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The present monograph is devoted to one of the developing topical areas of the
organosulfur compounds chemistry, i.e. to the synthesis, reactivity, and funda-
mental physical properties of aromatic thiols and their derivatives (aryl thiols,
sulfides, sulfones, sulfoxides, their acylated derivatives, and thioacylates).

The necessity and timeliness of the monograph is quite obvious to everyone who
is familiar with chemistry and technologies of organosulfur compounds and sulfur
chemistry in general. At present, the huge reserves of elemental sulfur, released
during hydrodesulfurization of petroleum products, have been accumulated and
continue to increase. The need for their utilization is strongly dictated by both
technological and environmental problems, the acuteness of which is steadily
growing. Therefore, we believe that the summarizing of publications devoted to
aromatic organosulfur derivatives is timely and useful. Of course, the authors do not
in any way consider that the use of organosulfur compounds, such as aryl thiols and
their derivatives can solve all the problems associated with the utilization of million
tons of elemental sulfur.

Note that in the world scientific literature the flow of publications (original
papers and reviews) on the chemistry of aromatic thiols increases year by year.
However, a monograph summarizing the main achievements in this field, especially
over the last decades, was lacking before the publication of this book.

The monograph covers, along with traditional (classical) methods for the syn-
thesis of aromatic thiols and their derivatives, the newest approaches to the for-
mation of the carbon-sulfur bonds based on the application of transition metals and
their complexes. The examples of the synthesis of the most important and available
representatives of aromatic thiol derivatives are given at the end of each chapter.

Over the last decades, the attention of researchers has attracted such an important
property of thiols (especially aromatic ones), as the ease of their addition to the
double and triple bonds. Such reactions, as a rule, occur in the presence of cheap
radical initiators or under the action of ultraviolet irradiation and do not require
sophisticated and expensive metal complex catalysts. Now, these reactions have
found wide practical applications. No wonder that recently several reviews and
dozens of original papers and patents have been dedicated to this issue. To this
extensively developing research direction, which is now referred to as “ene-thiol
chemistry,” is given a significant place in the monograph.
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The authors tried to focus their presentation on large series of aromatic thiols and
their derivatives bearing different substitutes, which has allowed a correct com-
parative analysis of both reactivity and various physicochemical properties of the
corresponding compounds. For this purpose, the relevant publications were chosen,
in which the correlation analysis with reliable statistical processing was systemat-
ically and correctly applied. Accordingly, the monograph contains tables of phys-
ical and chemical properties of large series of compounds studied. These tables
already in themselves represent a factual value and, naturally, increase the impor-
tance of the monograph as a reference manual.

The monograph consists of seven chapters. The first five of them cover various
aspects of the synthesis and reactivity of the studied objects. In Chap. 1, methods
for the synthesis of aryl thiols are discussed. The Chap. 2 is devoted to aromatic
sulfides and general approaches to their synthesis. Also, the issues related to the
direct preparation of individual representatives of these compounds are analyzed.
These representatives were needed to expand the scope of the series, which were
subsequently used for the correlation analysis of the relationship between the
reactivity, physical properties, and structure of the molecules studied. In particular,
the nontrivial problem of aryl thiols alkylation with tertiary alkyl halides is con-
sidered in this chapter.

The Chap. 3 covers the methods for the synthesis of aromatic disulfides, sul-
foxides, sulfones, and some other derivatives of aromatic thiols. In our opinion, the
usage of selenium analogs of the studied derivatives, namely arylselenoacylates, for
comparative analysis, is of particular value.

The Chap. 4 deals with the reactions of aromatic sulfides: the electrochemical
oxidation of aryl thiols and their derivatives, the bromination of alkyl aryl and alkyl
benzyl sulfides, the acylation of alkyl aryl sulfides, and some other reactions
involving aromatic thiols and their derivatives.

Chapter 5 of the monograph is dedicated to the application of acylated aromatic
sulfides in organic synthesis. In this chapter, the reader should pay attention to the
original and simple synthesis of pyrroles and N-vinylpyrroles based on oximes of
acylated aromatic sulfides and acetylene in superbasic catalytic systems such as
alkali metal hydroxide/DMSO by the Trofimov reaction. In some cases, instead of
free acetylene, its synthetic equivalents are used: vinyl chloride and dihaloalkanes,
which increases the safety and technological feasibility of the method, and hence
the availability of the compounds obtained.

“Of a special scientific significance is the chapter devoted to theoretical issues
related to the interaction of the sulfur atom in various degrees of oxidation with
neighboring aromatic systems. In this chapter, the ', 3¢, 70, 'F, NMR, NQR,
IR, UV spectra, as well as X-ray fluorescence data are analyzed at a high profes-
sional level, often with correct employment of the correlation analysis. All these
data represent a unique material for understanding the main problems of the elec-
tronic and conformational structure of aromatic sulfides that allows predicting their
reactivity and possible directions of their practical application” (From the review of
Academician O. N. Chupakhin on this monograph).



Preface vii

The last Chap. 7 of the monograph is devoted to practical applications of aro-
matic thiols and their derivatives. Naturally, it was difficult for the authors to
encompass in sufficient detail in one chapter all areas, in which these compounds
are applied or could be applied. But it seems to us that the above examples con-
vincingly illustrate the almost inexhaustible possibilities of the organosulfur com-
pounds of these series.

The authors hope that the synthetic methods and main reactions involving
aromatic thiols and their derivatives summarized in the monograph, the formulated
regularities and correlation dependences of the reactivity on their structure, as well
as the above experimental procedures, will be of help to the experts working in the
field of chemistry and technology of organosulfur compounds.

In general, the monograph can be useful not only to narrow specialists, i.e.
synthetic chemists and physical chemists, but also to petrochemists, engineers,
pharmacologists, biochemists, photochemists, and photophysicists, who create
materials for high technologies, new drugs, and agricultural preparations. The book
may be of interest to researchers, faculty staff, graduate students, and students of the
chemical faculties of various universities. For many of them, the book can be a desk
reference and a source of new ideas.

We express our sincere gratitude to the scientific editor of this monograph,
Academician M. P. Yegorov, and to reviewers, Academician O. N. Chupakhin,
Profs. N. K. Gusarova and S. V. Amosova for their useful constructive advice and
comments. The authors are deeply grateful also to I. G. Grushin and D. N. Tomilin
for their valuable help in preparing the manuscript. Any criticism and comments on
the book will be accepted with gratitude.

Baku, Azerbaijan Ismayil A. Aliyev
Irkutsk, Russia Boris A. Trofimov
Irkutsk, Russia Lyudmila A. Oparina



The targeted search for synthetic routes to novel organosulfur compounds and
investigations of their properties remain an urgent challenge in organic chemistry
[1-8]. Interest in the structure and reactivity of organosulfur compounds, especially
aromatic thiols and their derivatives, is due to their wide application in various
fields of modern medicine and technology (pharmaceuticals [9-12], stimulators of
biochemical processes [13—16], electroconductive complex-forming polymers [17],
anticorrosion coatings [18], additives to lubricating oils and fuels [19], analytical
reagents [20-22], agricultural pest control agents [23-24], etc.). Aromatic thiols and
their derivatives also attract attention as models for theoretical studies. For example,
the kinetics of the enzymatic oxidation of aryl thiols has been studied to better
understand the metabolism of numerous drugs containing the thiol function [25].
Polyphenylene(arylene)sulfides are important high-temperature engineering
thermoplastics possessing increased mechanical strength and elasticity, as well as
useful electrical characteristics [26—27]. The method for their production (devel-
oped as back as 1948) by high-temperature condensation of polyhalobenzenes in
the presence of sulfur and alkali metal carbonates did not find wide industrial
application, and therefore, interest in these compounds is not faded to the date.
Various reactions of aromatic thiols, sulfides, and disulfides are employed for the
synthesis of such compounds. For instance, polyphenylene sulfides are prepared via
the reaction of electron transfer involving diphenyl disulfide [28]. Polyphenylene
disulfide is also obtained from diphenyl sulfide and sulfur chloride [29]. Catalytic
oxidation of aromatic dithiols affords aromatic cyclic disulfide oligomers possess-
ing good solubility and high glass transition temperature [30]. Cyclic disulfide
oligomers are used for the construction of polythioarylenes having high ther-
mostability [31]. High-molecular electrically conductive polyphenylene sulfide-
phenyleneamine is utilized as a soluble model of polyaniline [32]. The synthesis
and functionalization of soluble derivatives of bromomethylated polyphenylene
sulfides have been implemented [33]. Macrocyclic arylthioesters (simple and
complex oligomers) are synthesized from phthaloyldichloride and diatomic thio-
phenols [34]. In recent years, transition metals-catalyzed reactions are increasingly
being used to prepare polyarylene sulfides. Thus, an approach to phenylene
sulfide-sulfoxide oligomers via palladium-catalyzed cross-coupling of aryl iodides
with bromothiophenol is described. Further growth of the polymer molecule occurs
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due to the addition of bromothiophenol to the obtained sulfide after
copper-catalyzed substitution of bromine by iodine [35]. Monodisperse para-phe-
nylene sulfide oligomers with a high degree of crystallinity are prepared by the
Cu-catalyzed cross-coupling of Ar—S and the aromatic substitution of fluorine by
aryl thiolates [36]. Oxidative polymerization of diphenyl disulfides in the presence
of a vanadium complex has been realized [37].

Synthesis and functionalization of the closest derivatives of aromatic thiols
(sulfides, disulfides, sulfoxides, sulfones) continue to command the research
interest. The search for new reactions with the participation of these compounds and
investigations of their valuable properties are progressing rapidly. The obtained
chemical and biochemical data stimulate a comprehensive study of the electronic
and spatial structure of organosulfur compounds, especially aromatic thiols and
their derivatives. This is necessary to develop more rational, environmentally
benign, energy saving, and atom-economical approaches for the synthesis of these
important class of compounds.

The peculiarities of the electronic, conformational, and other spatial character-
istics of aromatic thiols, sulfides, and their closest derivatives as a whole and their
individual fragments, the localization of electron density on atoms and bonds, and
the ease of its redistribution, symmetry, and molecular orbitals enable to correctly
understand the participation of these molecules in chemical processes, to predict the
direction, rate, and other physical-chemical characteristics of organic and bioor-
ganic reactions involving the studied compounds.

Aromatic sulfur derivatives in II, IV, and VI valence states represent convenient
objects for establishing the fundamental relationships between the physical-
chemical properties of the most important organosulfur compounds, especially
aromatic thiols and their derivatives, their structure, and reactivity. Much attention
is paid to the conjugation in the series of sulfur compounds with different valencies,
to the nature of the interaction between sulfur atom and m- or p-electrons of the
substituents, to the rationalization of duality (n-donor or m-acceptor effect) of its
electronic influence.

For a long time, the common point of view on the nature of the acceptor
properties of the sulfur atom was based on the hypothesis of its participation in
3d—n-interaction. Later, it became clear that this effect had a much more complex
character [38-42], since the conclusions about the manifestation of
3d-m-conjugation were often contradictory, and some results could not be explained
at all using this hypothesis. A more correct understanding of this effect was hin-
dered by the absence of systematic studies of compounds with a regularly changing
structure, which began to appear only in the late 1980s [43—-57]. In the present
monograph, the analysis of these studies occupies a significant place.
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The main sections of the monograph are devoted to the following issues:

e Directed synthesis of aryl thiols, their derivatives; comprehensive
physical-chemical study of properties of these compounds;

e C(ritical analysis of theoretical representations on the electronic structure and
reactivity of aromatic thiols, sulfides, and their derivatives on the basis of
available experimental data;

e Supplementing the scientific foundations of rational control of technological
processes with the participation of the most practically important organosulfur
compounds.

Also, the following issues are discussed in detail:

1. Methods for the synthesis of aromatic sulfur derivatives in II, IV, and VI valence
states and (for comparison) their selenium analogs.

2. An original approach to the synthesis of (organylthio)phenylpyrroles by the
Trofimov reaction [58—60].

3. Reactivity of aromatic sulfides on the basis of the results of chemical and
physical-chemical studies.

4. Spatial and electronic structure, mutual effects of molecular fragments in the
series of substituted aryl and benzyl sulfides, aryl sulfoxides, sulfones, and their
oxygen and selenium analogs.

5. m-Donor and m-acceptor properties of sulfur, selenium, and oxygen compounds
in the ground and excited electronic states and the substituents effect.

6. Some little-known areas of practical application of aromatic thiols, sulfides, and
their derivatives.

Specifically, the authors focused their attention on the following objects:

\7 \7 o 2 B 2

Substituted Substituted benzyl thiols Substituted Substituted
aromatic thiols aromatic sulfides benzyl sulfides
(e} — 0} — (0] — o
SR? CH,SR? SR? CH,SR?
SR X g X /R X /S
R! R! R o} R' o]
Substituted Substituted Substituted Substituted

aromatic sulfoxides benzyl sulfoxides aromatic sulfones benzyl sulfones
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A number of monographs on chemistry [2—4, 8, 61-66], biochemistry [13, 67—
69], and analysis of organosulfur compounds are known. The works by Prilezhaeva
[70-71], Oae [2], Mangini [72-73], Voronkov [62], Chmutova [74], Trofimov [63,
65, 75], Guryanova [76], Kalabin [77], and others [64, 78] have given an insight
into the character and strength of intramolecular electronic interactions in the
ground and excited states of aromatic thiols, sulfides, and their derivatives. The total
and partial effects of element-containing substituents relative to the aromatic ring,
depending on the nature and the valence state of the heteroatom, the character of the
non-aromatic radical, the nature and position of the secondary substituents in the
aromatic nucleus, have been analyzed at both the empirical level and within the
framework of correlation equations. These questions are briefly considered in this
monograph.

The attention of researchers to these issues is not weakened. Temperature effects
upon photolysis of aryl vinyl sulfides in comparison with aryl vinyl ethers are
studied [79]. The behavior of aryl vinyl sulfides in reactions of tandem photocy-
clization and intramolecular addition is investigated [80]. It is assumed and con-
firmed by the data of ab initio calculations that the sulfonic cation acts as an active
intermediate in the oxidative polymerization of diphenyl disulfide [81]. The pho-
tochemical study of aryl vinyl sulfides and aryl vinyl ethers proves the formation of
thiocarbonyl and carbonyl ylides [82]. The investigation into non-oxidative Pum-
merer reaction, on the example of (R)-ethyl-p-tolylsulfoxide as an equivalent
of chiral a-hydroxyethyl anion, evidences the stereoselectivity of Sn2 type.
The mechanism for the formation of enantiomerically pure products,
L-o-trifluoromethyltreoninate, and D-a-trifluoromethylallothreoninate is given [83].
It is reported on the unusual effect of the transition metal complexes on the catalytic
formation of the C—S and C—Se bonds [84]. Zinc-promoted palladium catalysts are
proposed for the formation of a carbon-sulfur bond [85]. Catalytic adaptive
recognition of thiol and selenol groups in the synthesis of functionalized vinyl
monomers is found [86]. Recently, the participation of transition metals in the
activation and conversions of the C-S bond has also been considered [87]. Under
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the action of a silver catalyst, direct thiylation of quinones with aryl disulfide is
implemented [88].

The interest in various aspects of chemistry and physical chemistry of aromatic
thiols and their derivatives continues to increase, as evidenced by the publication of
numerous relevant reviews. For instance, the review [89] covers the C-S bond
forming reactions, including the addition of aromatic thiols to unsaturated com-
pounds catalyzed by metal complexes. Similar reactions of thiols and selenols are
also summarized [90]. In a later review [91], the formation of aryl-S bond under the
action of copper compounds is surveyed. The reactions of fluorine-containing alkyl
(aryl)vinyl sulfides and their interaction with electrophilic and nucleophilic reagents
are systematically analyzed [92]. The problems of carbon-sulfur bond formation,
including transition metals-catalyzed syntheses of aryl sulfides, continue to be the
focus of the researchers [87, 93—-97]. Particular attention is paid to these issues in
the comprehensive reviews of Beletskaya et al. [95-96]. A chapter in the mono-
graph is devoted to transition metals-catalyzed addition of S-H compounds,
including aromatic thiols, to alkynes and allenes and related compounds [97].
Regular coverage of achievements in the synthesis of aryl alkyl- and dialkyl sulfides
continues even now [98-99].
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1.1 Reactions of Aromatic Compounds with Elemental
Sulfur and its Inorganic Compounds

Synthesis of aromatic thiols and their derivatives is a rather poorly explored area of
organosulfur chemistry. Meanwhile, with the rapid progress in industrial organic
synthesis, aromatic thiols and their derivatives attract an ever-increasing attention
from wide circles of chemical community.

Classical methods for the introduction of the SH-groups into various aromatic
compounds are based on the interaction of arenes with sulfur or its inorganic
derivatives and are described in the fundamental monograph of Houben-Weyl [1]. It
is shown [2] that thiophenol can be obtained using elemental sulfur and anhydrous
aluminum chloride, which react with benzene at 75-80 °C. The reaction of toluene
with Sg (115-130 °C) in the presence of AICl; affords thiocresols [3]. However,
these methods for the synthesis of aromatic thiols are not widely spread, since,
along with thiols, which are the major products of the reaction, diarylsulfides and
thianthrenes are also formed. The yields of the products depend on the reactants
ratio and catalyst amount.

O PR 00
v ® 75130 °C

R -H,S

R=H, Me

Aryl thiols are also synthesized by the interaction of aryl magnesium halides
with elemental sulfur followed by decomposition of the resulting halothiolates with
diluted acids or water [4-6]

Sg H*/H,0
ArMgX —> ArSMgX —> ArSH
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2 1 Synthesis of Aromatic Thiols

Various bases and Lewis acids are employed to activate elemental sulfur. For
instance, aryl iodides upon heating (90 °C) in the presence of K,CO3 undergo a
Cul-catalyzed cross-coupling reaction with elemental sulfur to deliver, after sub-
sequent treatment with NaBH, or triphenylphosphine, aromatic thiols with a high
yield [7]. A wide range of functional groups including methoxy, hydroxy, acyl,
carboxy, amide, bromo, and trifluoromethyl were tolerated in this process.

X 1. 1.5 mol% Cul Nanoparticles,

H
X n-BuyOH, Hy0, 40°C, 24 h o
RIL + S : ’ R
% 2. Zn/HCI N
84-94%
X =1, Br

R = Me, MeO, COzH, NH,, CI

Aryl thiols were also synthesized by the coupling of aryl halides and sulfur
powder in the presence of Cul-nanoparticles followed by the reduction with Zn/HC1
[8]. The reaction is implemented in water and n-Buy,NOH that makes the process
green. Both aryl iodides and activated aryl bromides are formed in moderate to
excellent yields.

X 1. 1.5 mol% Cul Nanoparticles,

SH
0 X n-Bu,OH, H,0, 40°C, 24 h N0 X
N~ 2. Zn/HCI N
84-94%
X =1,Br

R = Me, MeO, CO,H, NH,, Cl

Academician M.G. Voronkov et al. have developed promising methods for the
synthesis of aryl thiols via high-temperature reactions of halogenated aromatic
hydrocarbons with hydrogen sulfide [9-12].

— 500-600°C —
e
R}\ / X + st R)\ / SH

X =Cl, Br; R=H, OH, CI, Me, CF;

The methods of high-temperature synthesis are also suitable for the preparation
of heteroaromatic thiols [10, 12].

Direct nucleophilic substitution of a halogen atom in organohalogen compounds
by hydrosulfide anion has become a paradigmatic case in the synthesis of organic
thiols [13, 14]. In order to avoid the formation of sulfides due to the equilibrium
characteristic of hydrosulfides.

H,0

2NaSH Na,S + H,S

the reaction is carried out in an anhydrous solvent or in an excess of hydrogen
sulfide, which limits its scope. Under these conditions, the yields of organic thiols
range 36-74% [15].
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This method is often used for the synthesis of ortho- and para-nitro and
amino-substituted aryl thiols from the corresponding nitrohaloaromatic compounds

[16].
Q 1) KSH Q
O,N Cl ———— O,N SH
2) H/H,0

NO, NO,

A kinetic study of the reaction between phenylacetylene and sodium hydrosul-
fide in aqueous DMSO [17] has shown that NaSH is quite stable in DMSO, i.e. the
above equilibrium is actually shifted to the left. It turns out [18] that due to the
ability of DMSO of extracting sodium hydrosulfide from hydrated Na,S, it is
possible to easily and simply prepare a stable solution of NaSH in DMSO. In the
case of Na,S+4H,0, up to 90% of sodium hydrosulfide is transferred to a solution of
DMSO [19]. The purity of NaSH solution in DMSO thus obtained reaches 98%.
According to the data [17], such a solution is stable and does not undergo
hydrolysis, as it occurs with aqueous or alcohol solutions of NaSH, the hydrosulfide
being almost completely dissociated [20]. Upon slow addition of an organic halide
to a solution of NaSH in DMSO at room temperature, the corresponding thiols are
formed in almost quantitative yields [14]. The method has been implemented using
a series of aliphatic bromides (C,-Cy5).

It is shown that in the system M,S/organic halide (M = Na, K), acetylene
behaves as an efficient trap of the organic thioanion, which leads to the formation of
vinyl organosulfides. Using this new highly effective carrier of hydrosulfide anion,
namely a solution of NaSH in DMSO, the deuterated vinyl methyl sulfide has been
synthesized with a yield of 95% from CDsl, Na,S, and acetylene in DMSO in one
preparative stage under very mild conditions (room temperature and atmospheric
pressure) [19].

KOH/DMSO g
NayS + CD3l + HCECH ——————> "X~"¢p,

Despite the obvious efficiency, simplicity, and availability of the system Na,S/
H,O/DMSO, which allows introducing the thiol function into organic compounds
via the nucleophilic substitution of the halogen by the SH-group, this reagent is
underestimated by organic chemists. In particular, the potential of this reagent for
obtaining aromatic thiols from aromatic halides is still obscure. It can be predicted
with a high probability that this system will also be very effective for the above
purpose. Eventually, the preparative significance of the existing methods for the
synthesis of aromatic thiols will be revisited.

The heating of para-nitrochlorobenzene with an excess of Na,S in an aqueous
solution is accompanied by the reduction of the nitro group to furnish para-ami-
nothiophenol [21, 22].

H,0
OZNOCI + Na,S —2> HZNOSH + NaCl + NaOH + Na,S,04
100 °C
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Formation of thiophenol (89% yield) was observed in Pd(PPh;3)Cly/
dppb-catalyzed coupling reaction of iodobenzene and Na,S-5H,0 in the presence
of DBU [23].

2.5 mol% Pd(PPhy),Cl,,

I 2 iv DBU SH
DMSO, 50 °C, 12 h

89%

1.2 Reactions with Other Sulfur-containing Nucleophiles

The direct nucleophilic substitution of aryl halides with sodium alkylthiolates was
considered a simple strategy for the synthesis of aryl thiols. Non-activated aryl
halides (chlorides and bromides), as a rule, hardly participate in nucleophilic sub-
stitution reactions. The employment of polar non-hydroxyl solvents has signifi-
cantly expanded the scope of this method. For instance, aryl thiols can be obtained
by the reaction of aryl halides with a 2—threefold excess of primary or secondary
sodium alkylthiolates in HMPA [24-26], DMF [27], and N-methylpyrrolidone [28].
The one-pot synthesis involves two consecutive stages: the formation of alkyl aryl
sulfide via nucleophilic aromatic substitution of the halogen atom by an alkylthi-
olate anion and the subsequent cleavage of the sulfide across the S — Alkyl bond
(dealkylation) to give aromatic thiols [24-28].

H*/H,0
ArX + RSNa ——= [ArSR| ——= ArSNa ——2> ArSH
-NaX -RSR

Usually, the reaction proceeds at 100—160 °C. In addition, the dealkylation of
sulfides can be executed under the action of alkali metal alkoxides and amides as
well as using metal sodium in DMF [27].

This approach is also suitable for the synthesis of hetaryl thiols such as
2-mercaptothiophene [24], mercaptopyridines [27], and thioquinolines [24, 27].

The methods based on the usage of such S-nucleophiles as thiourea, dithiocar-
bamates, xanthogenates, as well as thioamides and thiophosphates, appear to be
more expedient for the preparation of aryl thiols. These one-pot two-step syntheses
permit to avoid side processes, which often accompany the direct reactions.

The interaction of activated electron-withdrawing groups of aryl halides with
two equivalents of sodium thiophosphate upon boiling in methanol affords
arylthiophosphate, which, after treatment with water, is converted into the corre-
sponding thiol in a high yield [29].

ON@B NassPos O L o y—spog MO -
+ — —_—
N7\ B+ NasSPOs—— == 0N/ 3 ON—\ /) —SH

X =N, CH 84-90%
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The development of transition-metal-catalyzed C—S coupling reactions has
stimulated the emergence of new protocols for the synthesis of thiols. PA(OAc),/
X-Phos-catalyzed thiolation of aryl halides and trifluomethanesulfonates with sodium
thiosulfate as a thiol source proceeds in fert-butanol/toluene in the presence of
Cs,CO; to give aryl thiosulfate, which is further reduced by Zn/HCI delivering aryl
thiols [30]. Water in the system improves the solubility of the sodium thiosulfate.

X Pd/XPhos SH
— H 0, 24 h Zn/HCI -
& / + Na28203 CSZCO3‘ 20, 80°C, { /
RN 4 equiv Bu'OH/Toluene R A
67-95%
X = Br, Cl, OTf

R =H, Me, MeO, NH;, CI, Br

Aryl halides react with thiourea upon heating in alcohol to produce arylisoth-
iuronium salts, the hydrolysis of which leads to the formation of the corresponding
thiols [1].

®
HaN, NH; NaOH/H,0 HaN
ArX + C=8 —> Ar—8—C{ ———— ArSH + c=0
H,N gHX H,N

This reaction easily proceeds with aryl halides activated for a nucleophilic
attack. Aryl halides with donor substituents in the ring (amino-, alkoxy groups) are
activated by UV irradiation [28]. In the photoinduced reactions with thiourea in
DMSO (20 °C, 3 h), aryl(benzyl, naphthyl)- and hetaryl(pyridine, quinoline, pyr-
azine, pyrimidine) halides with OMe, SMe, CN, NO,, PhCO-substituents suc-
cessfully generate arylthiolate ions, which, without isolation, can undergo
protonation, nucleophilic aliphatic substitution or oxidation to deliver aryl thiols,
aryl methyl sulfides, diaryl sulfides or diaryl disulfides in 50-80% yields [31].

ArX + 3
i HN‘C‘NH2

hv |DMSO

ArX, hv _ Ar'X, hv
ArSAr ArSH ArSAr'

4 JRXW

ArSH AraS;

RSAr

Transition metal catalysts are often exploited to facilitate aromatic nucleophilic
substitution in aryl halides. In the presence of catalytic amounts of Ni(0), generated
in situ from [NiCl,(PPh3),], and BH4,CN as a reducing agent, aryl iodides react
with thiourea (60 °C, 3-25 h) to give rise to, after the decomposition of isoth-
iouronium iodide and acidification with hydrochloric acid, aryl thiols in quantitative
yields [32].
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s NCL(PEL) N,

= NaBH;CN : =

\ re L /- QS T SH
R//;/% HN"NH, DE 60°C, 3 1 % W

73-98%
R =H, Me, MeO, NHy, CI, Br

The reaction is successfully implemented in DMF, MeCN, acetone, and dioxane.
Electron-donating substituents (amino and alkoxy groups) do not reduce the reac-
tivity of aryl iodides. Under similar conditions, aryl bromides and chlorides do not
react with thiourea. The Cul/L-proline-catalyzed coupling of aryl iodides and
thiourea occurs in the presence of NaOBu’ in DMSO (90 °C, 24 h) [33].

A highly efficient transition metal-catalyzed one-step synthesis of aryl thiols
from aryl halides has been developed [34]. The protocol employs CuSO4-5H,0 as a
catalyst and KOH or Cs,COj; as bases, and allows converting aryl iodides, bro-
mides, and chlorides bearing electron-withdrawing groups to the corresponding aryl
thiols in good to excellent yields. During the reaction, neither disulfide nor sulfide is
formed. It is shown that aryl halides are first coupled with 1, 2-ethanedithiol and the
coupled product is transformed in situ to aryl thiols through the C—S bond cleavage
via an intramolecular nucleophilic substitution. The protocol tolerates a broad range
of functional groups such as amino, hydroxy, trifluoromethyl, ester, carboxy, and
formyl.

X SH
= 5 mol% CuSO, 5H,0 =
SH 4 5H2
& )+ HST Y )
R KOH or Cs,CO5, DMSO/H,0, _ X
90-110 °C, 20 h R
80-99%
X =1,Br, Cl

R =H, Me, MeO, HO, NH, Ph, CN, CHO, CO,H, CI, Br, CF3 NO,

Also, aryl iodides react with thiobenzoic acid in the presence of a copper catalyst
and 1,10-phenanthroline to furnish S-aryl thiocarboxylates in excellent yields [35].
The coupled product is converted to aryl thiols in quantitative yields upon treatment
with K,COs.

10 mol% Cul
1,10-phenanthroline

_ Bret — 1) K,COy/MeOH /==
R g D s
RX toluene, 110°C, 241 X/ Yo o R

o}

97-100% O 99%
R = H, Me, MeO, NO,

This method is applicable to both electron-deficient and electron-rich aryl
iodides, and even to sterically hindered substrates.

Phenols can also be used as the starting compounds for the synthesis of aromatic
thiols. The phenols are converted to O-arylthiocarbamates or thiocarboxylic acid
esters and then subjected to thermal rearrangement and hydrolysis [36, 37]. The
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synthesis of 2,4-disubstituted thiophenols from the corresponding phenols has been
described [37]. Deprotonation of the starting phenols followed by the treatment
with dimethylcarbamoyl chloride (NaH, dimethoxyethane, boiling, 24 h) furnishes
O-arylthiocarbamates, which undergo thermolysis (250-310 °C) and rearrangement
into S-arylthiocarbamates. Reduction of the latter with LiAlH, in THF and acid
hydrolysis give thiophenols in 55-68% yields.

S O

Me\ Me\
R 1)NaH @/ @/ 1)L|AIH4 <>/

R = Me, t-Bu, Ad

OH

e

A mild conversion of mono- and bicyclic phenols into aryl thiols by
palladium-catalyzed coupling reaction of the corresponding triflate with sodium
triisopropylsilanethiolate (NaSTIPS) (THF, reflux, 4 h) and subsequent deprotec-
tion of the silyl function with tetrabutylammonium fluoride has been published
[38].

Tf,0 NaSTIPS ~ BuNF
ArOH —— ArOTf — — » ArS—SiPr; ———>  ArSH
THF, reflux, 4 h 0°

C
40-86% 43-72%

Substitution of the amino group involving the formation of the C—S bond pro-
ceeds through diazonium salt, which is readily obtained from primary aromatic
amines [13]. Thiourea [39], thiocarboxylates [40], and alkali metal xanthagentes
can act as S-nucleophiles. Direct reaction with potassium hydrosulfide is not per-
formed, since the latter is a strong reducing agent and under the process conditions
is oxidized to molecular sulfur. The Leuckart method comprises the treatment of an
aqueous solution of aryldiazonium salts with potassium ethylxanthagenate on
moderate heating (40-45 °C). Subsequent alkaline hydrolysis (KOH/EtOH) of the
formed S-aryl O-ethyl xantagenates gives the corresponding aryl thiols.

S Et

— . $ = »0__ /=
QNEN o v AT Qs => QSH
R R R

This approach has been used to synthesize a large series of 2- and 3-substituted
aryl thiols (Table 1) [41].



8 1 Synthesis of Aromatic Thiols

Table 1 Aromatic thiols

No. Structure Yield, % B.p., °Cltorr ny da?
(m.p., °C)

1 2 3 4 5 6

1 72 167-170 1.5870 1.0740

<

2 45 90-91/25 1.5733 1.0427

5

Me
3 75 103-104/40 1.5715 1.0446

e

4 82 195 (43)

Me

s

5 65 94-95/16 1.5715 1.0365

Et

¢

6 75 112/20 1.5538 1.0085

SH

= =
m

e
7 66 110-111/12 1.5510 0.9888

Bu

()]
T

8 67 100-101/8 1.5926

o

OMe

(continued)
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Table 1 (continued)

No.

10

11

12

13

14

15

16

Structure

(o
MeO
MeO@—SH
()-e
F
A
O
Cl
CI@SH
O
Br
O
Br

Yield, %

62

80

58

75

57

76

55

51

B.p., °C/torr
(m.p., °C)
87-88/4

69-70/3

49/10

64-65/12
48/6

100/26

80-90/16 (53-54)

99-100/11

107-108/6

20
np

1.5812

15466

1.5522

1.5985

1.6330

20
dy

1.1385

1.1921

1.1986

1.2783

(continued)



