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无过渡金属的烯烃和芳烃 C—H 键的巯基化反应 

徐鑫明*,a    杨翰林 a    李文忠 a 
(a烟台大学化学化工学院  山东烟台 264005) 

摘要  由于其广泛存在于天然产物、生物活性分子及功能有机材料中, 芳基和烯基硫化物受到医学与化学科学家们的

广泛关注, 其合成也得到了快速发展. 在众多合成方法中, 通过无过渡金属催化的 C—H 键巯基化反应来构筑 C—S 键

是最为理想的, 并且已经展现出其应用前景. 近些年, 关于该合成策略的研究层出不穷, 许多精致的合成方法得到发

展, 一系列巯基化的芳烃或烯烃被合成. 该综述介绍了近五年关于芳烃和烯烃在无过渡金属催化条件下的巯基化反应

的研究进展, 并阐述相应的反应机理.  

关键词  巯基化反应; 无过渡金属; C—H 键; 反应机理 

Transition Metal-Free Direct C—H Bond Sulfenylation of  
Alkenes and Arenes 

Xu, Xinming*,a    Yang, Hanlina    Li, Wenzhonga 
(a College of Chemistry and Chemical Engineering, Yantai University, Yantai, Shandong 264005) 

Abstract  Aryl and vinyl sulfides have attracted much attention from medical and organic chemists because they are preva-
lent in natural or bioactive molecules and other potential functional organic materials. Therefore, considerable efforts have 
been made for the construction of aryl and vinyl sulfides, among them transition metal-free direct C—H bond sulfenylation has 
developed rapidly and became an efficient and eco-friendly synthetic protocol. In recent years, many excellent research 
achievements were presented and a range of sulfenylated alkenes and arenes were synthesized using this strategy. The recent 
five-year progress in direct sulfenylation of C—H bond on alkenes and arenes under transition metal-free conditions is re-
viewed and the corresponding reaction mechanisms are discussed. 
Keywords  sulfenylation; transition metal-free condition; C—H bond; reaction mechanism 

 

1  Introduction 

Aryl and vinyl sulfides are prevalent in natural products 
or bioactive molecules,[1] and also have wide application in 
a range of fields such as drug development,[2] organic ma-
terial,[3] ligand design[4] or polymer science[5] (Figure 1). 
As a consequence, the development of efficient synthetic 
methods for the construction of aryl and vinyl sulfides has 
gained significant interest among medicinal and synthetic 
organic chemists over the past few decades.[6] Traditional-
ly, transition-metal-catalyzed cross-coupling between C— 
H/C—H and various sulfur sources such as thiols, sulfonyl 
chlorides, disulfides, sulfonyl hydrazides, and other sul-
fur-containing reagents is well known.[7] In spite of some 
great advantages, some of these processes could suffer 
from certain drawbacks, including pre-functionalization of 

reactants, harsh reaction conditions, and toxic metal cata-
lysts. 

From the point of “atom economy” and “green chemis-
try”, the direct transition metal-free sulfenylation of C—H 
bond can avoid some defects of transition-metal-catalyzed 
reactions. This protocol has attracted much attention in 
recent years and many significant research achievements 
have been presented,[8] which contains several reviews on 
the transition metal-free sulfenylation of various substrates 
including heteroarenes, indoles, pyrroles with sundry sul-
fur reagents from various views.[9] The recent five-year 
progress in direct sulfenylation of C—H bond on alkenes 
and arenes under transition metal-free conditions is re-
viewed and the corresponding reaction mechanisms in de-
tail is discussed. 
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Figure 1  Applications of aryl and vinyl sulfides 

2  Sulfenylation of arenes 

Sulfur-containing aromatic compounds are attracting 
much attention from medical and organic chemists because 
of their prevalence in natural products, pharmacologically 
active compounds and organic materials as ubiquitous 
structural motifs.[10] Therefore, various accesses to con-
struction of C—S bond have been developed to synthesize 
aryl sulfides, and direct C—H sulfenylation under transi-
tion metal-free conditions is more practical and economical 
among these approaches. At present, different sulfenylat-
ing regents such as thiols, disulfides, thioethers, sulfonyl 
hydrazides, sulfonyl chlorides, sodium sulfinates, etc. have 
been employed for sulfenylation of arenes. 

2.1  Thiols or thiones as sulfenylating reagent 

As the easily available and high atom economy sulfur 
sources, thiols and thiones are often applied for the sul-
fenylation of a range of substrate such as alkanes,[11] in-
doles,[12] imidazoheterocycles,[13] etc. Iodine-catalyzed 
sulfenylation of electron-rich arenes with various thiophe-
nols in the presence of dimethyl sulfoxide (DMSO) as the 
oxidant under solvent-free conditions is described by Ped-
dinti[14] and co-workers in 2015. Subsequently, Wang[15] 
and Xiao[16] groups discovered that this transformation can 
go smoothly in the presence of inexpensive, environment 
friendly NaI or piperidine using air as oxidant. Sensitive 
and active free hydroxyl and amino as well as other func-
tional groups were well tolerated under these reaction con-
ditions. 

The mechanisms of aforementioned reaction that authors 
proposed in articles are very similar (Scheme 1). Initially 
the aryl thiols were converted to disulfides under oxidizing 
conditions. Immediately the formed disulfide reacts with 
iodine or base to form the electrophilic intermediates A 
and B which is attacked by electron-rich arenes forming 
desired compounds. Though other possible reaction path-
way can’t be ruled out, this mechanism for sulfenylation of 
electron-rich arenes with thiophenols was widely accepted. 
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Scheme 1  Plausible mechanism for sulfenylation of arenes with 
thiols 

Unlike thiophenol, most of the heterocyclic thiols and 
thiones are odorless, stable compounds and are also useful 
precursors for synthesizing a lot of biologically active 
compounds.[17] In spite of so many merits, sulfenylation of 
arenes with heterocyclic thiols and thiones is still a chal-
lenging task and there are only few reports. In 2019, Lin 
group[18] disclosed the KIO3-catalyzed direct sulfenylation 
of phenol and arylamine derivatives with heterocyclic thi-
ols and thiones in water at room temperature. The mecha-
nism proposed by authors is described in Scheme 2. First-
ly, the resonance of 2-naphthol A couples KIO3 to give the 
intermediate C through compound B. Further formation of 
compound D occurs by releasing KOH, and the intermedi-
ate D reacts with the disulfide F generated in situ affording 
the target products and compound G. Finally, the reaction 
of KOH and intermediate G allowed the regeneration of 
the catalyst (Scheme 2). 

Despite the success of C—H bond intermolecular sul-
fenylated reactions, transition metal-free catalyzed intra-
molecular sulfenylation of C—H bond still provides a 
great challenge in modern organic synthesis. A facile 
method for the synthesis of benzo[b]thiophenes via intra-
molecular sulfenylation has been developed by Li and 
co-workers (Scheme 3).[19] Mechanism research indicates 
that substrate 1 undergoes S—I bond formation to generate 
intermediate 2, followed by homolysis of the S—I bond to 
yield the radical intermediate 3. The intramolecular radical 
coupling/cyclization between S-radical and arenes occurred 
through a single-electron transfer process to access the 
final product 5 via deprotonation. Under the optimized 
reaction conditions, electron-deficient arenes also can be 
sulfenylated smoothly in good to excellent yields. 
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Scheme 2  Sulfenylation of arenes with heterocyclic thiols and thiones 
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Scheme 3  Proposed mechanism for intramolecular sulfenyla-
tion 

2.2  Disulfides or thioethers as sulfenylating reagent 

As the intermediate of many sulfenylation mechanisms 
with thiols, disulfides could be directly used as sulfur 
source to sulfenylate arenes and other compounds.[20] Bra-
ga and co-workers[21] outlined a new KIO3-catalyzed eco- 
friendly methodology for the sulfenylation of arenes 
(Scheme 4). This benign and robust protocol is performed 
with a non-toxic and easily handled catalyst with high at-

om-economy. 
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Scheme 4  Sulfenylation of (hetero)arenes with disulfides 

Barman and Yorimitsu group separately disclosed an ef-
ficient sulfenylation of arenes with alkyl aryl sulfides in 
the presence of feat promoters. The reaction substrate 
scope and mechanism are all different. Barman group[22] 
found that tetrabutylammonium tribromide (TBATB) can 
mediate the coupling reaction of arylbenzylsulfides with 
electron-rich arenes. The possible mechanism is that ar-
ylbenzylsulfide firstly reacts with Br2 generated in situ to 
form the electrophilic species RS-Br. The reactive sulfenyl 
bromide can react with arenes to form intermediate B, 
which further deprotonation forms the desired product 
(Scheme 5).  

However, Yorimitsu group[23] discovered that the com-
bination of Tf2O and trifluoroacetic anhydride (TFAA) 
could promote C—H sulfenylation of aryl sulfoxides with  
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Scheme 5  Sulfenylation of arenes with arylbenzylsulfides 

 
alkyl aryl sulfides. The reaction began with Pummer-
er-type activation of aryl sulfoxides followed by nucleo-
philic attack of alkyl aryl sulfides. The formed sulfonium 
salts were demethylated by ethanolamine to yield the de-
sired products (Scheme 6). The salient features of the pre-
sent protocol are simplicity, high efficiency, excellent re-
gioselective and is compatible with various (hetero)arenes. 

2.3  N-thio-imides as sulfenylating reagent 

In 2015, Cossy and co-workers[24] have demonstrated 
that trifluoroacetic acid (TFA) can promote C—H sul-
fenylation of electron-rich arenes using N-(thio)succin- 
imides. Although it can produce various diarylsulfides and 
alkyl aryl sulfides, this method employed superstoichio-
metric quantities of trifluoroacetic acid to activate 
N-(thio)succinimides. While Gustafson group[25] modified 
the protocol and reported the combination of selenide ether 
and 10 mol% TfOH can result in rapid and robust conver-
sions across several different arene classes (Scheme 7). 
They demonstrated that the incorporation of electron-rich 
sulfenyl groups proceeded in the absence of a Lewis base, 
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Scheme 6  Sulfenylation of arenes with alkylarylsulfides 
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Scheme 7  Autocatalytic mechanistic proposal  
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with kinetic studies indicating an autocatalytic mechanism. 
The incorporation of electron-poor sulfenyl groups demon-
strated little autocatalysis necessitating the use of Lewis 
base. 

Recently, Alcarazo et al.[26] achieved C—H sulfenyla-
tion of electron-rich (hetero)arenes with newly prepared 
succinylthioimidazolium salts and synthesized a series of 
arylthioimidazolium salts which can react with Grignards 
affording unsymmetrical diaryl sulfides (Scheme 8). The 
synthetic protocol is modular, scalable and highly yielding, 
and provides access to sulfides that are not easy to obtain 
through the existing methodologies. 
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Scheme 8  C—H sulfenylation with succinylthioimidazolium 
salts 

Gustafson’s work can also be applied for the trifluoro-
methylthiolation of arenes replacing N-(thio)succinimide 
with N-trifluoromethylthiosaccharin as sulfenylating rea-
gents.[25] With good lipophilicity and good bioavailability 
SCF3 group has been considered as one of privileged frag-
ments that can improve the pharmacokinetic and physico-
chemical properties of drug molecules.[27] Consequently, 
great effort has been intensively devoted to exploring effi-
cient methods for the incorporation of SCF3 group into 
molecules.[28] Among them, direct C—H trifluoromethyl-
thiolation represents one of the most straightforward and 
promising approaches using trifluoromethylthiolating rea-
gents, including CF3SCl, ArNHSCF3, CF3SO2Na, N-trif- 
luoromethylthioimide, (PhSO2)NSCF3, N-trifluoromethyl- 
thiosaccharin etc. 

In 2015, Jereb group[29] reported that the trifluorome-
thylthiolation of variously substituted phenols was accom-
plished by PhNHSCF3 in the presence of TfOH or BF3• 
Et2O. The trifluoromethylthiolation was exclusively para- 
selective. The para-substituted phenols gave the ortho- 
substituted SCF3-products, while multiple substituted phe-
nols afforded the corresponding products according to the 
Mills-Nixon effect. Authors speculated that the reaction 
selectivity indicates an electrophilic pathway (Scheme 9). 
In addition, Iskra and co-workers[30] discovered that p- 
chloro-substituted PhNHSCF3 was more stable and effec-
tive because it could not react by trifluoromethylthiolation 
of itself. 

Thibaudeau and co-workers[31] discovered that incorpo-
ration electron withdrawing group like sulfonyl, carbonyl 
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Scheme 9  C—H trifluoromethylthiolation with (N-trifluoro- 
methylsulfanyl)aniline 

between nitrogen and sulfur atom could raise its reactivity 
when they explored the trifluoromethylthiolation of aro-
matic amines with ArNHSCF3. Therefore, a novel trifluo-
romethylthiolating reagent NSCF3 sulfenamide was syn-
thesized and applied for the trifluoromethylthiolation of 
arylamine with a broad substrate scope such as alkaloida or 
steroids under superacid conditions (Scheme 10). Authors 
don’t present a specific reaction process, but NMR spec-
troscopy studies revealed the involvement of dicationic 
superelectrophilic intermediates. 

 

Scheme 10  C—H trifluoromethylthiolation with NSCF3 sul-
fenamide 

Recently, Xu group[32] developed an efficient hydrogen 
bonding assisted regioselective trifluoromethylthiolation of 
electron-rich arenes using N-trifluoromethylthiosaccharin. 
The hydrogen-bonding-network generated between hex-
afluoroisopropanol (HFIP) and trifluoromethylthiolating 
reagent could enhance the electrophilicity of the SCF3 
electrophile, so the trifluoromethylthiolation underwent 
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well under metal-free and catalyst-free conditions and 
showed good functional group tolerance (Scheme 11). 
Then, Shen’s group[33] discovered that 2,2,2-trifluoro-  
ethanol (TFE) could also promote the reaction at lower 
temperature in higher yields.  

 

Scheme 11  C—H trifluoromethylthiolation with N-trifluoro- 
methylthiosaccharin 

In 2016, Shen and co-workers[34] reported a shelf-stable, 
easily prepared trifluoromethylthiolating reagent N-tri- 
fluoromethylthio-dibenzenesulfonimide exhibiting higher 
reactivity than other known electrophilic trifluoromethyl-
thiolating reagents. In the absence of any additive, this 
reagent can react with a wide range of arenes including 
these common trifluoromethylthiolate unactivated and sty-
rene under mild conditions (Scheme 12). Moreover, the  

 

Scheme 12  C—H trifluoromethylthiolation with N-trifluoro- 
methylthio-dibenzenesulfonimide 

reaction of some electron-rich arenes like naphthol deriva-
tives with N-trifluoromethylthio-dibenzenesulfonimide of- 
fered the corresponding dearomative trifluoromethylthio-
lated product instead of the direct C—H trifluoromethyl-
thiolating product. 

2.4  Sulfoxides or sodium sulfinate as sulfenylating 

reagent 

In the specified reaction conditions, sodium sulfinates 
can be reduced to disulfides which are classical sulfenylat-
ing agents. Therefore, sodium sulfinates as desirable sulfur 
source have been extensively used to sulfenylate C—H 
bond because they are readily accessible and environment- 
friendly. In 2015, Lin and co-workers[35] described the 
synthesis of diaryl sulfide derivatives via the I2-PPh3 sys-
tem mediated sulfenylation of substituted naphthols/phe- 
nylamines in water under air condition. In this program, 
using a range of arylsulfinic acid salts as sulfur source, 
structurally diversed naphthol/aniline thioethers can be 
smoothly produced in moderate to good yields. Xiao 
group[36] found that the sulfenylation underwent well re-
placing triphenylphosphine with formic acid as reductant, 
while Lu group[37] applied [Hmim]Br as both solvent and 
reducer avoiding the stoichiometric toxic reductant and 
iodine. The reaction mechanism proposed by these groups 
is strikingly consistent. Initially, sodium sulfinate was re-
duced to disulfides in the presence of reductant which re-
acts with X2 to form electrophilic species ArSX A. The 
species ArSX is attacked by substrate to yield the interme-
diate B, which releases a proton to afford the desired 
product (Scheme 13). 

Yi group[38] also disclosed the synthesis of diaryl sul-
fides using odorless sodium sulfinates as the sulfur source 
in an aqueous I2-PPh3 system, but the authors deduced that 
the reaction involved a free radical process on the basis of 
control experiments and density functional theory (DFT) 
calculations. Although the exact mechanism remained to  
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Scheme 13  C—H sulfenylation with sodium sulfinates  
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be elucidated, a possible pathway was proposed in Scheme 
14. At first, arylsulfenyl radicals are formed via the ho-
molysis of I2 or ArSI in situ generated in the I2-PPh3 sys-
tem. Then, an arylsulfenyl radical adds to the arene to 
produce intermidate I or II. Finally, the target products are 
formed by the reaction of ArSI and intermidate I or II fol-
lowing the formation of arylsulfenyl radicals and HI 
(Scheme 14).  
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Scheme 14  C—H sulfenylation with sodium arylsulfinates 

Furthermore, Yi group[39] also introduced a straightfor-
ward difluoromethylthiolation and trifluoromethylthiola-
tion of arenes with sodium difluoromethanesulfinate or 
sodium trifluoromethanesulfinate in the presence of 
(EtO)2P(O)H and TMSCl. On the base of NMR spectros-
copy, authors deduced that fluoroalkylsulfinate salts were 
reduced by (EtO)2P(O)H and TMSCl to form HCF2S

＋or 
CF3S

＋ for fluoromethylthiolation of aromatics, but didn’t 
elaborate the specific process.  

Before that, Shibata and co-workers[40] reported the 
difluoromethylthiolation of phenols and naphthols under 
the Ph2PCl-TMSCl system. They hypothesized that the 
reaction of HCF2SO2Na with Ph2PCl firstly generated in-

termediate A, which converted to intermediate B via an 
intramolecular rearrangement. The reactive species C 
formed by reduction of B can be highly activated in the 
presence of TMSCl as Lewis acid for electrophilic difluo-
romethylthiolation (Scheme 15). Subsequently, Zhao et 
al.[41] demonstrated that this process worked well with PCl3 
or PhPCl2 in the absence of TMSCl and Shibata et al.[42] 
discovered that trifluoromethanesulfonyl chloride was also 
an efficient SCF3 source in the presence of phosphine rea-
gent, but all only for electron-rich aromatics excluding 
arenes. 

In 2018, Yi group[43] developed another method for the 
direct trifluoromethylthiolation using CF3SO2Na. A close 
examination of the literature and controlled experiment 
results showed that CF3SO2Na converted to the intermedi-
ate III in the presence of triflic anhydride, which could 
offer the final product in two potential paths. In path a, 
trifluoromethyl sulfoxide I partly contributed to the for-
mation of SCF3 product via disproportionation under the 
anhydride system. Therefore, the intermediate III also un-
derwent self-disproportionation to form the reactive spe-
cies IV in path b. Finally, an electrophilic trifluoromethyl-
thiolation reaction of IV with arenes mainly contributed to 
the formation of desired product (Scheme 16). This cata-
lytic system has been successfully employed to the direct 
trifluoromethylthiolation of a wide range of arenes includ-
ing electron-deficient ones. 

Dimethyl sulfoxide is often employed for sulfenylation 
reactions, but other sulfoxides are rarely used as sulfur 
sources. In 2016, Procter and co-workers[44] achieved the 
sulfenylation of arenes using bench-stable, convenient sul-
foxides as sulfur source (Scheme 17). The readily available 
sulfoxides is once activated to form sulfoxonium salts that 
serve as excellent sulfur electrophiles for coupling with a 
variety of aryl partners including arenens, heteroarenens 
and alkenes. The method allows the incorporation of a va-
riety of functional groups in coupling partner, is operation-
ally simple and suitable for the construction of complex 
diarylsulfides. 

 

Scheme 15  Phosphine reagent catalyzed C—H fluoromethylthiolation with sodium fluoroalkylsulfinate  
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Scheme 16  Tf2O promoted C—H trifluoromethylthiolation 
with sodium trifluoroalkylsulfinate 
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Scheme 17  C—H sulfenylation with sulfoxides 

Additionally, Huang group[45] developed an environ-
mentally benign method for the sulfenylation of phenols in 
2017. They also used sulfoxides as sulfur source, but the 
process was mediated by electrophilic aromatic substitu-
tion and subsequent Smiles-like rearrangement different 
from Procter’s work. Authors hypothesized that sulfoxides 
was also activated by trifluoromethanesulfonic anhydride 
to form sulfoxonium salts A which was attacked by phe-
nols at sulfur giving rise to the intermediate B. Then such 
intermediates went a Smiles-like rearrangement affording 
versatile products (Scheme 18). This method applies to not 

only diaryl sulfoxides but also alkyl aryl sulfoxides af-
fording the phenoxyaryl sulfides, which could be convert-
ed to many important ligands under aqueous micellar con-
ditions. 
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Scheme 18  C—H sulfenylation with sulfoxides 

2.5  Sulfonyl hydrazides, chlorides or esters as sul-
fenylating reagent 

Sulfonyl hydrazides are useful reagents for C—S bond 
formation in organic synthesis.[46] Generally speaking, 
electrophilic thiodiazonium (RSN2I) or sulfenyl iodide 
(RSI) reagents which can be generated through the reac-
tions between I2 and sulfonyl hydrazides can react with 
carbon nucleophilic reagents to form various C—S bonds. 
Yan group[47] outlined an iodine/TFA-mediated synthesis 
of aromatic thioethers from arylamine and sulfonyl hydra-
zides via C—H sulfenylation (Scheme 19). In this proce-
dure, various substituents on the sulfonyl hydrazides and 
arylamines are tolerated in the sulfenylation, but not in-
cluding 1-phenyl-1H-pyrrole, N-methylaniline and aniline. 

 

Scheme 19  Sulfenylation of arylamine with sulfonyl hydrazides 

In 2016, Xiao and co-workers[48,49] consecutively pub-
lished two articles on the sulfenylation of arenes using 
sulfonyl hydrazides. Electron-rich arenes and flavonoid 
derivatives were converted to desired products in moderate 
to good yields. A nearly identical mechanism was pro-
posed. Initially, sulfonyl hydrazide decomposes into disul-
fide C and thiosulfonate D in the presence of iodine. The 
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key intermediate D reacts with electron-rich arenes to pro-
duce the products as well as sulfinic acid B when I2 or HI 
is added. Intermediate B then reacts with C to yield D and 
thiophenol E. The combination of B and E can be used as 
the sulfur source to convert substrates into the sulfenylated 
products in the presence of iodine (Scheme 20). 
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Scheme 20  Possible mechanism of iodine-catalysed sulfenyla-
tion with sulfonyl hydrazides 

Lin group[50] found that sulfonyl chlorides were good 
sulfenylating reagents for the sulfenylation of electron-rich 
arenes in the presence of TABI/HBr. The desired products 
could be obtained in excellent yields by using widely 
available arylsulfonyl chlorides as the sulfur sources. A 
possible reaction mechanism is described in Scheme 21. 
HBr or HI which was formed by reaction between TBAI 
and acid, could reduce the arylsulfonyl chlorides to elec-
trophilic ArSCl, which could react with arenes to give in-
termediates B. Then, the target product was formed by 
deprotonation. Alternatively, ArSCl could also be formed 
by reduction of arylsulfonyl chlorides with iodine, but this 
might be the minor pathway (Scheme 21). 
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Scheme 21  Possible mechanism of sulfenylation with sulfonyl 
chlorides 

In 2018, Li group[51] described a visible light irradiated 
difluoromethylthiolation using the shelf-stable and readily 
available reagent PhSO2SCF2H. Inspired by this work in 

2017,[52] authors speculated the homolytic fragmentation of 
PhSO2SCF2H with suitable light source and proposed a 
mechanism (Scheme 22). Under light irradiation, a difluo-
romethylthiyl radical resulted from either homolysis of 
PhSO2SCF2H or electron transfer event between PhSO2S- 
CF2H and iodide. Then the reaction of •SCF2H with arenes 
following the abstraction of hydrogen by PhSO2• affords 
the desired product. The phenylsulfinic acid was unstable 
and further transformed into the thiosulfonate. This proto-
col has successfully transformed a range of arenes into 
difluoromethylthioethers in the absence of transition met-
als and stoichiometric amount of additives. 

 

Scheme 22  Possible mechanism of sulfenylation with sulfonyl 
chlorides 

3  Sulfenylation of alkenes 

Polysubstituted olefins are immanent structural units 
among biologically important drugs and natural products. 
Importantly, functionalized alkenes also contribute exten-
sively to materials science and as building blocks in or-
ganic synthesis, in which the synthesis of sulfenyl olefins 
has attracted much attention because of its prevalent ap-
plication in the synthesis of organic products in recent 
years.[53] 

3.1  Thiols or disulfides as sulfenylating reagent 

Flavone is a well-known natural product class in drug 
discovery with carbonyl-conjugated olefin function in its 
structure. Its electron-rich ring enables it to undergo well 
direct C—H sulfenylation. Until now, ammonium iodide- 
promoted sulfenylation of flavones with various sulfenyl-
ating reagents like sulfonyl hydrazide, thiophenol, sodium 
sulfinate, disulfide has been developed by Ge,[54,57] 
Zhou,[55] Guo[56] et al. These reaction mechanisms were 
initiated from that NH4I was split into NH3 and HI at high 
temperature. The resulting HI was further oxidized by air 
to generate iodine, which then reacted with thiophenol to 
form electrophilic species RSI. Using sulfonyl hydrazide 
and sodium sulfinate as sulfur source, HI will promote the 
formation of electrophilic species RSI. Subsequently, RSI 
reacts further with electron-rich flavone to give reaction 
intermediate B, from which loss of a proton affords the 
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final product (Scheme 23). Without doubt, flavone and 
derivatives can be sulfenylated by these sulfur reagents 
with external iodine.[58] 

 

Scheme 23  Sulfenylation of flavones with various sulfur rea-
gents 

Moreover, Wan and co-workers[59] have realized the 
synthesis of polyfunctionalized aminothioalkenes via the 
direct C—H sulfenylation of enaminones in the presence 
of catalytic amount KIO3 in a green medium in 2016 
(Scheme 24). A tentative mechanism authors proposed is 
similar to that Liu proposed for the KIO3-catalyzed sul-
fenylation of indoles.[60] 
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Scheme 24  KIO3-Catalyzed sulfenylation of enaminones 

In 2017, Prabhu group[61] completed the sulfenylation of 
enaminones using iodine as catalyst and DMSO as oxidant. 
The presented method provides a straightforward approach 
to polyfunctionalized aminothioalkenes with a broad range 
of heterocyclic thiols and thiones. A tentative mechanism 
was proposed in Scheme 25. Heteroarylthiol reacts with 
iodine to form disulfide 1, which reacts with I2 to form an 
intermediate 2. In addition, nucleophilic displacement of 
an iodo group by enaminone forms product and byproduct 
HI, which is oxidized to iodine by DMSO. Based on the 
mechanism, Xiao and co-workers[62] achieved iodine- 
promoted three-component synthesis of substituted ami-
nothioalkenes, in which enaminone is the intermediate of 
Michael-type addition of pyrrolidine to methyl propiolate 
and sulfenylated by disulfides. 

Recently, Zhu group[63] described the synthesis of novel 
thiadiazole-based DTF derivatives via iodine-mediated 
vinylic C(sp2)-H sulfenylation with heteroarylthiols throu- 
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Scheme 25  I2-catalyzed sulfenylation of enaminones with thiols 

gh radical pathway. This new protocol is simple and effec-
tive for preparation DTF containing thiadiazole group us-
ing available material under mild conditions (Scheme 26). 
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Scheme 26  Sulfenylation of alkenes with heteroarylthiols 

3.2  Sulfonyl hydrazides or chlorides as sulfenylating 
reagent 

In 2016, Yang and co-workers[64] reported the by-produ- 
ct I2-catalyzed tandem redox-neutral sulfenylation/deio- 
dination/aromatization of cyclic iodoalkenes with sulfonyl 
hydrazides. In the absence of external catalysts and addi-
tives, a range of 4-iodo-1,2-dihydronaphthalenes reacted 
with sulfonyl hydrazides to give structurally diverse 
2-naphthyl thioethers in good yields. Mechanism study 
indicates that iodoalkene 1 decomposes upon heating to 
generate small amounts of aryl iodide, alkene, HI and I2. 
While the decomposition of sulfonyl hydrazide 2 to sulfin-
ic acid 4 can take place upon heating, the iodine dramati-
cally accelerates this process. Reduction of sulfinic acid 4 
occurs either with sulfonyl hydrazide 2 or HI, and a small 
portion of the resulting thiosulfonate 5 is further reduced to 
give disulfide. Thiosulfonate 5 undergoes electrophilic 
addition to alkenyl iodide activated by iodine to generate 
carbocation 6, deprotonation of which gives dihydronaph-
thalene 7. Then [1,5]-sigmatropic hydrogen shift occurs to 
generate alkene 8, from which elimination of HI gives the 
product (Scheme 27). The same group sequentially dis-
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closed the sulfenylation of acyclic iodoalkene and bromo-
alkene which were the intermediates in deoxygenative io-
dization and olefination of ketones with sulfonyl hydra-
zides.[65] 

In 2018, Liu and co-workers[66] achieved the synthesis of 
polythiolated alkenes via direct sulfenylation of the vinyl  
C—H bond employing sulfonyl hydrazines for the sul-
fenylating reagent. A mechanism is proposed in Scheme 
28. First, the sulfonyl hydrazine can be transformed into 
disulfide 5 via the intermediate 4 resulting from a featured 
reduction in the presence of I2. The thermo-induced ho-
molytic cleavage on 5 then provides the thiyl radical 6, 
which reacts with ketene dithioacetal leading to the for-
mation of intermediate 7. The reaction of 7 and iodine pro-
vides intermediate 8, from which the successive elimina-
tion of HI yields products 3 (Scheme 28). The metals-free 
conditions, broad substrate tolerance, and simple operation 
ensure the present method a useful option for the synthesis 
of useful polythiolated alkene derivatives. 

As the isomer of flavones, coumarins also have attracted 

immense attention as these compounds show a variety of 
biological and pharmacological activities. In 2017, with the 
same catalyst NH4I, Guo group[67] achieved the sulfenyla-
tion of 4-hydroxycoumarins using aryl- or alkyl-sulfonyl 
chlorides as the sulfur source. Similarly, NH4I firstly splits 
into NH3 and HI, and then HI reduces the sulfonyl chloride 
to the electrophilic species 2 which reacts with 4-hydroxy- 
coumarin to form intermediate 3. Finally, the product is 
obtained by deprotonation and aromatization of 3 (Scheme 
29). In 2018, Zhou group[68] reported an efficient, transi-
tion metal-freed approach to the synthesis of sulfenylated 
coumarins using the same conditions as Wang’s work[58] 
except for solvents. The iodine catalyzed sulfenylation is 
simple in operation, good functional group tolerance and 
use more environmentally water as solvent. 

3.3  N-Thio-imides as sulfenylating reagent 

The sulfenylation reaction of acyclic α,β-unsaturated al-
dehydes with N-(arylthio)phthalimide has been developed 
by Chen and co-workers.[69] A wide variety of α-thioenals 
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Scheme 27  Sulfenylation of iodoalkenes with sulfonyl hydrazides 
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Scheme 28  Sulfenylation of polythiolated alkenes 
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Scheme 29  Sulfenylation of coumarins with sulfonyl chlorides 

can be obtained with good yields and excellent Z-confi- 
guration using N-heterocyclic carbene (NHC) as catalyst 
under transition metal-free conditions (Scheme 30). 
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Scheme 30  Sulfenylation of acyclic α,β-unsaturated aldehydes 

There are few research reports on the trifluoromethyl-
thiolation reaction of olefins, most of which are one or 
more examples of substrate exploration in the research of 
trifluoromethylthiolation of aromatics.[40～42,70] For exam-
ple, Shen group[34] discovered that N-trifluoromethylthio- 
dibenzenesulfonimide can react with a wide range of sty-
renes in the absence of any additives. Initially, the trifluo-
romethylthiolating reagent is attacked by styrene to form 
benzylic cation intermediate A or sulfonium intermediate 
B. The intermediate A converts to target product by elimi-
nation of hydrogen, while intermediate B can be attacked 
by nucleophiles in reaction affording the difunctional 
product (Scheme 31). 

3.4  Bunte salts as sulfenylating reagent 

Moreover, an eco-friendly protocol for the KI-catalyzed 
regioselective sulfenylation of 4-anilinocoumarins with 
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Scheme 31  Sulfenylation of acyclic α,β-unsaturated aldehydes 

Bunte salts was established by Yang and co-workers.[71] A 
wide range of functional groups were tolerated well under 
the reaction conditions and the corresponding sulfenylated 
4-anilinocoumarins were obtained in moderate to excellent 
yields (Scheme 32). Initially, the iodide ion was oxidized 
to iodine in the presence of DMSO. Then, the iodine re-
acted with Bunte salts to generate the electrophilic inter-
mediate RSI which underwent a homolytic cleavage pro-
cess to afford an iodine radical and a thiyl radical 2. The 
thiyl radical 2 reacted with 4-anilinocoumarins to give the 
carbon centered radical 3, which subsequently abstracted 
the iodine radical to give the intermediate 4. Then, the in-
termediate 4 loses a proton to give the desired products and 
HI. Finally, I was oxidized to I2 with DMSO to realize the 
catalytic cycle. 

 

Scheme 32  Sulfenylation of coumarins with Bunte salts 

4  Summary and prospect 

Herein we present an overview of the recent five-year 
progress in direct sulfenylation of C—H bonds on arenes 
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and alkenes under transition metal-free conditions. Alt-
hough various methods and sulfenylating reagents have 
been developed for the construction of aryl and vinyl sul-
fides, there are still lots of challenges that need to be ad-
dressed. Firstly, most of present methods are applied for 
the sulfenylations of arenes, especially the electron-rich 
arenes, and few researches on electron-poor arenes and 
olefins. Moreover, carbonyl-conjugated alkenes are the 
most commonly used substrates in the sulfenylation of 
alkenes, and the simple alkenes such as styrene are rarely 
used, especially its fluoroalkylthiolation. Furthermore, 
visible-light mediated photoredox catalysis and electro-
chemical system have been applied for the direct sulfenyl-
ation of alkanes and indoles, but there are not many appli-
cations in the sulfenylation and fluoroalkylthiolation of 
arenes and alkenes. Finally, the mechanisms of these reac-
tions, which are reported so far, need to be further explored 
because specific reaction mechanisms could help us to 
design and achieve more efficient and eco-friendly sul-
fenylations. All of these need to be further explored and 
the results need to be further improved upon. The direct 
sulfenylation of arenes and alkenes is still a vigorous re-
search field with both huge challenges and great prospect. 
We believe there will be more and more innovative 
achievements presented in the near future. 
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