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Abstract: The construction of a C-S bond is a powerful strategy for the synthesis of sulfur containing
compounds including sulfides, sulfoxides, and sulfones. Recent methodological developments have
revealed lots of novel protocols for C-S bond formation, providing easy access to sulfur containing
compounds. Unlike traditional Ullmann typed C-S coupling reaction, the recently developed reactions
frequently use non-halide compounds, such as diazo compounds and simple arenes/alkanes instead
of aryl halides as substrates. On the other hand, novel C-S coupling reaction pathways involving thiyl
radicals have emerged as an important strategy to construct C-S bonds. In this review, we focus on
the recent advances on the synthesis of sulfides, sulfoxides, and sulfones from non-halide substrates
involving C-S bond construction.
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1. Introduction

Sulfur containing compounds are a fundamental building block in organic synthesis [1,2].
They are also of great significance in bioactive natural products, pharmaceutical drugs, pesticides,
and materials [3–8]. As shown in Figure 1, sulfur containing compounds, such as sulfides, sulfoxides,
and sulfones, constitute a large portion of pharmaceutical drugs possessing a variety of biological
activities. Given the great importance of sulfur containing compounds, intensive efforts have been
made to develop effective synthetic methods. The construction of C-S bond is considered as an efficient
strategy for the synthesis of sulfur containing compounds. The traditional Ullmann typed reaction,
which has been well established in the past several decades, has provided lots of synthetic protocols
for diaryl sulfides and aryl alkyl sulfides through transition-metal catalyzed C-S coupling reaction
of aryl halides with aryl thiols or other sulfur precursors [9–11]. Methodological advancements in
C-H functionalization have led to the development of a variety of useful transformations to prepare
sulfur containing compounds directly from (hetero)arenes and alkanes [12,13]. In very recent years,
many novel strategies involving thiyl radicals have emerged as powerful tools for constructing C-S
bonds in very facile manner using non-halide substrates.

In this review, we highlight the very recent advances in novel strategies that take advantage of C-S
bond construction for the synthesis of sulfides, sulfoxides, and sulfones from non-halide substrates.
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Figure 1. Representative drugs featured by sulfide, sulfoxide, or sulfone.

2. Synthesis of Sulfides via C-S Bond Construction

Traditional preparation of diaryl sulfides or aryl alkyl sulfides relies on the coupling reaction of aryl
halides with thiols, disulfides, elemental sulfur, or other sulfur containing reagents. These conversions
often require the employment of transition-metal catalysts and ligand in the presence of base.
Recent research demonstrates that non-halide substrates, such as diazo compounds and simple
arenes/alkanes, successfully coupled with thiol or disulfides to afford the corresponding sulfides.
On the other hand, the sulfur containing reagents such as thiol and elemental sulfur, which are often
used in the Ullmann typed C-S coupling reactions, also found wide application in the synthesis of
sulfides from non-halide substrates. In this part, the synthetic methods for sulfides will be classified
and discussed by different sulfenylation sources.

2.1. Disulfide as Sulfenylation Source

The S-S bond of disulfide can be reversibly cleaved when exposed to heating, photoirradiation,
or transition-metal catalyst such as rhodium catalyst [14]. The generated active organothio intermediates
such as thiyl radicals and sulfoniums, can easily couple with partners to afford sulfides. In addition,
disulfide is a favorable sulfenylation source as it is stable and odorless.

2.1.1. C(sp3)-S Bond Formation with Disulfide

Diazo compounds are widely used in organic synthesis for constructing new bonds. Generally,
photoinitiated, thermal, or transition metal catalyzed decomposition of the diazo compound affords the
corresponding carbene or metal carbenoid, which subsequently undergo various transformations [15,16].

In 2016, the Lee group reported a rhodium pivalate-catalyzed direct sulfenylation of diazooxindoles
using disulfide as the sulfenylation reagent via intermolecular C-S bond formation to synthesize
thioindoles (Scheme 1) [17]. In this conversion, the diazo compound was converted to rhodium
carbenoid, which further reacted with disulfide to afford a C-S bond. The subsequent S-S cleavage led
to the formation of sulfides and cyclohexenylsulfide, respectively. In the developed reaction system,
diazooxindoles reacted with a variety of alkyl or aryl disulfides to afford sulfide or dithioacetals under
very mild condition. Generally, the reaction of diazo compounds with alkyl disulfides predominantly
gave monoalkylthioindoles. However, when the 5- position of diazooxindoles was substituted with
chloro, the reactions gave dialkylthiooxindoles as products. The same results were observed with the
reaction of diaryldisulfides, which afforded diarylthiooxindoles in the conversion. It is interesting that
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the reaction of diazo compounds with dicycloalkyl disulfide provided both 3-cycloalkylthiooxindoles
and 3-cycloalkenylthiooxindoles.

Scheme 1. C-S coupling reaction of diazo compounds and disulfides.

N-tosylhydrazone is a readily available alkenyl source through the generation of metal-carbene
species. In 2018, the Zhang and Wang group developed a Cu(I) catalyzed protocol for the synthesis
of dithioacetals via C-S coupling reaction of N-tosylhydrazones and disulfides (Scheme 2) [18].
N-tosylhydrazone functioned as a precursor of diazo compound in this reaction. The reaction occurred
at 60 ◦C in the presence of CuI, 1,10-phenanthroline (1,10-phen) and t-BuONa in DMF. This protocol
was featured by a broad substrate scope. A great variety of N-tosylhydrazones and disulfides were
successfully converted into the corresponding dithioacetals in moderate to good yields.

Scheme 2. Copper catalyzed synthesis of dithioacetals from tosylhydrazones.

C−C bond fragmentation is a useful method to provide a fragment for the functionalization
of molecules and has been extensively applied in organic synthesis [19]. In recent years, C-C bond
cleavage/sulfenylation reactions via radical pathways have emerged as a practical tool for the synthesis
of aryl alkyl sulfides [20].

In 2018, the Wu group reported a facile method for the synthesis of aryl methyl sulfides by
treating di-tert-butyl peroxide (DTBP) with diaryl disulfide in acetonitrile (Scheme 3) [21]. In this
conversion, di-tert-butyl peroxide gave methyl radicals under heating condition and the methyl radicals
subsequently reacted with diaryl disulfide to afford aryl methyl sulfides.

Scheme 3. Synthesis of aryl methyl sulfides using diaryl sulfides and DTBP.

In 2019, the Kwon group developed a dealkenylative thiolation method for the synthesis of
aryl alkyl sulfides (Scheme 4) [22]. The isopropenyl group of substrate was easily removed via
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C-C bond cleavage by the ozonolysis of alkenes at −78 ◦C and the followed Fe(II) salt mediated
single electron transfer (SET)-based reductive cleavage resulted in the formation of alkyl radicals,
which can be trapped with an aryl disulfide to form a C(sp3)−S bond. This method was featured
by mild condition and high efficiency. The formation of C-S bond was accomplished within only
1 min. Moreover, this method is practical as it can be applied in the dealkenylative thiolation of
(exo-methylene) cycloalkanes and methylcycloalkenes. Alkanes containing exo-methylene group were
converted into the corresponding phenylthiyl-containing methyl carboxylates and methylcycloalkenes
were converted into phenylthio-aldehydes.

Scheme 4. Dealkenylative thiolation with diaryl sulfides.

In 2019, the Abbasi group reported a decarbonylative thiolation of 2-phenylpropanal with
disulfides in the presence of morpholine and K2CO3 in DMF at 130 ◦C (Scheme 5) [23]. This conversion
provided the aryl benzyl sulfides in good to excellent yields. This reaction can be scaled up to 1 g with
good yield. Moreover, a one-pot synthesis of aryl benzyl sulfides from simple aryl halides, CS2 and
KCN was also developed in their work.

Scheme 5. Decarbonylative thiolation of aldehydes with disufides.

C-H sulfenylation represents an atom-economic strategy for the synthesis of sulfides as it is
employs simple arenes or alkanes as substrates. In 2019, the Yang group reported an unprecedented
site-selective C(sp3)-H sulfenylation of alkyl tosylamides at the δ-position (Scheme 6) [24]. The C-S
coupling reaction occurred to N-fluoro-tosylamide and diaryl disulfide at 40 ◦C in the presence of
Cu(acac)2, 1,10-phen, Na2HPO4 and indium powder under the irradiation of blue LED light. This
protocol was compatible with various diaryl disulfides, and even dibenzyl disulfides and diphenyl
diselenides. It is noteworthy that C-H thiolation using this protocol exhibited high site-selectivity
and substrate compatibility with N-fluoro-tosylamides, no matter the δ-C located at a chain or a cycle.
It was suitable for the thiolation of 1◦, 2◦, and 3◦ C-H bonds, and the reactivity of hydrogen atoms
decreased in the order tertiary>secondary>primary. On the other hand, the reactivity of aryl disulfide
was higher than that of aliphatic disulfide, and electro-donating group was more favorable than
electro-withdrawing group on the phenyl ring of diaryl disulfide. Examples of applying this protocol
in the synthesis of complex biological active compounds were also reported in their work.



Catalysts 2020, 10, 1339 5 of 27

Scheme 6. Sulfenylation of tosylamides with disulfides.

In the same year, the Meng group reported a Cu(I)-catalyzed sulfenylation of 1,3-dicarbonyl
substrates with diaryl sulfides (Scheme 7) [25]. This protocol was featured by a mild condition,
simple procedure, and satisfying yield. This coupling reaction occurred in the presence of CuI in
acetonitrile at room temperature in the darkness, providing the corresponding sulfides in moderate
to excellent yields. Moreover, this protocol was also compatible with the β-carbonyl amide and
dialkyl sulfide.

Scheme 7. Sulfenylation of 1,3-dicarbonyl substrates with disulfides.

Chalcogenium ions can be readily captured by nucleophile-tethered alkenes to afford functionalized
chalcogenides. In 2018, the Zhao group developed an efficient and practical protocol for the synthesis
of sulfides from nucleophile tethered alkenes and diaryl disulfides in the presence of TfOH and diethyl
azodicarboxylate (DEAD) (Scheme 8) [26]. This conversion occurred at room temperature, tolerated
various functional groups and provided sulfides in good to excellent yields. In this conversion, DEAD
reacted with disulfide to generate N-sulfenylhydrazine and [PhS+][−OTf] in the presence of TfOH via
the cleavage of S-S bonds. [PhS+][−OTf] was a very active intermediate, which can give a variety of
sulfides when it was treated with carboxyl, hydroxyl, and sulfonamide-tethered alkenes, respectively.
Moreover, aryl boronic acids and arenes were also suitable for this conversion. They were thiolated with
disulfides to afford the corresponding sulfides when BF3•OEt2 was used instead of TfOH. This reaction
system was also successfully applied in the synthesis of diaryl selenides from diphenyl diselenides.

Scheme 8. C-S bond construction involving [PhS+][−OTf].

2.1.2. C(sp2)-S Bond Formation with Disulfide

In 2018, the Ouyang and Yang group found a very facile protocol to convert pentafluorobenzenes
to dithiolated tetrafluorobenzenes (Scheme 9) [27]. The reaction occurred in the presence of KOH
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in DMF at room temperature, affording the corresponding dithiolated compounds. Mechanistic
investigation indicated that the fluoro atom at 3-position of the pentafluorobenzene was initially
thiolated by disulfide, and the C-H bond was subsequently thiolated to give the dithiolated product.
Based on this result, they further used 1-aryl-2,3,5,6- tetrafluorobenzenes as substrate to synthesize the
unsymmetrical dithiolated products.

Scheme 9. Synthesis of dithiolated tetrafluorobenzenes.

In 2019, the Yotphan group reported a copper catalyzed regioselective C-H thiolation and
thiocyanation of uracils using disulfide and NH4SCN, respectively [28]. The reaction readily proceeded
in the presence of catalytic Cu(OTf)2 and K2S2O8 in acetonitrile (Scheme 10). A variety of functional
groups were tolerated in the reaction system and good to excellent yields were obtained. Electron-rich
diaryl disulfides were more favorable for this conversion than electron-deficient diaryl disulfides.
For example, 1,2-bis(4-chlorophenyl)disulfane gave only 17% of the corresponding product. Control
experiments indicated this conversion proceed through a radical process.

Scheme 10. C-H thiolation of uracils with disulfides.

2.2. Thiol as Sulfenylation Source

Thiol is an important sulfenylation reagent in the construction of sulfides. Traditional Ullmann
typed C-S coupling reactions use aryl halides as substrates to couple with thiols in the presence of
transition metal catalyst. Recent years have witnessed the fast development of direct C-S coupling of
non-halide substrates with aryl/alkyl thiol.

2.2.1. C(sp3)-S Bond Formation with Thiol

In 2018, the Lei group reported a radical-radical cross-coupling strategy for the construction of
C(sp3)-S bond using aryl thiols [29]. A series of α-alkylthionitriles were synthesized from aryl thiols
and isobutyronitrile in the presence of copper(II) salt as a catalyst (Scheme 11). The thiyl radical
was generated from aryl thiol by oxidation by Cu(II) and stablized by Cu(I). It further coupled with
isobutyronitrile radical generated from azobisisobutyronitrile. The reaction was carried out in the
presence of Cu(OTf)2 as catalyst and 1,10-phen as ligand in 1,2-dichloroethane (DCE) at 80 ◦C. Both aryl
thiols and heteroaryl thiols were smoothly converted into the corresponding C-S coupled products.
Moreover, the cross-coupling product can be easily modified to valuable carboxylic acids, amides,
and ketones.
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Scheme 11. C-S coupling reaction of aryl thiols and isobutyronitriles.

Diazo compound and diazo precursors such as hydrozne are also suitable for C-S coupling reaction
with aryl thiols. In 2019, the Singh group reported an Eosin Y catalyzed, photoredox facilitated C-S
bond formation for the synthesis of aryl benzyl sulfides from acetophenone hydrazines (Scheme 12) [30].
Acetophenone hydrazine coupled with aryl thiol to afford the corresponding sulfides in the presence
of Eosin Y and NaOH under green LED (530 nm) irradiation. The addition of radical trap reagent
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) suppressed the transformation, indicating that the
conversion was involved in a radical pathway.

Scheme 12. C-S coupling reaction of acetophenone hydrazine and aryl thiol.

In 2020, the Huang and Baell group prepared TFMSA@SBA-15 by immobilizing
trifluoromethanesulfonic acid on mesoporous silica SBA-15, and applied it as an efficient catalyst for
the construction of C-C, C-O, C-N, and C-S bonds (Scheme 13) [31]. TFMSA@SBA-15 was effective
in the coupling reaction of α-diazoester and aryl thiol to afford the corresponding phenylsulfenyl
phenylacetate esters. Moreover, the reaction system was attractive that the reaction occurred under
solvent-free and room temperature condition. In addition, the reaction system was very efficient as the
conversion can complete within 5–50 min.

Scheme 13. C-S coupling reaction of diazo compounds and aryl thiols.

In 2018, the Zeng group developed a one-pot protocol for the synthesis of highly enantiopure
benzylic thioethers, thioacetates, and sulfones through copper-catalyzed, ligand-free stereospecific
C-S coupling reaction of aryl thiols and enantioenriched tertiary benzylic amines (Scheme 14) [32].
The developed protocol was featured by high enantio-selectivity, excellent yield and broad substrate
scope. A great variety of benzylic amines and aryl thiols were well endured in this protocol.
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Scheme 14. Deaminative C-S coupling of benzyl amines and aryl thiols.

Dithioacetal is not only a traditional protecting group, but also an important precursor of ketones,
alkyls, allkenes, and so on [33]. In 2018, the Wang group developed a facile protocol for the synthesis
of dithioacetals through cascade C-S bond formation (Scheme 15) [34]. 3-Oxo-butanamides reacted
with aryl thiols in the presence of NaOH and molecular oxygen in n-PrCN at 80 ◦C, providing
dithioamides in good to excellent yields. Moreover, this protocol can be also applied in the synthesis of
diselenoacetal amides.

Scheme 15. Synthesis of dithioacetals from aryl thiols and 3-oxo-butanamide.

In 2018, the Lee group reported a novel dehydrative C-S bond formation for the synthesis of
sulfides from 2-(hydromethyl)phenol and thiols in the presence of I2 (Scheme 16) [35]. The reaction
system was mild and efficient. The reaction occurred at room temperature and accomplished within
4 h. It is noteworthy that both aryl thiol and aliphatic thiol were compatible in this protocol. In fact,
in the competition experiment studies, slightly higher selectivity was observed with aliphatic thiols.
Moreover, long chain aliphatic thiol can afford products in good yields in gram scale.

Scheme 16. Dehydrative C-S coupling of 2-(hydromethyl)phenols and thiols.

The Panda group reported another dehydrative C-S bond formation for the synthesis of
triarylmethyl thioarenes from triaryl methanol and aryl thiols (Scheme 17) [36]. The reaction proceeded
in the presence of indium (III) triflate as catalyst in THF at room temperature. This method allowed
the reaction to complete within 15 min and give yields up to 76%. This protocol was also successfully
applied in the synthesis of tetraaryl methane from triaryl methanol and heteroarenes such as indole
and furan.
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Scheme 17. Dehydrative C-S coupling of triaryl methanol and aryl thiols.

In 2018, the Yan and Yu group reported an oxidative disulfenylation/cyclization reaction
of 2′-hydroxyacetophenones with thiophenols mediated by TBAI/K2S2O8 for the synthesis of
functionalized 2,2-dithio-benzofuran-3(2H)-ones (Scheme 18) [37]. This protocol was featured by
metal-free condition, satisfying yields and broad substrate scope. A variety of functional groups,
including methoxyl, halogen, and amide, were well endured. The proposed mechanism indicated that
the conversion underwent through two steps including disulfenylation and intramolecular cyclization.

Scheme 18. Oxidative disulfenylation/cyclization reaction of 2′-hydroxyacetophenones.

In 2018, the Jang group found a novel synthetic method for allylic sulfides from α-methylstyrenes
and aryl thiols via direct C-S bond formation (Scheme 19) [38]. The reaction was carried out in the
presence of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and 1,4-naphthoquinone (NQ) in DMA
at 100 ◦C. A variety of allylic hydrocarbons and aryl thiols were converted into the corresponding
allylic sulfides in good yields. The mechanism investigation indicated that the radical process may be
involved in this reaction and DDQ was employed to generate radicals.

Scheme 19. Dehydrogenative C-S coupling of α-methylstyrene and aryl thiol.

In 2019, the Xu group reported an iron-catalyzed C-H sulfenylation of oxindoles with aryl thiol
for the direct synthesis of aryl sulfides (Scheme 20) [39]. The reaction was carried out in the presence of
FeCl3 and K2CO3 in DMSO at 50 ◦C. This method exhibited excellent substrate endurance and generally
gave good to excellent yields. Besides oxindoles, phenylacetamides, pyrazolones, phenylacetonitriles,
and ethyl cyanoacetates were smoothly thiolated with aryl thiols to afford the corresponding sulfides
in good yields.
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Scheme 20. FeCl3 catalyzed C-S coupling of oxindoles and thiols.

In 2019, the Gagnon group disclosed a direct S-cyclopropylation of thiophenols using
tricyclopropylbismuth to synthesize aryl cyclopropyl sulfides (Scheme 21) [40]. The reaction was
carried out in the presence of copper(II) acetate as the catalyst and pyridine as the base under mild
conditions, providing the corresponding aryl cyclopropyl sulfides in moderate to good yields. A variety
of functional groups including halogen, methoxyl, nitro, trifluoromethyl, and ester, were well tolerated.

Scheme 21. Synthesis of aryl cyclopropyl sulfide from aryl thiol.

In 2019, the Xiao and Deng group reported a multicomponent reaction of o-phenylenediamines,
thiophenols, and paraformaldehyde for the synthesis of N-thiomethyl benzimidazoles via
sequential C-N/C-S bond formation (Scheme 22) [41]. The reaction occurred in the presence of
4-aminodiphenylamine (4-ADPA) as base in a mixed solvent of 1,1,1,2-tetrachloroethane (TCE) and
water at 130 ◦C. This reaction provided the 1-phenylthiomethyl benzimidazoles in moderate to good
yields. Moreover, the addition of different aldehydes led to the successful introduction of various
functional groups at the 2-position of the benzimidazole.

Scheme 22. Three-component reaction for the synthesis of 1-phenylthiomethyl benzimidazoles.

In 2019, the Wang group developed a unique C-S coupling reaction for the synthesis of
α-sulfenylated ketones from thiols and TEMPO. The reaction proceeded in the presence of K2CO3

in N,N-dimethylacetamide (DMA) at 150 ◦C (Scheme 23) [42]. A variety of aryl thiols and TEMPO
analogues coupled smoothly to give the corresponding α-sulfenylated ketones. In this transformation,
TEMPO functioned as a C3 synthon.
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Scheme 23. C-S coupling reaction of aryl thiols and TEMPO.

2.2.2. C(sp2)-S Bond Formation with Thiol

Decarboxylative C-S coupling reaction is an important strategy for the synthesis of sulfides.
C-S bonds are readily constructed by the coupling reaction of carboxylic acid with aryl thiol, disulfides,
sulfonyl hydrazides, sodium sulfinates, and sulfinic acids, respectively [43]. In 2016, the Hoover group
reported a decarboxylative C-S bond formation for the synthesis of diaryl sulfides from 2-nitrobenzoic
acid and aryl thiols (Scheme 24) [44]. The reaction was carried out at 140 ◦C in the presence of
CuI as catalyst, 1,10-phen as ligand, K2CO3 as base and molecular oxygen as oxidant. Generally,
good to excellent yields were obtained unless the 5-position of 2-nitrobenzoic acid was substituted.
Heteroaryl thiols were converted into the corresponding sulfides in the same reaction system at 160 ◦C.
Moreover, treating 2-nitrobenzoic acid with aryl disulfide afforded the thiolated compounds as well.
It is interesting that pentafluorobenzoic acid was dithiolated under the optimal condition.

Scheme 24. Decarboxylative C-S coupling of 2-nitrobenzoic acid and aryl thiol.

In 2019, the Jafarpour group reported a simple procedure for the synthesis of unsymmetrical
diaryl sulfides from arylhydrazines and aryl thiols (Scheme 25) [45]. The reaction proceeded at room
temperature in the presence of TBHP, KI, and Cs2CO3 in water, providing the corresponding sulfides
in good yields. In this reaction, TBHP was converted into several types of radicals in the presence
of iodide. The radicals converted arylhydrazine and aryl thiol into phenyl radical and disulfide,
respectively. The final C-S coupling reaction of phenyl radical and disulfide afforded the products.

Scheme 25. C-S coupling reaction of arylhydrazines and aryl thiols.

In 2019, the Moghaddam group developed a coupling reaction of arylboronic acid with aryl or alkyl
thiols to prepare unsymmetrical sulfides using CoCuFe2O4 nanoparticles as catalyst (Scheme 26) [46].
The reaction proceeded in the presence of n-Bu4NOH in DMF at 100 ◦C. This protocol was also applied
in the C-N coupling reaction of arylboronic acid and anilines.
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Scheme 26. CoCuFe2O4 nanoparticles catalyzed C-S coupling of aryl boronic acids and thiols.

In 2019, the Shankar group reported a BCl3 mediated one-pot debenzylation/sulfenylation reaction
for the synthesis of sulfides. 3-((Benzyloxy) methyl) imidazo[1,2-a]pyridine was converted into sulfides
in moderate to good yields (Scheme 27) [47]. This method was compatible with both aryl thiols and
aliphatic thiols. The proposed mechanism indicated that the reaction proceeded through two steps
including BCl3 mediated debenzylation and nucleophilic addition by thiols. In addition, thiols can be
replaced by amine and alcohol to afford the corresponding amines and ethers, respectively.

Scheme 27. Synthesis of sulfides from 3-((benzyloxy) methyl) imidazo[1,2-a]pyridines and thiols.

In 2018, the Das group developed a C-H sulfenylation of 4-quinolones with thiols or disulfides
in the presence of NaI and TBHP in DMSO (Scheme 28) [48]. The reactions of aryl thiols without a
substituent at the para-position provided excellent yields while the reactions with para-substituted aryl
thiols gave lower yields (about 60%).

Scheme 28. C-H sulfenylation of 4-quinolones with aryl thiols.

In 2018, the Mal group developed a C-S coupling reaction of aryl thiols and benzenes bearing
multiple methyl and/or methoxyl groups in the presence of PhI(OAc)2 in HFIP (Scheme 29) [49]. It is
interesting that the product was controlled by the amount of PhI(OAc)2. When 1.0 equivalent of
PhI(OAc)2 was used, diaryl sulfides were predominantly formed. However, when 3.0 equivalent of
PhI(OAc)2 was used, the main products were diaryl sulfoxides. This reaction system was featured by a
broad substrate scope. Functional groups, such as nitro, trifluoromethyl, halogen, ether, and formyl,
were well endured. Moreover, aliphatic thiols were also tolerated in this protocol.
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Scheme 29. PhI(OAc)2 mediated C-S coupling reaction of arenes and aryl thiols.

In 2019, the Yuan group reported a C-H thiolation strategy for the synthesis of aryl sulfide
through the C-S coupling of thiols with functioned arenes (Scheme 30) [50]. The protocol employed
cobalt(II) phthalocyanine-tetrasodium sulfonate (CoPcS) as catalyst and the reaction occurred in water
in the atmosphere of oxygen. Both naphthol and naphthylamine coupled smoothly with aryl thiols
to afford the corresponding diaryl sulfides in good to excellent yields. However, the coupling of
naphthol with aliphatic thiols gave relatively low yields. A variety of functional groups such as
methoxyl, amine, and halogen were well tolerated in this reaction system. In addition, C-H bonds
of indole and 2-phenylimidazo[1,2-a]pyridine were successfully thiolated with aryl thiols using the
developed protocol.

Scheme 30. C-S coupling reaction of aryl thiols and naphthols and naphthylamines.

In 2018, the Lei and Tang group reported an electrochemical oxidative C-H sulfenylation of
imidazopyridines with thiols (Scheme 31) [51]. The conversion was achieved in an undivided
electrolytic cell using methanol and acetonitrile as cosolvent. Both aryl thiols and aliphatic thiols
reacted smoothly with imidazopyridines, providing di(hetero)aryl sulfides in moderate to good yields.
They further found that this C-H sulfenylation reaction can occur between imidazopyridines with
diaryl disulfides.

Scheme 31. Electrochemical C-H sulfenylation of imidazopyridines.

2.3. Elemental Sulfur as Sulfenylation Source

Elemental sulfur is an attractive sulfur source for the construction of C-S bond due to the low
toxicity, stability, ready availability, odorless, and economical price [52]. In 2018, the Adimurthy group
reported a copper catalyzed C-H disulfenylation of imidazo[1,2-a]pyridine for the synthesis of diaryl
sulfides. Multiple components reaction of heteroarene, elemental sulfur, and aryl iodide afforded the
disulfenylated products in good to excellent yields (Scheme 32) [53]. The reaction was carried out at
130 ◦C in the presence of CuI as catalyst and KOt-Bu as a base in a mixed solvent of DMF and acetic
acid. A variety of functional groups including halogen, methoxyl, boronic acid, and so on, were well
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tolerated in the developed reaction system. The mechanistic investigation showed this conversion
underwent through two steps including the formation of aryl thiols from aryl iodides and elemental
sulfur, and the C-H sulfenylation followed.

Scheme 32. Synthesis of disulfenylated imidazopyridines.

In 2018, the Zolfigol group reported a C-O bond activation/C-S coupling reaction for the synthesis
of unsymmetrical diaryl sulfides from phenolic esters, aryl boronic acids and elemental sulfur using
NiFe2O4 nanoparticles as a catalyst (Scheme 33) [54]. The reaction was compatible with several
phenolic esters including acetates, triflates, and tosylates, and occurred in PEG2000 at 90 ◦C to afford
the products in good to excellent yields. Moreover, the three-component reaction of phenolic esters,
Ph3SnCl and sulfur also successfully afforded the unsymmetrical diaryl sulfides. They further found
that the reaction of phenolic esters with sulfur can produce symmetrical diaryl sulfides in good to
excellent yields at 120 ◦C using anhydrous DMF as a solvent or under the solvent-free condition.
In their paper, they provided a detailed comparison of their developed methods with the previously
reported methods in view of required agents and starting materials/coupling partners.

Scheme 33. C-S coupling reaction of phenolic esters and aryl boronic acids.

Later in 2019, the Rostami and Khakyzadeh group used phenols, sulfur, and aryl boronic acids
as substrates and reported a Pd/Cu dual-metal catalyzed one-pot C-O bond activation/C-S coupling
reaction for the synthesis of unsymmetrical diaryl sulfides (Scheme 34) [55]. Phenol was modified with
sulfonyl or acetyl to afford the corresponding ester at the first step. Next, a synthesized novel SiO2

nanoparticles supported the Pd catalyst was used for C-O bond activation and the subsequent C-S
bond formation. Compared to Zolfigol’s work [54], this protocol allowed the reaction to proceed under
milder conditions. The second step reaction was completed with 6 h at room temperature, and afforded
the unsymmetrical diaryl sulfides in good to excellent yields. It is noteworthy that some sensitive
functional groups such as formyl and cyano group were well tolerated in the reaction system.

Scheme 34. Pd/Cu dual-metal catalyzed one-pot synthesis of diaryl sulfides.
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2.4. Sulfonyl Derivative as the Sulfenylation Source

Sulfonyl derivatives such as sulfonyl chloride and sodium sulfonates are employed as sulfenylation
source. They are often used in a combination of reductant to afford disulfide as ultimate sulfenylation
intermediate in the conversion.

In 2018, the Radosevich group developed an electrophilic sulfenylation reaction for the synthesis
of sulfides from indoles and sulfonyl chlorides (Scheme 35) [56]. This conversion was catalyzed by a
readily available phosphetane in conjunction with a hydrosilane terminal reductant to afford sulfenyl
electrophiles, providing easy access to valuable trifluoromethyl-, perfluoroalkyl-, and heteroaryl
derivatives. The reaction occurred at 40 ◦C in dioxane and accomplished within 12 h. This protocol
was further featured by broad substrate scope. Various functional groups, such as methoxyl, halogen,
aldehyde, ester, and nitro group, were well tolerated.

Scheme 35. Synthesis of sulfenylated indoles using sulfonyl chloride as a sulfenylative source.

In 2019, the Liu group reported a CuI-catalyzed C-S coupling reaction for the synthesis of diaryl
sulfide from aryl boronic acid and arylsulfonyl chlorides (Scheme 36) [57]. This protocol used 1,10-phen
as ligand and the conversion proceeded in the presence of K2CO3 and PPh3 in THF/DMSO (2:1) at
50 ◦C. The reaction was completed within 4 h. This method was featured by broad substrate scope for
both arylboronic acids and arylsulfonyl chlorides. It is worth mentioning that the conversion required
oxygen as the yield dramatically decreased when the reaction was carried out in the atmosphere of
nitrogen. Using arylsulfonyl chlorides as sulfenylation source, this reaction system was successfully
applied in the thiolation of acetylacetone and β-naphthol. In this reaction, arylsulfonyl chloride
functioned as a disulfide precursor as it was converted into diaryl disulfide by treating it with PPh3.
Disulfide subsequently formed a Cu(I)-S complex and coupled with arylboronic acid to afford the
corresponding diaryl thioether.

Scheme 36. Synthesis of diaryl sulfides from sulfonyl chlorides and aryl boronic acids.

The Zhao and Deng group reported a facile protocol for the sulfenylation of aliphatic ethers
using sodium sulfonates in the presence of iodine, di-tert-butyl peroxide (TBP) and diethyl phosphite.
The reaction occurred at 130 ◦C in the air (Scheme 37) [58]. Initially, 1,4-dioxane was used as model
substrate to react with sodium sulfinates, providing a variety of aryl sulfides in moderate to excellent
yields. They further broaden the substrate scope to common cyclic and chained ethers. Moreover,
sulfonyl hydrazides can also function as a thiolating reagent in this reaction system. In this conversion,
TBP was converted to tert-butoxy radical under heating, and the radical grasped hydrogen from
1,4-dioxane to provide a povitol alkyl disulfide. On the other hand, sodium sulfonate was converted
to disulfide by treating with iodine and diethyl phosphite. The radical intermediate coupled with
disulfide to give the final product.
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Scheme 37. Sulfenylation of 1,4-dioxane using sodium sulfonates.

2.5. Other Sulfenylation Sources

In 2018, the Li and Wen group reported a very facile and efficient protocol for the synthesis of
1,3-benzothiazepines from thioamides via dehydrogenative C-S bond formation (Scheme 38) [59].
In the presence of 4-F-HTIB (hydroxyl(4-fluorophenyl) iodotosylate), thioamides were readily
converted to the corresponding 1,3-benzothiazepines in good to excellent yields. The conversion
proceeded in HFIP at room temperature and were accomplished within 1 min. It is very interesting
that, when 4-methoxyphenethylthioamides were employed as starting materials, a new type of
thiazaspiro[5.5]undecanones other than 1,3-benzothiazepines were afforded in good yields.

Scheme 38. Intramolecular thiolation of thioamides for the synthesis of 1,3-benzothiazepines.

In 2019, the Yamaguchi group developed a Pd-catalyzed synthesis of alkenyl thioether from
thioester and N-tosyl hydrazones (Scheme 39) [60]. The reaction employed Pd(OAc)2 as catalyst,
P(n-Bu)3 as ligand, LiOt-Bu as base and occurred at 60 ◦C in THF. In the developed reaction system,
thioester was the best sulfur source because other sulfur-containing reagents such as thiophenol and
diphenyl disulfide resulted in lower yield and poor reaction selectivity. This method exhibited broad
substrate scope as it was compatible with various functional groups, such as methoxyl, halogen, ester,
amide, trifluoromethyl, etc.

Scheme 39. Synthesis of aryl alkenyl sulfides from thioesters and N-tosyl hydrazones.

In 2020,the Singh group reported an iodine-catalyzed synthesis of 3-arylthioindoles from indoles
employing a 1-aryltriazene/CS2 combination as the sulfenylation source (Scheme 40) [61]. The reaction
was performed in ethanol at 70 ◦C. The corresponding diaryl sulfides were obtained in good to
excellent yields. Broad substrate scope was exhibited by this protocol as functional groups including
methoxyl, halogen, cyan, trifluoromethyl, and nitro group were well tolerated. Moreover, this protocol
was also applied in the sulfenylation of trimethoxybenzene and 2-hydroxynaphthalene, yielding the
corresponding sulfides.
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Scheme 40. Synthesis of 3-arylthioindoles from indoles, 1-aryltriazene, and CS2.

2.6. Trifluoromethylthio Reagents as Sulfenylation Sources

Molecules containing trifluoromethylthio group are a unique type of sulfides and have
attracted extensive attention because they have found wide application in pharmaceuticals,
agrochemicals, and materials. Due to the strong electron-withdrawing effect and hydrophobic
property, trifluoromethyl sulfides are important building blocks in drug design. The traditional method
for the synthesis of trifluoromethylthiolated compounds is the nucleophilic trifluoromethylthiolation
of aryl halides with trifluoromethylthiolated metals, such as Hg(SCF3), Ag(SCF3), Cu(SCF3), Cs(SCF3),
and (bpy)Cu(SCF3) [62]. In recent years, several novel organic trifluoromethylthio surrogates have
been developed and enabled the trifluoromethylthiolation to occur to non-halide substrates.

In 2016, the Hopkinson and Glorius group reported the first visible-light-promoted
radical trifluoromethylthiolation of styrenes using 2-((trifluoromethyl)thio)isoindoline-1,3-dione as
trifluoromethylthio source (Scheme 41) [63]. The reaction proceeded in the presence of fac-[Ir(ppy)3] as
photocatalyst and nBu4NBr as an activator in acetonitrile at room temperature. A variety of styrenes
were smoothly converted into the corresponding trifluoromethylthiolated products in satisfying yields.

Scheme 41. fac-[Ir(ppy)3] catalyzed trifluoromethylthiolation of alkenes.

In 2017, the Xu group found a novel SCF3 source, S-trifluoromethyl
4-methylbenzenesulfonothioate, and developed a dual gold and photoredox catalyzed reaction
for the phenylsulfonyl-trifluoromethylthio-1,2-difunctionalization of alkenes (Scheme 42) [64].
S-trifluoromethyl 4-methylbenzenesulfonothioate functioned as bifunctional reagent responsible for
both trifluoromethylthiolative and phenylsulfonylative reagent. Alkenes including styrenes, internal
alkenes, and dienes were converted into the corresponding products in the presence of IPrAuCl,
AgSbF6, and Ru(bpy)3Cl2 in DCE at room temperature under irradiation with 100 W blue LED at the N2

atmosphere. A series of functional groups, such as ester, cyano, triuoromethyl, and halogen, were well
tolerated under the optimized reaction condition. Moreover, it is noteworthy that the reaction system
was also compatible with PhSO2SR (R= aryl or alkyl), affording various phenylsulfonyl sulfides.

Scheme 42. Synthesis of benzyl trifluoromethyl sulfides from styrenes.
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In 2017, the Dagousset and Magnier group reported the visible light driven synthesis
of trifluoromethylthiol-substituted oxindoles from N-methyl-N-phenylmethacrylamides using
N- trifluoromethylthiosaccharin as an SCF3 radical precursor (Scheme 43) [65]. This conversion
employed Ir(ppy)3 as photocatalyst and was carried out at room temperature under the irradiation
of blue LEDs. Using different alkenes as substrates, the same reaction system led to the synthesis of
SCF3-containing oxindole, trifluoromethylthiolated isoquinolinediones, and diarylethyl trifluoromethyl
sulfides in good yields. The reaction system was compatible with lots of functional groups, such as
halogen, cyan group, acetyl, ester, and BocNH.

Scheme 43. Visible light driven synthesis of trifluoromethylthiol-substituted oxindoles.

Later in 2018, the Zhao group applied S-trifluoromethyl 4-methylbenzenesulfonothioate as SCF3

radical precursor for the same conversion (Scheme 44) [66]. The reaction occurred in the presence of
AgF and K2S2O8 in DMSO at 20 ◦C. The mechanistic studies indicated that AgSCF3 was generated
from S-trifluoromethyl 4-methylbenzenesulfonothioate and AgF, and SCF3 radicals were subsequently
formed by the oxidation with K2S2O8.

Scheme 44. Synthesis of trifluoromethylthiol-substituted oxindoles from N-phenylmethacryl amides.

3. Synthesis of Sulfoxides via C-S Bond Construction

In 2018, the Bolm group reported a transition-metal-free arylation of β-sulfinyl esters with
diaryliodonium salts to provide a wide range of S, S-diaryl and S-alkyl S-aryl sulfoxides (Scheme 45) [67].
The reaction occurred at room temperature in the presence of KOH in the cosolvent of toluene and
water. In this process, sulfenate anion was generated from β-sulfinyl esters and form a C-S bond with
aryl group of diaryliodonium. In general, this protocol provided the corresponding diaryl sulfoxides
in good to excellent yields. The yields decreased when alkyl sulfinyl esters or heteroaryliodonium
were used as substrates.

Scheme 45. Synthesis of sulfoxides from β-sulfinyl esters.
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In 2018, the Wang group found a facile protocol for the synthesis of diaryl sulfoxides and
m-arylthio sulfones from arylsulfinic acids and dimethoxybenzenes via BF3 mediated C-S bond
formation (Scheme 46) [68]. The reaction easily proceeded in CH2Cl2 without any other additives.
The reaction temperature was very important for the reaction selectivity. The diaryl sulfones were
predominantly afforded when the reaction was carried out at 30 ◦C. Diaryl sulfones were further
sulfenylated by arylsulfinic acid to provided m-arylthio sulfones at 80 ◦C.

Scheme 46. Synthesis of diaryl sulfoxides from arylsulfinic acids and arenes.

4. Synthesis of Sulfones via C-S Bond Construction

Sulfonylhydrazides and sulfonylhydrazones are frequently used as sulfonyl source for the synthesis
of sulfones via C-S bond formation. In 2016, the Zhao group reported a denitrogenative C-S bond
formation for the synthesis of disubstituted methylsulfones from sulfonylhydrazones (Scheme 47) [69].
Sulfonylhydrazones were readily prepared from ketones and sulfonyl hydrazides. Sulfonylhydrazones
decomposed to release nitrogen and afford the methylsulfones in the presence of FePcCl in dioxane at
80 ◦C. Using this protocol, methylsulfones were obtained in good to excellent yields.

Scheme 47. Denitrogenative synthesis of disubstituted methylsulfones from sulfonylhydrazones.

In 2018, the Kleij and Yang group used N-sulfonylhydrazone as sulfonyl source and reported
a synthetic method for allylic sulfones via decarboxylative C-S bond formation (Scheme 48) [70].
Vinylethylene carbonate was used as substrate. C-S coupling reaction occurred to afford allylic sulfones
at 80 ◦C in acetonitrile in the presence of Pd2(dba)3 as catalyst and K2CO3 as base. It is worth noting
that the products were obtained with high regio-selectivity. A wide range of functional groups were
tolerated under the optimal condition. Moreover, changing the catalyst from Pd2(dba)3 to Pd(PPh3)4

predominantly afforded the allylic hydrazones as products. The developed protocol was successfully
applied in the functionalization of some biologically important scaffolds.

Scheme 48. Decarboxylative C-S bond formation between vinylethylene carbonate and
N-sulfonylhydrazone.
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In 2018, the Wang and Ji group reported a Cu(II)/Ag(I)-catalyzed cascade reaction for the synthesis
of 2-aryl-3-sulfonyl substituted quinoline from sulfonyl hydrazine with anthranils (Scheme 49) [71].
It is interesting that new C-C, C-N and C-S bonds were constructed in one step. The conversion
proceeded at 110 ◦C in the presence of Cu(OAc)2 and AgOTf in DCE without any other additives.
No product was observed in the absence of either Cu(OAc)2 or AgOTf. Phenyl sulfonyl hydrazines
gave moderate yields while heteroaryl sulfonyl hydrazines were not favorable for this conversion.

Scheme 49. Synthesis of 2-aryl-3-sulfonyl substituted quinoline using sulfonyl hydrazone as
sulfonyl source.

In 2018, the Liang group developed a novel protocol for the synthesis of 2-sulfonated
pyrrolo[1,2-a]indoles using toluenesulfonyl hydrazide as a sulfonyl reagent (Scheme 50) [72].
N-propargyl-substituted indoles were used as substrates and the reaction occurred in the presence of
Cu(NO3)2•3H2O as catalyst, TBHP and AgTFA in DCE at 90 ◦C. Toluenesulfonyl hydrazide proved as
a good tosyl source while sodium tosylate and tosyl chloride were not able to furnish this conversion
under the standard condition. The proposed mechanism indicated that the reaction of sulfonyl
hydrazide with tert-butoxyl or tert-butylperoxyl radical generated from TBHP gave the sulfonyl radical.
Then, an addition reaction of the sulfonyl radical occurred to the alkynyl moiety give the vinyl radical.
The followed 1,2-aryl migration cascade process produced the final product.

Scheme 50. Synthesis of 2-sulfonated pyrrolo[1,2-a]indoles using sulfonyl hydrazine as a
sulfonyl source.

In the same year, the Liu and Zhu group used the same sulfonylation reagent and found a
new method for the synthesis of diaryl methylsulfones via sulfonylation of para-quinone methides
(Scheme 51) [73]. The reaction occurred smoothly in the cosolvent of ethanol and water at 50 ◦C
without the use of any catalyst. This protocol was further featured by broad substrate scope and good
to excellent yields.

Scheme 51. C-H sulfonylation of para-quinone methides with sulfonyl hydrazides.
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Later in 2019, the Du group further applied sulfonyl hydrazides as sulfonyl reagent in the one-pot
synthesis of 3-sulfonylbenzofurans from o-hydroxybenzyl alcohols (Scheme 52) [74]. This reaction
system was compatible with a variety of functional groups and provided the diaryl sulfones in good
yields. It is noteworthy that the 3-sulfonylbenzofurans can be readily elaborated to diaryl thioethers,
diarylmethanones, and Suzuki coupling products.

Scheme 52. Synthesis of 3-sulfonylbenzofurans from o-hydroxybenzyl alcohols and sulfonyl hydrazines.

In 2017, the Reiser group reported a temperature controlled selective C-S or C-C formation
from heteroarenes and aryl sulfonyl chloride for the synthesis of diaryl sulfones or aryl heteroarenes
(Scheme 53) [75]. The reaction employed fac[Ir(ppy)3] as photocatalyst, and was carried out in
anhydrous acetonitrile under the irradiation of LED455. Heteroarenes, such as thiophene, pyrrole,
and indole were well tolerated in this conversion. It is very interesting that the reaction at room
temperature gave diaryl sulfones as a product, but the reaction at 60 ◦C provided aryl heteroarenes as
the product.

Scheme 53. C-H sulfonylation of heteroarenes with phenylsulfonyl chloride.

In 2019, the Deng group developed a three-component reaction for the preparation of diarylmethyl
sulfones from aldehydes, arenes, and sodium sulfinates via tandem C-C/C-S bond formation
(Scheme 54) [76]. The reaction proceeded at 60 ◦C in water in the presence of ion exchange resin
amberlyst 15. Compared with previously reported methods, this protocol was featured by simple
procedure, no requirement of metal catalysts and use of recyclable heterogeneous catalyst, and organic
solvent-free condition, providing a green method to synthesize diarylmethyl sulfones.

Scheme 54. Three-component reaction for the preparation of diarylmethyl sulfones.

In 2017, the Willis group developed a direct photoinduced sulfonylation of N-alkylated anilines
with sodium sulfinates using an iridium complex as catalyst (Scheme 55) [77]. The reactions were
carried out under the irradiation of blue LEDs in the presence of Bu4NHSO4 and K2S2O8 in the
cosolvent of acetonitrile and water. This protocol exhibited regio-selectivity and provided good overall
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yields. Very broad substrate scope and good functional group endurance were observed with this
protocol. Both alkylsulfinates and arylsulfinates were well tolerated. Moreover, they showed the
produced sulfones were readily converted into diverse derivatives. The mechanism investigation
indicated that oxidation of the aniline and the sullfinate salt by the iridium catalytic cycle afforded
aniline radical cation and sulfonyl radical, respectively. The two radicals coupled to provide the sulfone
product via C-S bond formation.

Scheme 55. Photoinduced sulfonylation of N-alkylated anilines with sodium sulfinates.

In 2019, the Waldvogel group reported an electrochemical sulfonylation of arenes containing
electron donating group using sodium sulfinates as a sulfonylation reagent (Scheme 56) [78].
The reaction employed BDD as electrode and HFIP(1,1,1,3,3,3-hexafluoropropan-2-ol)/water as
cosolvent. The sulfonates were used as both coupling component and supporting electrolyte. The arenes
containing electron donating groups, such as methoxyl, methyl, dimethylamino and acetylamino,
were readily sulfonated with either sodium arylsulfinates or sodium alkylsulfinates.

Scheme 56. Electrochemical sulfonylation of arenes with sodium sulfinates.

In 2018, the Song group developed the first example of Rh(II)/phosphine-cocatalyzed reaction
system for the synthesis of dithioketals from diazo compounds through simultaneous construction of
two different C-S Bonds (Scheme 57) [79]. Diazoacetate reacted with S-methyl benzenesulfonothioate
at room temperature in the presence of Rh2(OAc)4 and dppp in DCE, providing dithioketal derivatives
in moderate to good yields.

Scheme 57. Synthesis of dithioketals from diazo compounds.

In 2020, the Reddy group developed an interesting strategy for the synthesis of benzyl
disulfanylsulfones from S-benzyl thiosulfonates via phenylboronic acid catalyzed tandem construction
of S-S and C-S Bonds (Scheme 58) [80]. The reaction occurred in the presence of K2CO3 in PhCl at
90 ◦C, providing the corresponding benzyl disulfanylsulfones in good to excellent yields.
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Scheme 58. Synthesis of benzyl disulfanylsulfones from S-benzyl thiosulfonates.

5. Conclusions and Prospects

The research on the synthetic methods for organosulfur compounds is of great importance in
both academic research and industry. In the past several years, significant progresses have been made
in the field of direct C-S bond construction for the synthesis of organosulfur compounds. Various
synthetic methods have been developed to provide easy accesses to sulfides, sulfoxides, and sulfones
from the non-halide substrates. Unlike C-S coupling reaction of halide substrates, a radical pathway
was often involved in the C-S coupling reaction of non-halide substrates. It is satisfying that many
reactions are featured by mild conditions, high efficiency and excellent selectivity by the employment of
radical-radical coupling strategies. The Diazo compound is frequently used as carbon radical precursor
to couple with the thiyl radical; however, this transformation may be limited by pre-functionalization
of the substrate and poor atom-economy. C-H functionalization represents a promising strategy to
produce carbon radicals from simple arenes and alkanes. A variety of C(sp3)-H and C(sp2)-H bonds
are successfully transformed to the corresponding sulfides, sulfoxides, and sulfones. On the other
hand, in addition to reactions catalyzed by traditional transition metals, novel protocols involving
photocatalysts have been extensively developed in very recent years. Electrolysis mediated reactions
also found application in the C-S coupling reaction for the synthesis of sulfides and sulfones from
(hetero)arenes. These novel protocols enable the C-S coupling reaction to occur in a simple, economical,
and efficient reaction system. In the future, C-S bond formation should get more benefits from
photo-catalyzed and electrochemical reaction, and more novel protocols in this field can be expected.
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