparently, due to the
presence of water in methanol).!%” In the reaction of compound
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58 with sodium phenoxide in acetonitrile, it is the chlorine
atom at position 4 that is replaced.

NO,
MeOH, A c OH
NO, CF3S0, S0,CF;
cl Cl Cl
— (70%)
CF3S0, SO,CF3 NO»
cl l l
58 PhONa, MeCN
L >
—25—25°C
CF1S0;, SO,CF;3
OPh
(68%)

2. Reactions of polychloroarenes with O-nucleophiles
in the presence of catalysts
In some cases, the reactions of PCA with O-nucleophiles are
notably promoted by phase-transfer catalysts, metal complex
catalysts or enzymes. Let us consider several reactions per-
formed in the presence of phase-transfer catalysts. The reaction
of 1,2-dichlorobenzene (1a) with the KOH —MeOH system in
the presence of 18-crown-6 at 0 °C afforded 2-chloroanisole in
60% yield.!'%* 2 4-Dichlorotoluene (45b) reacts with KOH in
ethylene glycol at 200 °C and 30 atm in the presence of
dibenzo-18-crown-6 to give 5-chloro-2-methylphenol in 78%
yield.!13® The reaction of 1,2,3-trichlorobenzene (9¢) with
methanolic KOH at 140 °C in the presence of TDA-1 as the
PTC affords a mixture of dichloroanisoles in a total yield of
97%;'%* in the absence of PTC, the yields of the products
decrease to 8§%.

Hydrolysis of 1,2,4-trichlorobenzene (9b) with methanolic
NaOH in the presence of poly(ethylene glycol) (PEG 600—
800) gives 2,5-dichlorophenol.!%3

Cl OH
Cl
c NaOH, MeOH
_— >
a PEG 6002800
%b 180 °C, 32 atm (80%)

The replacement of the chlorine atom mainly in the ortho
position with respect to an electron-withdrawing group is
observed also in  catalytic reactions. 2.3,4-Tri-
chloronitrobenzene (25¢) reacts with KOH in DMSO in the
presence of tetramethylammonium chloride at 150 °C in an
autoclave to form 2,3-dichloro-6-nitrophenol.!¢®

NO» NO»
€l KOH, MesNCI OH
150 °C
cl cl
cl cl
25¢ (71%)

In addition to PTC, the C—O bond formation in the
reactions of PCA is promoted by transition metal compounds.
For example, 2,6-dichlorotoluene (45a), which is poorly reac-
tive in the absence of catalysts, reacts with sodium zert-
butoxide in toluene in the presence of the Pd(OAc),—BuiP
system 167 to form 2-(fert-butoxy)-6-chlorotoluene. In this
reaction, the homodimerisation product of PCA and

2,6-bis(tert-butoxy)toluene were isolated as the by-products.
The use of the PCy; and dppf ligands combined with a
palladium salt proved to be less efficient.

Cl
Me  5L0Na, Pd(OAC), BulP
PhMe, 120 °C
Cl
45a
OBut OBut
Me
O O
OBu!

(91:6:3)

Copper compounds are used as catalysts for the C—O
cross-coupling involving dichlorobenzenes with electron-with-
drawing groups. For example, the reaction of 2,5-dichloroace-
tophenone (29a) with 2,4-dichlorophenol in the presence of
CuO resulted in the replacement of the chlorine atom in the
ortho position of the benzene ring of ketone.!%® In the absence
of catalysts (heating of compound 29a with KOH in xylene),
the yield of the product decreases to 82%.'%°

C(O)Me
/©/ ©/ K>CO;3, xylene, 144 °C
C(O)Me
ﬁj ﬁl

(91%)

In the reactions of 2,5-dichlorobenzoic acid with 3- and
4-chlorophenols (Cu, Cul, NaOMe, MecOH, 200 °C), the
chlorine atom at position 2 was replaced to give the products
in 78% —82% yield.!7°

Enzymatic dimerisation of dichlorotyrosine (59) catalysed
by horseradish peroxidase (HRP) formally proceeds as the
nucleophilic substitution of one chlorine atom to yield an
isodityrosine derivative.!71-173

OH
Cl ¢ DHRPH0u )

pH 6.0

[ —

2) NaHSOs,
NaOH

CO-M AcHN
e ¢ AcHN™ "CO;Me
59 NHAc CO,;Me (62%)

V. Reactions with F-nucleophiles

A convenient procedure for the synthesis of fluorine-contain-
ing aromatic compounds is based on the replacement of
chlorine atoms in PCA under the action of metal fluorides.
Considerable data on fluorodechlorination reactions of arenes
were covered by patents, which is evidence that this approach is
of practical importance. Data on this problem were summar-
ised in the review !74 and monographs.!75- 176
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1. Reactivity of polychloroarenes in fluorodechlorination
The fact that it is possible, in principle, to transform PCA into
polyfluoroarenes was demonstrated for the first time in
1947.177 The reaction of hexachlorobenzene (5) with BrF;
followed by the successive treatment of the resulting mixture
of perhalocyclohexanes CeBr.ClsF¢ with SbFs and zinc dust
produced a mixture of chlorofluorobenzenes C¢Cl,Fo_,
(n = 0—6). Individual reaction products, including hexaflu-
orobenzene (60, ~10% yield), were isolated by rectification.

Later, available alkali and alkaline-earth fluorides have
been used as fluorination agents. The reactions of non-acti-
vated PCA, for example, of 1,3,5-trichlorobenzene (9a), with
metal fluorides are performed in polar aprotic solvents (sulfo-
lane, DMF, etc.) under rather drastic conditions.!”8-17 The
necessity of using high temperatures is determined by low
solubility of inorganic fluorides in organic solvents and their
ability to form stable weakly nucleophilic hydrates.

Cl Cl

KF, sulfolane, PhANO»
230 °C, 12 h

+
F F

Cl Cl F

9, (87%) (8%)

The reaction of hexachlorobenzene (5) with KF in an
autoclave at 460—470 °C for 20 h and then at 490-510 °C
for 10 h produced a mixture containing hexafluorobenzene
(60) and chloropentafluorobenzene (61).180-181 At lower tem-
peratures (400 —-480 °C, 19— 35 h), the yield of hexafluoroben-
zene (60) was at most 6%.'82 In the presence of water
vapour,!®3 fluorodechlorination is accompanied by the
replacement of one chlorine atom with hydrogen to form a
large set of polyhalobenzenes, including compounds 60—63
(Scheme 1).

Heating of octachloronaphthalene (16) with KF in an
autoclave (300—330 °C, 25 h) gave a mixture of products,
from which octafluoronaphthalene (24%) was isolated by
rectification.!®* According to the data of another study,!'®?
this reaction at 400 °C, even in the presence of a tenfold excess
of KF, afforded heptachloro-1-fluoronaphthalene (64) as the
major product.

Cl
OO T OO

16 64 (49%)

The increase in the temperature to 420 °C resulted in the
formation of a mixture of higher fluorodechlorinated products
from which 1- and 2-chloro-substituted heptafluoronaphtha-

lenes were isolated in 14.5% and 9.5% yields, respectively. The
reaction of octachloride 16 in sulfolane affords a mixture of
fluorodechlorination products containing from 1 to 4 fluorine
atoms.!8¢ Individual 2.4,5,7-tetrachloro-1,3,6,8-tetrafluoro-
naphthalene (65) was isolated from the mixture by sublima-
tion.

Cl Cl
KF or CsF F F
16 >
sulfolane, 100—180 °C
Cl Cl
F F
65

Polychloroarenes containing additional electron-with-
drawing substituents in the aromatic nucleus are more reactive
in fluorodechlorination compared to polychlorobenzenes, the
reaction often being regioselective. For example, fluorodech-
lorination of o-dichlorobenzenes 24e and 40a containing
electron-withdrawing groups at position 1 gives 4-fluoro
derivatives.!87- 189 The reactions with KF are carried out in
aprotic solvents (DMSO, DMF, NMP, sulfolane or DMAA)
at 190—250 °C; the products are formed in yields of up to 90%.

EWG EWG
KF
—
Cl Cl
Cl F
24e, 40a

EWG = NO; (2de), CF; (40a).

The chlorine atom in the ortho position with respect to the
electron-withdrawing substituent is, as a rule, replaced in
1-nitro-substituted chlorobenzenes 24a'°°-192 and 25¢.193
However, it has been possible to replace the chlorine atoms in
the ortho and para positions by refluxing compound 25¢ in
DMF in the presence of a mixture of KF and KCl.1%4

NO> NO, NO>
Cl F
KF KF-KCl
DMEF, 150 °C X = Q)
Cl Cl
X F
24a: X = H;
25¢: X = Cl

The cyano group serves as a good activating substituent in
polychloroarenes. For example, fluorodechlorination of pen-
tachlorobenzonitrile with KF at 350 °C in an autoclave results
in pentafluorobenzonitrile in 70% yield.!> An analogous

Scheme 1
Cl
F F Cl
+
a 460 510 °C a a a
Cl Cl Cl
— 60 (45% 61 (30%
Cl Cl Cl F H
Cl KF, H,0 F F F F F F F F
5 250 °C 60 + 61 + + :@: n N
Cl Cl Cl Cl F H H
F F F
62 63



902

A A Vasil’ev, A S Burukin, S G Zlotin

reaction of tetrachlorophthalonitrile proceeds at 300 °C (the
yield of the tetrafluoro derivative is 74%).19¢ The reaction of
2,3,4,5-tetrachlorobenzonitrile with KF in sulfolane affords a
mixture of fluorodechlorination products, including 2,3,4,5-
tetrafluorobenzonitrile.!®” The reaction of tetrachloroisoph-
thalonitrile (32) with KF in DMF resulted in the replacement
of three chlorine atoms in the ortho positions with respect to the
cyano groups.'?8-201 All four chlorine atoms in compound 32
can be replaced by performing the reaction in sulfolane.??

F
NC CN
KF, DMF
Cl F
NC CN Cl
| (<81%)
Cl Cl F
Cl NC CN
KF, sulfolane
32 L >
F F
F
(80%)

It should be noted that the reaction of 2.4-dichloro-5-
fluorobenzoyl fluoride with KF in aprotic solvents gives
2,4,5-trifluorobenzoyl fluoride as the major product.?%3

In spite of drastic conditions, PCA containing the labile
aldehyde group undergo fluorodechlorination. For example,
the reaction of 2,6-dichlorobenzaldehyde (26¢) with KF in
sulfolane at 180 °C affords 2,6-difluorobenzaldehyde in good
yield, while the monofluoro derivative is formed as a by-
product.'7®

Cl
CHO CHO CHO
KF, sulfolane 4
_—>
180 °C, 24 h
Cl F Cl
26¢ (63%) (8%)

2. The means for activation of fluorodechlorination
The use of PTC (quaternary ammonium or phosphonium
salts) facilitating the transfer of fluoride anions to an organic
phase is one of ways of promoting fluorodechlorination of
PCA 294 The use of salts of HF with organic bases, for example,
PhyP ™ (HF3)~,2% or fluorides with organic cations, such as
MeyNF, as fluorination agents was documented.?%¢
Fluorodechlorination of hexachlorobenzene (5) with KF
supported on CaF, or BaF; in the presence of (EtoN)4PBr as
the catalyst at 230 °C in an autoclave affords a mixture of
arenes C¢CIFs (61, 25% yield), CcCloF4 (45%) and C¢Cl3F3
(62, 30%).297 Under the above-mentioned conditions, no
reaction proceeds in the absence of catalysts. Hexaethylguani-
dinium chloride in combination with crown ethers, diglyme or
tetraglyme can be used as PTCs.2%8 The reaction of hexachlor-
obenzene (5) in the presence of this catalytic system gave a
mixture of isomeric products, resulting from the substitution of
four chlorine atoms, 1,2,3,5-tetrafluoro derivative 66 being the
major product (>90%).

Cl F

F F
a a KF, 140 °C

T

(EtaN),C=NEt,Cl—,

a c crown ether, diglyme or tetraglyme Cl Cl
Cl F

The inhibition of the subsequent fluorodechlorination of
compound 66 is, apparently, attributed to an increase in the
concentration of chloride ions with rather high nucleophilicity.
The suggestion that the fluorodechlorination is reversible was
confirmed in the study,?® where the possibility of transforming
CsClyF4 into trichlorotrifluorobenzene was demonstrated.

Cl3 Cl,
KF, PTC
KClI, PTC

F3 F4

The 18-crown-6-catalysed fluorodechlorination of binul-
cear PCA 16 and 31 with CsF under mild conditions (MeCN,
80 °C)210 allows the selective introduction of one fluorine
atom at positions 1 and 4, respectively.

Cl F
CsF MeCN

Cl ! ! Cl
Cl Cl

18-crown-6, 80 °C

Cl Cl
16
Cl Cl
CsF MeCN
18 -crown-6, 80 °C
Cl Cl
31
Cl Cl
Cl Cl

Phase-transfer catalysts are successfully used for fluoro-
dechlorination of PCA containing additional electron-with-
drawing substituents. In these reactions, the chlorine atoms in
the ortho and para positions with respect to these substituents
are generally replaced. For example, the reaction of 2,3-
dichloronitrobenzene (24a) with KF in xylene in the presence
of trimethyl(ethoxypolyoxypropyl)ammonium chloride pro-
duced 3-chloro-2-fluoronitrobenzene in 72% yield.?!! Under
these conditions, both chlorine atoms are replaced in 2,6-
dichlorobenzonitrile (28a)2'2 and 2,4-dichloronitrobenzene
(24b).213 The fluorodechlorination of 2,5-dichloronitroben-
zene (24c¢) in the presence of trimethylcetylammonium bromide
at 140—150 °C affords product 67.2'4215 The nitro group is
also replaced in the reaction with the use of Ph4PBr as the
PTC.216

NO,
H-C](,H33NM63BT F
—_— >
O cl
ke 67 (54%)
F
cl
24ec Ph,PBr F
L >
cl

The reaction of 2,4-dichloro-5-fluorobenzonitrile (68a)
with KF supported on CaF; in the presence of BnEt;NCI
produces a mixture of 2.4,5-trifluoro- and 2-chloro-4,5-
difluorobenzonitriles in a total yield of 82 %.198.217
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KF, CaF,, BnEt;NCl,
sulfolane, PhMe

F CN
Kji 180 °C,2 h
c Cl
F CN F CN
~ 00 X
F F a

Fluorodechlorination of 3,4-dichlorobenzonitrile (28b)
with KF in DMSO in the presence of PTCs of the iminium
series, such as (RIN),C=N+*=C(NR3),Hal~, (RIN),C=
N+=P(NR3);Hal~ or (RIN);P=N*=P(NR3);Hal~ (R!,
R? = Alk), occurs exclusively at position 4 (the yield of the
product is 81% —92%).2!® Polychloroarenes containing chlor-
ine atoms in the mera position with respect to an electron-
withdrawing substituent are much less reactive. For example,
only one chlorine atom is replaced in 3,5-dichloro-4-fluoro-
benzonitrile (68b) or 3,5-dichloro-4-fluoro-1-trifluoromethyl-
benzene in the reaction with KF in sulfolane in the presence of
PTC.21?

Fluorodechlorination of PCA is promoted by sonica-
tion.'87-220 For example, the reaction of 3,4-dichloronitroben-
zene (24e) with KF and  N-(2-ethylhexyl)-4-(NV,N-
dimethylamino)pyridinium bromide on polystyrene in
DMSO promoted by sonication produced 3-chloro-4-fluoro-
nitrobenzene in 95% yield.?>°

VI. Reactions with C-nucleophiles

1. Cyanation reactions

The reactions of PCA with copper cyanide produce the
corresponding chlorobenzonitriles generally in low yields.
For example, the yield of pentachlorobenzonitrile in the
reaction of hexachlorobenzene (5) with CuCN was only
4% 221 3,5-Dichloro-2.4,6-trifluorobenzamide and 3,5-dichlo-
ro-2,6-difluoro-4-dimethylaminobenzonitrile were synthesised
by the reaction of 2,4,6-trichloro-1,3,5-trifluorobenzene (62)
with CuCN in pyridine and DMF, respectively.???

C(O)NH,
F F
PyH
—>
cl cl cl
F F CuCN F
Cl Cl ™
M F
F DMF
62
Cl Cl
NMez

In 5-aminosulfonyl-2,4-dichlorobenzoic acid (33), the
chlorine atom at position 2 is replaced upon heating with
CuCN in DMF to give the derivative of phthalic acid mono-
nitrile.??3

HO-C SO.NH> HO,C SO.NH,»
KI - :C[
—
a a DME. A N cl

33

2,3,4-Trichloronitrobenzene (25¢) is transformed into
5,6-dichloro-2-nitrobenzonitrile in the reaction with CuCN in
the presence of 1 equiv. of DMF.?24

NOz NOZ
Cl CN
CuCN
al DMF (1 equiv.) al
Cl Cl
25¢ (68%)

The yield of the cyanation product can be increased in the
presence of transition metal complexes as catalysts. For
example, the reaction of 1,4-dichlorobenzene (1c¢) with KCN
catalysed by Pd or Ni complexes at 100—250 °C produces
terephthalonitrile in 87% yield.??>

2. Reactions of polychloroarenes with carbanions
Polychloroarenes activated by the nitro group readily react
with anions of CH acids (malonic and cyanoacetic esters, etc.)
on heating in aprotic solvents. As a rule, it is the halogen atom
in the ortho position with respect to an electron-withdrawing
substituent that is replaced.??¢~228 The reaction with diethyl
malonate can serve as an example:

R2 R2
3 1 3 1
R R CHy(COsEt,, Nan R R
- 7 =
DMSO.100°C CO,Et
NO;, NO>, CO,Et

(47% —100%)
X = CL F; R, R? = CI, H; R3 = Cl, H, ArC(O).
Methyl (3-chloro-2-nitrophenyl)cyanoacetate was pre-

pared by the reaction of 2,6-dichloronitrobenzene (24d) with
methyl cyanoacetate in DMF in the presence of K,CQO3.22%-230

NO» NO, CO>Me
1 1
¢ ¢ NCCH>CO>Me = CN
_— >
K>CO;, DMF
24d (80%)

If a PCA contains no chlorine atoms in the ortho position
with respect to the activating group, the chlorine atom in the
para position is replaced. For example, para-substitution
products were obtained in 80% —85% yields from 3,4-dichlo-
ronitrobenzene (24e) and 3,4,5-trichloronitrobenzene (25b).228

The reaction of the 2-(cyanomethyl)pyridine anion with
hexachlorobenzene (5) affords the pyrido[1,2-alindole deriva-
tive in nearly quantitative yield.?3!

Cl CN
d c = K>CO;3;, DMF
—+ _—
N&
Cl Cl
Cl
5 (97%)
The electrochemically generated 2,6-di(zert-butyl)-

phenolate anion reacts with 1,4-dichlorobenzene (1c¢) as the
C-nucleophile.?32
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But
1)e—,HO—
Cl Cl + OH —
2) NH4Br
1c But
But
(67%) But

The reactions of methyl ketone enolates with 1,4-dichloro-
benzene (1¢) in liquid ammonia were studied.?3? Under photo-
chemical conditions, the ion-radical mechanism operates.

Cl Ie)
hy
/©/ " \%Me Bu'OK, NH; (li
al R u'OK, NHs (lig.)
1c

R
— |

R (0]
R = Mg, Bu'.

Irradiation of PCA with the light from a mercury lamp
(254- or 185-nm) in benzene for 40 h at 25 °C under nitrogen
resulted in the replacement of chlorine atoms by phenyl
groups, the solvent serving as the source of the latter
(Table 7).23* The reaction, which proceeds apparently by the
radical mechanism, is accompanied by partial hydrodechlori-
nation of both the starting arenes and products, particularly, of
highly chlorinated compounds.

Table 7. Photochemical transformations of polychloroarenes in ben-
zene.?3*

Compounds Products (yield, %)

1 ,2—C]2C(,H4 (] a)
1,3-Cl,CgH, (1b)
1,4-Cl,CeHa (1¢)
1,3,5-C13C6H3 (92)
1,2,3-Cl5CgH; (9¢)

2-CIC4H4Ph (43) + Phs (14) + 1,2-PhoCsHa (1)
3-CICsH4Ph (41) + Phs (1)

4-CICH4Ph (26) + Phs (1)

3,5-CLCeH3Ph (31) + 1,3-ClaCsHa (1)
2,5-CLCH3Ph (22) + 3-CICeHsPh (3) +

+ 4-CICcH4Ph (l) + 1,4-Cl,C¢Hy (1)
2,3,6-ClsCeHaPh (21) + 1,2,4-Cl,CeHs (3) +

+ 4-Cl-1,2-Ph2C6H3 (2) + 2,5-C12C6H3Ph (1) +
+ 3,6-Cla-1,2-PhsCsHa (1) + Phs (1)
2,4,5-Cl3C¢H,Ph (9) + 3,4-Cl,C¢H3Ph (9) +
+1,2,4-Cl,CsH; (2)

2,4,6-ClsCeH,Ph (7) + 2,3,5-ClsC¢HaPh (5) +
+1,3,5-Cl,CsH; (2)

1,2,3.4-C14C6Hs (10a)

1,2,4,5-Cl4CsH, (10b)

1 ,2,3,5-C14C(,H2 (10c)

3. Reactions with anions of heteroorganic compounds

In the reactions of 1,2-dichlorobenzene (la) with lithium
diphenylphosphide and diphenylarsenide, one of the chlorine
atoms is replaced by a heteroorganic substituent and another
chlorine atom is replaced by hydrogen to give the correspond-
ing products in low yields.?3> The hypothesis that this reaction
proceeds via benzyne was not confirmed, since experiments
with furan as a scavenger were unsuccessful.

i

PPh2 Hzoz PPhZ
=

(17%)

Ph,PLi

—
©:Cl
Cl i phoasti ©/ AsPh;
la sl

(45%)

UV irradiation (4 = 350 nm) of some PCA in the presence
of Me3SnNa 236237 or Ph3SnNa 238 in liquid ammonia affords
substitution products. The reaction proceeds by the anion-
radical mechanism and only under irradiation.

Iy
@cu + RySnNa ———>
NH; (liq.)
. @(SHR3)n + @(Snm),,]

(51%—-90%) (0% —35%)
n=2,3;R = Mg, Ph.

1,4-Bis(triphenylstannyl)benzene was obtained in 90%
yield by the reaction of 1,4-dichlorobenzene (1c¢) with SnPhy
in DMSO or acetonitrile under photochemical conditions.?3°

VII. Catalytic carbonylation and carboxylation

Catalytic carbonylation of polychloroarenes in the CO-—
Co03(CO)s—NaOH — H»0 system proceeds under UV irradia-
tion (Table 8).240 In some cases, the reaction is accompanied by
partial dechlorination (see, for example, the transformation of
compound 69). The selectivity of the reaction is determined by
the number and arrangement of substituents in the starting
arene.

NaOH, Cox(CO)s, hv
S e T

ArCl + CO ArCO;Na.

Table 8. Carbonylation of PCA [conditions: 1) /v, CO, Co,(CO)s, NaOH,
H,0; 2) H"] with the 100% conversion of the substrate.2*?

Compound Time /h  Products Yield
(%)
1,2-C12C5H4 (la) 24 PhCOzH 24
2-CIC¢H4CO-H 40
1,2-(HO>C)>CsHa4 2
PhCl 7
1,3-C1,CsH4 (1b) 20 1,3-(HO>C)>CsH4 92
1,4-Cl,CgHa4 (1¢) 20 1,4-(HO>C),CsH4 88
1,3,5-C13C6H3 (9a) 20 1,3,5-(HO>C)3:CsH3 86
3,5-C1,CsH3CO>H (27b) 20 1,3,5-(HO»C)3CsH3 89
3,4-Cl,CcH3CO>H (27¢) 6 4-CIC¢H4CO-H 15
1,4-(HO>C),CsH4 14

2-Cl-CeH3(CO,H)»- 1,4 57
1,2,4-(HO:C)sCeHs 11
1,2,4-(HO,C);CeHs 53
1,2,4,5(HO2C)4CsHa 30

4,5-C1,CeHx(CO-H)x-1,2 (69) 24
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Carbonylation of 1,2-dichlorobenzene (1a) affords, along
with benzoic and phthalic acids, 2-carboxyphenylglyoxalic
acid.?#!

@Q
Cl
CO-H COxH

-0 X
COxH

(25%) (23%)

NaOH, H,O
_— >
C07(C0)8 hv, A

+ CO

COH
©;C02H
o (13%)

The reaction of polychloroarenes with carbon monoxide in
methanol in the presence of MeONa produces methyl arene-
polycarboxylates.?*? The reaction time varies from 36 to 95 h.
Compounds containing vicinal chlorine atoms react much
more slowly.

NaOMe, MeOH, Coy(CO)s
hv,20—65 °C,36-96 h

Cl, + CO

(CO2Me),+m
(~100%)

(CO2Me),,
n=2-4m=0,1.

Carbonylation of 1,4-dichloro- (1¢) and 1,3,5-trichloro-
benzenes (9a) in EtOH affords ethyl benzenedi- and tricarb-
oxylates.?*3

Palladium(0) complexes can be used as catalysts for these
reactions.?**

/@/ €l o (5 atm), Pd(dippp)» /©/ CO-Me
MeOH, AcONa, DMF, 150 °C
Cl MeO,C
1c (82%)
dippp is 1,3-bis(diisopropylphosphino)propane.

The use of Pd catalysts in combination with PTC allowed
the carbonylation of dichloroarene 70 in the presence of
1-ethyl-5-hydroxypyrazole giving rise to aryl pyrazolyl ketone
derivative 71.160

Cl
cl HO,
I\\IE{ CO (12 atm), Pd(OAc),, dppb
+
/ N Na>COs, Buz NBr
O(CH»),OMe Z
SO-Me
70 HO
NEt
/0
O\ N
Cl
O(CH»).OMe
SO-Me
71 (59%)

dppb is 1,4-bis(diphenylphosphino)butane.

The reactions of PCA with CO; proceed less selectively.
Electrochemical carboxylation of 3,4-dichloro-1-trifluorome-
thylbenzene (40a) in aprotic polar solvents (BusNBr as the
supporting  electrolyte, 15 °C, the current density
j=5-50 mA cm—?) affords 2-chloro-4-trifluoromethylben-

zoic acid as the major product.?*> Electrochemical carboxyla-
tion of 1,2,4,5-tetrachlorobenzene (10b) and hexachloroben-
zene (5) is accompanied by reductive hydrodechlorination.?#¢

VIII. Catalytic C— C cross-coupling

Aryl chlorides are, as a rule, less reactive than the correspond-
ing bromides and iodides in cross-coupling reactions catalysed
by Pd or Ni complexes. The following approaches are used to
accelerate these reactions: (1) the introduction of electron-
withdrawing groups into the aromatic nucleus, (2) an increase
in the nucleophilicity of the cross-counterpart or (3) the use of
efficient catalytic systems. In recent years, considerable
progress has been achieved in the design of new catalysts,
particularly, in combination with sterically hindered phos-
phine 247257 and N-heterocyclic 2582 ligands. Data on
some other types of ligands were reported elsewhere. 267272

1. Reactions of polychloroarenes with organometallic
compounds (M = Mg, Al or Zn)

Cross-coupling of PCA, unlike the analogous reactions with
monochloroarenes, have been little studied. Most attention
was focused on the transition metal complex-catalysed reac-
tions of dichlorobenzenes la—c with the Grignard reagents
containing primary or secondary alkyl substituents (the

Kumada reaction).273-277
Cl R R
(10% —89%) (1% —94%)

la—c
R = Alk, Ph.

RMgHal
_— >
[Ni] or [Pd]

The nickel complexes Ni(dppp)Cl» [dppp is 1,3-bis(diphe-
nylphosphino)propane] and Ni(dppe)Cl. [dppe is 1,2-bis(di-
phenylphosphino)ethane] are the catalysts of choice allowing
the replacement of both chlorine atoms.?”? The high activity of
these complexes is attributed to the fact that, after the replace-
ment of the first chlorine atom, the catalyst tends to migrate
intramolecularly to the second chlorine atom rather than to
escape into solution. This reaction catalysed by the complex
Ni(PPh3),Cl, with the monodentate phosphine ligand affords
products in much lower yields.

The reaction can be terminated after the replacement of one
chlorine atom in the case of the complex Ni(triphos)CIPF¢
[triphos is the tridentate ligand P,P-bis(2-diphenylphosphi-
noethyl)phenylphosphine].?’7 In the cross-coupling reactions
of 2,5-dichloro-1-trifluoromethylbenzene (40b) and 2,3-dichlo-
roanisole (72a) with EtMgBr, the chlorine atom in the meta
position with respect to the electron-withdrawing substituent is
predominantly replaced.?’” The selectivity is particularly high
in the reaction with compound 72a (the yields of 2-chloro-3-
ethyl- and 3-chloro-2-ethylanisoles are 70% and 4%, respec-
tively).

The reaction can be terminated at the monoalkylation step
also in the presence of palladium catalysts [the complex
Pd(dppf)Cl, is the catalyst of choice] in the dichloroben-
zene : Grignard reagent molar ratio of ~2:1.27¢ In some
cases, it is advantageous to add 0.5—1 equiv. (with respect to
the catalyst) of the corresponding free ligand. The reactions
efficiently proceed in THF at 85-105 °C. The Pd(PPhjs)s-
catalysed reaction of 1,4-dichlorobenzene (1¢) with MeMgBr
affords 4-chlorotoluene as the major product (92%).278

Several cross-coupling reactions of higher chlorinated PCA
with the Grignard reagents were documented. The reactions of
1,3,5-trichlorobenzene (9a) and 1,2,4,5-tetrachlorobenzene
(10b) with isopropenylmagnesium bromide in THF in the
presence of Ni(dmpe)Cl, [dmpe is bis(dimethylphosphino)-
ethane] resulted in the replacement of two chlorine atoms.?”3
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Me

\*M Br Ni(dmpe)Clo
H C// & THF, 40—50 °C
2
—CH;
Cl
(93)
—CH,
] Cl (25%
Cl
(IOb)
Cl (70%

The use of the complex Ni(dppe)Cl, allowed the replace-
ment of all chlorine atoms in 1,3,5-trichlorobenzene (9a),2”°
1,3,5-trialkylbenzenes 73a being produced in yields of up to
93%.

Cl
AlkM gBr

Ni(dppe)Cla, ELO 0 BLO. /@
cl o ppeCh, B

9a 73a (82%793%

Alk = n-C,Ha, 11 (n = 6-10).

Polychloroarenes containing vicinal chlorine atoms are less
reactive towords alkylmagnesium bromides. For example,
only ‘lateral’ chlorine atoms are replaced in 1,2,3-trichloroben-
zene (9¢) to give monochlorides 74. The reaction of 1,2.4-
trichlorobenzene (9b) affords a mixture of complete substitu-
tion products, viz., compounds 73b (44%), along with dialkyl-
chlorobenzene (22%), the positions of the substituents in the
latter remaining unknown.

cl Alk
Alk Alk Alk
74 (11%) Alk
73b (44%)

The reaction of 1,2,4,5-tetrachlorobenzene (10b) with
n-hexylmagnesium bromide in the presence of Ni(dppe)Cl,
affords tetrahexylbenzene along with by-products, one of
which was identified as 1,2,4-tri(n-hexyl)benzene.?””

Cl Cl
10b
n-CeHi3 CeHiz-n  n-CgHi3z CsHi3n

B0 C TIPS g
H-C(,H]_; C(,H]_;-l’l n-C(,H13

(55%) (5%)

n—CGH 1 3MgBr
Ni(dppe)Cla, E:O, A, 48 h

The use of various catalysts allowed the synthesis of 1,3,5-
trialkylbenzenes containing different alkyl substituents start-
ing from 1,3,5-trichlorobenzene (9a).?”° The reaction in THF

—20 °Cin the presence of Ni(acac), as the catalyst afforded
compounds 75 as a result of the replacement of the first

chlorine atom by the group R!. The latter compounds were
used in the Ni(dppe)Cls-catalysed reaction with an excess of
another alkylmagnesium bromide R>MgBr. The preparative
yields of trialkylbenzenes 76 were achieved only after refluxing
in diethyl ether for 7—10 days.

Cl
R'MgBr
Cl - N
Ni(acac),, THF, —20 °C
Cl
9a
Cl R2
R2MgBr (2 equiv.)
— Rl - > 1
Ni(dppe)Cl,, Et,0, A
Cl R2
75 (40% —50%) 76 (44% —73%)
R!, R2 = Alk.

The reactions of di- (1a,b) and trichlorobenzenes (9a) with
the tricyclic Grignard reagent, viz., tricyclo[4.1.0.0.%7]hept-
I-ylmagnesium bromide (TCH-MgBr), in the presence of
Ni(dppe)Cl, were documented.?®? The satisfactory yield of
the substitution product (53%) was achieved only in the
reaction with 1,3-dichlorobenzene (1b).

Cl TCH

TCH-MgBr, Ni(dppe)Cl»

cl TCH
1b (53%)

TCH&.

Cross-coupling of tri- and tetrachloroarenes with aromatic
Grignard reagents (Table 9) were performed with the use of the
catalytic system Ni(acac),—diphenyl[2-(1-hydroxyethyl)phe-
nyl]phosphine (L).2%! Under these conditions, complete sub-
stitution of trichlorobenzenes 9a,b,d and 77 occured to give the
corresponding products in high yields. In the case of 1,2,4,5-
tetrachlorobenzene (10b), incomplete conversion is accompa-

ArMgBr

nied by partial dechlorination.
Cls X ———————> Arn Y
Ni(acac),, L, Et,0, A

X = H, Cl,OMe; Y = H, Ar, OMe; Ar = Ph, 4-MeC¢H4 (Tol);
Me

ae)
Ph,P

Table 9. Cross-coupling of tri- and tetrachlorobenzenes with ArMgBr.28!

Compound Ar Time /h  Product Yield
(o)
1,3,5-C13C6H3 (92) Tol 2 1,3,5- T013C6H3 91
1,2,4-C13C¢H3 (9b) Ph 48 1,2,4-Ph3CsH3 89
1,2,3-C13C¢H3 (9d) Tol 24 2,6-Tol,CeHy 85
1,2,4,5-Cl4CsH> (10b) Ph 96 1,2,4,5-Ph4CeH> 584

2,4,6-C13C¢H>OMe (77) Tol 20 2,4,6-TolsCcH,OMe 80

a By-products: 1-Cl-2,4,5-Ph3;C¢H> and 1,2,4-Ph;C¢H3 (2: 3).
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Reactions of PCA with complex organoaluminium com-
pounds were documented.?®?> For example, compound 24e
containing the nitro group reacts with derivative 78 in the
presence of Pd(PPhs)s. The reaction with non-reactive
1,4-dichlorobenzene (1c¢) required the use of a Pd complex
with electron-rich phosphine ligands; however, the yield of
p-xylene was at most 14%.

/ \ Me\ /Me
MeO\Al 0 . Al\ PhH, 90 °C
/\ O OMe
Me Me 7/
78
Cl
CIO NO, (24e) >:
2
Pd(PPhs)s

(58%)

e

(10% — 14%)

CIOCI (1c)

[PdPr‘EP(CHz),,PPr'Z]a
n=24)

In the Pd(PPhs)4-catalysed reactions of 1,2,4,5-tetrachloro-
benzene (10b) and hexachlorobenzene (5) with organozinc
compounds (1.6 mol per mole of arene) in boiling THF, one
chlorine atom is replaced to give the corresponding products in
moderate yields.?83 The conversion of PCA varies from 58% to
89% and is accompanied by side processes, such as homocou-
pling of the nucleophilic and electrophilic components and
reductive dechlorination.

X Cl

Pd(PPhs),
Cl E——

THF, A

Cl X

5:X =(l

10b: X = H

_ PhZoCl

X=H (52%), C1(67%)
X

Cl CEC©

Cl X
X = H (21%), C1 (45%)

PhC=CZnCl
e

2. Reactions of polychloroarenes with arylboronic acids
Transition metal-catalysed cross-coupling reaction of PCA
with arylboronic acids (the Suzuki reaction) can serve as a
convenient one-pot procedure for the synthesis of polyaryl-
benzenes. However, this reaction is far from being always
selective. For example, the reaction of 1,2-dichlorobenzene
(1a) with 4.4 equiv. of PhB(OH), in the presence of the nickel
complexes Ni(dppf)Cl, or Ni(PPh3),Cl, affords a mixture of
2-chlorobiphenyl (79) and o-terphenyl (80).284

a a Ph
[Ni], K5PO4
C[ * PRBOH): 95°C, 16 h ©i i ©i
a foxane. 7> Ph Ph

Ia 79 80
[Ni] Yield (%)
79 80
Ni(dppf)Cl, 4 69
Ni(PPh3),Cl, 34 28

Cross-coupling of 2,4-dichlorobenzaldehyde (26b) with
p-tolylboronic acid with a nickel catalyst also affords a mixture
of compounds, with the para-substitution product predomi-
nating (the para isomer : ortho isomer ratio ~2:1).285 On the
contrary, the ortho isomer is formed in higher yield with the
palladium catalyst Pd(dba),—L (L = PPh3, PCys, dppb or
dpp0).

CHO
Cl .
Nl(PPh})gClz, K3PO4' Hzo
+ TolB(OH), -
PhMe, 80 °C,2h
Cl

(60% (27% (1 1%)

The reaction of 1,2-dichlorobenzene (1a) with PhB(OH)»
on a heterogeneous nanocluster catalyst with the composition
Cu/Pd/Ru in DMF at 110 °C in the presence of K>CO3 as a
base affords the monoarylated product in 25% yield.?8¢ In the
reaction of 1,4-dichlorobenzene (1¢) with 4-tolylboronic acid
in the presence of the catalytic system PdCl, — PCy;— Na>COs3
in NMP at 150 °C, also only one chlorine atom is replaced.?8”

We demonstrated 283 that highly chlorinated PCA, such as
CsClg (5) and C4ClsAc, do not react with phenylboronic acid in
the presence of Pd(PPh3)4 under the conditions typical of the
reaction of aryl bromides. Unexpectedly, pentachloroiodoben-
zene also appeared to be inert under these conditions due
apparently to steric hindrance of the reactive C —I bond by the
adjacent chlorine atoms. The target products were synthesised
with the use of modern catalytic systems designed in recent
years for the cross-coupling of monochloroarenes, including
deactivated compounds. For example, the cross-coupling of
PhB(OH), with equimolar amounts of 1,2,4,5-tetrachloroben-
zene (10b) and hexachlorobenzene (5) in the presence of the
system Pd(dba), - BuiP—-K;PO,—PhMe (Ref. 248) gave the

Cl,
PhB(OH),, Pd(OAc),, K3PO4, PhMe, 80— 100 °C
NMEZ
CyZP
Cln— 1 Cln72
n=2 nx=3
—_— —_— —> c¢fcC
Ph,
Ph
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products in 82% and 37% yields, respectively.?®3 The Buch-
wald ligands containing the 2-phosphinobiphenyl fragment,
particularly,  2-dicyclohexylphosphino-2’-dimethylaminobi-
phenyl (46),12%-12¢ proved to be very efficient in these reac-
tions. 247,252,253

The cross-coupling of tri- and tetrachlorobenzenes with
arylboronic acids ArB(OH), (Ar = Ph, 4-MeOC¢H4 or
4-FCgH4) under Buchwald conditions resulted in the complete
replacement of the chlorine atoms to give compounds 81 -84 in
high yields.

Cin e

8la—c 82a.b

Isomers: 1,2,3 (81a, 94%); 1,2.4 (81b, ~ 100%); 1,3,5 81c, ~ 100%);
1,2,3.4 (82a, 88%); 1,2,4,5 (82b, 94%).

l X X

83:X=H, Y= OMe(lOO%
84: X =Y = F (81%).

Attempts to use this procedure for the synthesis of penta-
phenylbenzene from CgHCls (2) and for the synthesis of
hexaphenylbenzene from C¢Clg (5) failed although the target
products were detected by GLC-mass spectrometry in amounts
up to 10%. After the introduction of four phenyl groups, the
replacement of the chlorine atoms by hydrogen in the inter-
mediates PhyCsHCl and PhyCsCl, became the major reaction.

Polychloroarenes containing both electron-donating and
electron-withdrawing substituents in the aromatic ring react
with phenylboronic acid in the presence of the catalytic system
Pd(OAc),;—ligand 46. Under these conditions, all chlorine
atoms were replaced in 3,4-dichloroanisole (72b) and isomeric
dichloroacetophenones 29.12°

OMe OMe
a
—
i Cl WJ: Ph
Cl

(80%
C(O)Me C(O)Me

a
—> Ph,

(73% — 100%)
(a) PhB(OH); (2.5 mol), Pd(OAc),, 46, K3PO,, PhMe, 90 °C.

The use of palladium N-heterocyclic carbene complexes
[prepared in situ from Pd(OAc), and imidazolium salts] 283288
and the ligand-free method 2 for the cross-coupling of 1,2,4,5-
tetrachlorobenzene (10b) and hexachlorobenzene (5) proved to
be less efficient.

3. Reactions of polychloroarenes with terminal acetylenes

The reactions of di- and trichlorobenzenes with terminal
acetylenes were carried out.??9=2%3 The cross-coupling reaction
of 1,4-dichlorobenzene (1¢) with hept-1-yne in the presence of

Pd(PCy3)>Cl, affords the monosubstitution product in high
yield.?%0

CI—QCI + HC=CCsH,;-n

1c

— CIOCECC5H11-n

(84%)

Pd(PCy3)Clz, C52CO3
- T T s
DMSO, 120 °C, 12 h

The reaction of isomeric dichlorobenzenes la—c¢ with
phenylacetylene in the presence of a pincer palladium complex
with additives of ZnCl, also gives monosubstitution prod-
ucts.?! Their yields depend on the mutual arrangement of the
chlorine atoms.

o] l"Prz
I‘Dd —Cl
a O—PPr)
Cl + HC=CPh
Cs>CO3, ZnCl; (10 mol. %), dioxane,
la—c 160 °C, 24 h

cl
— PhCEC@

Isomers: 1,2 (36%), 1,3 (19%), 1.4 (80%).

Unexpected results were obtained in the reactions of
alkynes with symmetrical tribromotrichloro- (85) and trichlo-
rotriltodobenzenes (86).2°%2°3 For example, only bromine
atoms are replaced in the Sonogashira reaction (75 °C, 30 h)
of 1,3,5-tribromo-2,4,6-trichlorobenzene (85) with trimethylsi-
lylacetylene. It has become possible to introduce six acetylene
groups into the aromatic core only with the use of more
reactive alkyne zinc derivatives.

Hal
= d RIC=CH
Pd(PPhs)s, Cul, PryNH, THF
Hal Hal
Cl
85, 86
I
C
cl cl R2C=C(CZnCl
— —_
Pd(PPhs),, THF
R]C%/C C%\CR'
X
CR!
Il
2 2
R*C \C éCR
—
RIC/& Y C%\CRI

Hal = Br (85): R! = MesSi, X = C1 (62%); R2 = Ph, Y = C=CR?
(69%); Hal = 1(86): R' = Ph (33%), R2 = Me3Si (51%),
X =Y =C=CR".

2,4,6-Trichloro-1,3,5-triiodobenzene (86) reacts with phe-
nylacetylene to form 4,6-dichloro-1,2,3,5-tetrakis(phenylethy-
nyl)benzene. To replace the remaining chlorine atoms, the
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reaction with trimethylsilylethynylzinc was carried out at high
temperature (90 °C) .

IX. Metallation

1. Grignard reagents based on polychloroarenes:
synthesis and reactions with electrophiles
Polychloroarenes react with magnesium to form organomag-
nesium derivatives. The nature of the solvent is of considerable
importance in the synthesis of polychloroarylmagnesium
halides. Tetrahydrofuran and other cyclic ethers, such as
tetrahydropyran, ethyl tetrahydrofurfuryl ether, 2-ethoxy-
tetrahydropyran and dihydropyran are convenient solvents
for this purpose. In these solvents, isomeric 1,3- and
1,4-dichlorobenzenes (1b,¢) form the Grignard reagents in
good yields.?94295 The reaction of 1,2-dichlorobenzene (1a)
and highly chlorinated PCA give the target products in low
yields because of oligomerisation as the side process. An
exception is hexachlorobenzene (5), which gives CsClsMgCl
in THF in 77% yield.?®** In diethyl ether, C¢ClsMgCl was
prepared by slow (over 2 days) addition of 1,2-dibromoethane
to a suspension of an excess of magnesium and hexachloro-
benzene (5) in diethyl ether (the latter compound is very poorly
soluble in diethyl ether).?2¢-297

The reactions of these organomagnesium derivatives with a
series of electrophiles were studied. For example, the reaction
of the Grignard reagent prepared from C¢Clg (5) with gaseous
CO; affords pentachlorobenzoic acid in 77% yield,?°® whereas
the treatment of this Grignard reagent with acetic anhydride
affords pentachloroacetophenone in 31% yield. These results
are in contradiction with the data of the study,?** where it was
noted that C¢ClsMgCl does not react with carbon dioxide in
THF but reacts with more reactive SiCly under analogous
conditions.

An o-hydroxy ester was synthesised by the reaction of
CeClsMgCl (87) with diisopropyl oxalate in THF (the yield was
not reported).?%8

CeCls
Pr'O,CCO,Pr! .
CeClsMgCl PriO,C OH
THF
87 CsCls

Decachlorobiphenyl (31), like hexachlorobenzene (5),
forms the Grignard reagents in the reactions carried out in
the presence of 1,2-dibromoethane.”® The chlorine atoms at
positions 4 and 4’ are only involved in the reaction giving rise to
mono- and dimetallated derivatives, and the latter can be
transformed into nona- and octachlorobiphenyls by quenching
with water (Scheme 2).

Cl Cl
Mg, THF, A
Br(CHz)zBr
Cl Cl Cl Cl
a iﬂzo
Cl Cl

Cl

(39%)

The one-pot synthesis of 3-benzyloxy-5-chlorobenzoic acid
from 5-benzyloxy-1,3-dichlorobenzene (88) via the Grignard
reagent was documented (the conditions and yields were not
reported in detail).?*?

Cl Cl Cl COH
1) Mg, Et,0
_—
2) CO,
OBn OBn
88

Slow (over 50 h) addition of 1,2-dichlorobenzene (1a) to a
mixture of metallic magnesium and Mes;SiCl in HMPA at
80—100 °C resulted in 1,2-bis(trimethylsilyl)benzene as the
major product.’%® The reactions of other PCA containing
from two to four chlorine atoms proceed analogously.
2,3,5,6-Tetrakis(trimethylsilyl)cyclohexa-1,3-diene was pre-
pared from compound 1a in high yield with the use of an excess
of reagents at higher temperatures (140150 °C).30!

1) Mg (2.5 mol) SiMes
2) Me3SiCl (2.5 mol) @i
SiMe_;

HMPA, 80100 °C
Cl
@: | (73%)
Cl 1) Mg (3.2 mol) MesSi SiMes
1a 2) MesSiCl (7.3 mol) :@i
[ £ Ve U2 mob) -
HMPA, 140-150 °C  pro g SiMes

(90%)

Transmetallation of compound 87 with Cul in THF
produces organocopper compound 89.3°2 The corresponding
biaryls were obtained in moderate yields (~25%) by the cross-
coupling of compound 89 with tetra- and pentamethylphenyl
iodides.

Me Me

Me

Cul Me
87 —> CClsCu — > (I
THF

R = H, Me.

Organometallic reagents 90 analogous to the Grignard
reagents were prepared by the reaction of 1,4-dichlorobenzene
(1c) with ytterbium and samarium.3%3 Their subsequent treat-
ment with triphenyltin chloride and water in an acidic medium
afforded tetraphenyltin in high yield.

Scheme 2
Cl Cl

Cl
MgCl + ClMMgCl

a a
i H.0

Cl Cl Cl

cl cl cl
(31%)
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Cl LnCl SnPhj; SnPh;
Ln PthnCI H;OJr
R
THF
Cl LnCl LnCl (78% —95%)
1c 90
Ln = Yb, Sm.

Organozinc derivatives of PCA were synthesised by elec-
trolysis of 1,4-dichlorobenzene (1¢) and 2,5-dichloro-1-tri-
fluoromethylbenzenes (40b). The reactions were carried out in
an undivided cell with a sacrificial zinc anode in a MeCN —
pyridine mixture (9: 1) in the presence of CoCl, and ZnBr; as
the catalysts.3%4 The resulting organometallic compounds were
transformed into the corresponding iodobenzenes or cross-
coupling products with Phl in the presence of Pd(PPh3),Cl,
(Scheme 3).

Scheme 3

Lm

R = H (27%), CF3 (69%)

. A,

R
R al ZnCl
a
CIOCI { R
1c: R = H;
b (

OO

R = H (8%), CFs (14%)

(a) e~ (2 F mol—1); CoCl, (cat), ZnBr; (cat), Zn anode,
MeCN-PyH (9: 1); (b) Phl, Pd(PPh3)4Cly; (¢) I».

2. Synthesis and reactions of organolithium derivatives

of polychloroarenes

Unlike aryl bromides and iodides, monochloroarenes do not,
as a rule, react with alkyllithium reagents. However, the
mutual activation of chlorine atoms in PCA favours the
reactions with these organometallic compounds. For example,
hexachlorobenzene (5) reacts with Bu"Li in a THF —hexane
mixture at — 78 °C to form pentachlorophenyllithium (91).395
In diethyl ether, this reaction proceeds at — 10 °C.3%¢

cl cl
cl Cl pnti _75 ¢ Li
_— >
cl cl cl cl
c cl
5 91

The reaction of hexachlorobenzene (5) with an excess of
Bu"Li gives a product, in which two Cl atoms in the para
positions are replaced.??7 Lithiation with ferz-butyllithium at
— 125 °C allows the replacement of all six Cl atoms. Upon
treatment with D»O, the resulting hexalithium derivative 92
gives benzene-dg in quantitative yield.38

Li
Li Li
Bu‘Li, n—C5H12 DZO
—> C¢Dg
dioxane, —125 °C,24 h . .
Li Li (~100%)
Li
92 (53%)

In polychloroarenes containing aromatic C—H bonds, the
hydrogen atom can selectively be replaced by lithium. For
example, the reaction of 1,3,5-trichlorobenzene (9a) with
Bu"Li produces symmetrical trilithiotrichlorobenzene,3%7
whereas the reaction of 1,2,4,5-tetrachlorobenzene (10b)
results in the replacement of one or two hydrogen atoms
depending on the amount of the lithiating reagent.?%® The
reaction of pentachlorobenzene (2) with Bu"Li also results in
the replacement of the H atom by Li.307-309

Under the lithiation conditions, 1,2,3-trichloro- (9¢) and
1,2,3,4-tetrachlorobenzenes (10a) give mixtures of dechlorina-
tion and deprotonation products.3*’” High chemoselectivity
was observed in the reaction with Bu'Li. Thus treatment of
the lithiation products with chlorotrimethylsilane affords the
corresponding trimethylsilylarenes containing one less chlor-
ine atom.

Cl SiMe3
a c 1) Bu'Li, THF, —78 "C‘ cl cl
2) Me;SiCl
X
9c, 10a (85% —90%)

X = H (9¢), Cl (10a).

The lithiation of decachlorobiphenyl (31), like the reaction
with Mg, proceeds regioselectively at positions 4 and 4'.7°
Quenching of the lithiation products with water affords nona-
and octachlorobiphenyls, and their reactions with dimethyl
sulfate produce the corresponding 4-methyl- and 4,4’-dime-
thylperchlorobiphenyls.

Lithium derivatives of PCA are valuable intermediates in
the synthesis of various heteroorganic and functionalised arene
derivatives.!2%-306,310-313 GSelected reactions of pentachloro-
phenyllithium (91) with electrophiles with references to the
original papers are given below.

Ph,PCl1 H,O
C(,Cl5PPh2 —> C¢ClsH
(690/0) 306 (56%) 306
MesSiCl DMF
CeClsSiMes | > CCIsCHO
(48%) 300 (55%) 310
HgCly RCHO
(CsCls)Hg < CsClsLi — Alk‘ C¢CIsCH(OH)R
(84%))306 91 ( ) (520/07810/0)106 313
GeCl Ph>CO
(C6Cls)>GeCly bt L s C4ClsC(OH)Ph,
(69%)311 (740/ )306
; ; ¢
CO, (0] R
C6C15C02H <« m’ C(,ClsCH2CH(OH)R
(56% —65%) 306 ( ) (46% — 60%) 125313
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Although polychlorophenyllithium derivatives are rather
stable (compound 91 is stable in diethyl ether at —10 °C), in
some cases these compounds eliminate LiCl to form the
corresponding dehydrobenzenes.?!* For example, the reaction
of compound 91 with 1,3,5-tri(terz-butyl)benzene affords the
cycloaddition product 93.3%5 The reactions of CeClsLi (91)
with N-methylpyrrole3'> and substituted anthracene pro-
ceed 316 analogously.

Cl
Cl
9] ——> R
—LiCl
Cl
Cl But
Cl
1,3,5-Bul C¢Hs O .
—
»c cl it
a
93 (97%)
E:NMe Cl
Et,0, —30—20 °C
Cl
Cl  (29%)
7z
\
Et,0, —30—>20 C NN
Cl  (20%)
2,3,5,6-Tetrachlorophenyllithium (94) derived from

1,2,4,5-tetrachlorobenzene (10b) can be transformed into
3.4,6-trichlorobenzyne, which was detected judging from the
formation of the cycloaddition product with N-methylpyrrole,
viz., compound 95.313

Cl Cl
Cl Cl
Bu"Li
E—— —
Cl Cl Li
Cl Cl
10b 94
Cl Cl
= Me
e /
— — - N|
Cl Cl
Cl Cl 95

The reactions of 1,3-dichlorobenzene (1b) with an excess of
ArLi were found?3!'7 to proceed via 3-chlorobenzyne, 1,3-
dichloro-2-lithiobenzene (96) being a precursor of the latter.
These reactions afford ultimately m-terphenyls 97. The reac-
tion of compound 1b with phenyllithium followed by quench-
ing of the reaction mixture with molecular iodine affords the
iodo derivative of m-terphenyl 98.

Li

cl cl
Z ArLi

—LiCl

cl cl ArLi, Et,O cl
_—
—ArH
1b 96

Cl A
Ar XN AL
— —
—LiCl
Ar Ar
Y
—

97
I

| Ph Ph
L2 5
(Ar = Ph)

98 (55%)
Ar = Ph (73%), 4-PhCeH, (65%), 2-MeOCsH. (93%), 4-MeOCeH, (80%).

Compounds 99 and 82b were prepared analogously from
1,3,5-trichloro- (9a) and 1,2,4,5-tetrachlorobenzenes (10b),
respectively, by the reactions with PhLi.3!7

Ph Ph
Cl Ph Ph
99 (78%) 82b (22%)

An efficient procedure for the synthesis of m-terphenyls is
based on the lithiation of polychlorobenzenes 1b or 9a with
n-butyllithium followed by treatment with ArMgBr. The
mechanism of these transformations is analogous to that of
the above-described reactions.3!”

MgBr
Bu"Li, THF ArMgBr (2 equiv.) Ar Ar
> —
—70 °C 20—>65 °C
H;0+
—— 97(73-93%)
o
—> 98 (57%)
(Ar = Ph)
Cl
Bu“Ll THF l) PhMgBr
—> 99 (54%)
“0C 2)H;0*
Cl
9a

1,3-Dichloro-2-lithiobenzene (96) gives biphenyl and
m-terphenyl derivatives as a result of the reaction with
3-chlorobenzyne generated in situ.3'8 The yield of 2,2/,6,6'-
tetrachloro-m-terphenyl (100) was increased to 44% by trans-
forming the lithium derivative into organomagnesium com-
pound 101, which reacts more smoothly (Scheme 4).317
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96 Scheme 4

i i MgCl,

MgCl

. _cl
©/ cl cl

101
E

Cl

1)20 °C;2) A (95%)

c1 Cl

100 (44%)

The reactions of 1,2,4,5-tertrabromodichloro- (102) and
1,4-dibromotetrachlorobenzenes (103) with an excess of
PhMgBr also proceed via the dihydrobenzene derivative to
give 1,2,4,5-tetraphenylbenzene (82b).3!°

Br MgBr
Cl Hal Cl Hal
PhMgBr
THEF, 20 °C
Hal Cl Hal Cl
Br Br
102, 103
Cl N Ph Ph
. . j@
Hal Cl Ph Ph
Br 82b

Hal = Br (102, 65%); C1 (103, 36%).
* % %

As can be seen from the above data, polychloroarenes can serve
as multifunctional synthons for the preparation of various
classes of organic and heteroorganic compounds. Nucleophilic
aromatic substitution and metallation reactions of PCA have
been studied in sufficient detail, whereas transition metal-
catalysed cross-coupling reactions have received less attention.
A serious progress in the metal complex catalysis achieved in
the past years allows the expectation of the development of new
efficient methods for transformations of PCA into valuable
aromatic compounds. Some of new catalytic systems have been
successfully tested in the cross-coupling reactions of dichlor-
obenzenes and highly chlorinated arenes.

Investigations of the reactivity of PCA are of applied
importance. The results of these investigations can substan-
tially contribute to the solution of the problem of chemical
utilisation of toxic organochlorine compounds, such as pesti-
cides, waste transformer oil (see, for example, Refs 320—322),
dioxins, etc., including the processing of these compounds into
new products and materials with practically useful properties.

This review has been written with the financial support of

the INTAS (Grant No. 04-82-7271).
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