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In recent years, the transition metal-free sulfenylation of C—H bond for C—S formation has been rapidly
advanced and has become an eco-friendly synthetic tool for pharmacists and organic chemists. Various
natural or bioactive molecules such as (hetero)arenes, olefins, carbonyl compounds, alkanes, have been
employed for sulfenylating reactions. This review will focus on the recent five-year advances in C—S
bond formation via direct sulfenylation of C(sp>)—H bonds under metal-free conditions and elaborate
their mechanisms from a new perspective.
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1. Introduction

Organosulfur compounds exist extensively in nature [1], and
also have wide application in a range of fields such as drug
development [2], organic material [3], ligand design [4] or polymer
science [5]. As a consequence, the development of efficient
synthetic methods for the C—S bond formation has gained
significant interest among medicinal and synthetic organic
chemists over the past few decades [6]. Traditionally, transition-
metal-catalyzed cross-couplings aining reagents is well known [7].
In spite of some great advantages, some of these processes could
sbetween C—X/C—H and different sulfenylating sources such as
thiols, sulfonyl chlorides, disulfides, sulfonyl hydrazides, and other
S-contuffer from certain drawbacks, including pre-functionaliza-
tion of reactants, harsh reaction conditions, and toxic metal
catalysts.

With the increased awareness of environmental protection and
development of green chemistry, therefore metal-free sulfenyla-
tion via direct functionalization of C—H bonds have attracted
much attention in recent years and there are more and more
excellent and significant works have been presented. Moreover,
several reviews on incorporation of mercapto into molecules with
sundry sulfur reagents from various views [8]. This review will
focus on the recent five-year advances in C—S bond formation via
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direct sulfenylation of C(sp®>)—H bonds under metal-free con-
ditions and elaborate their mechanisms from a new perspective.

2. Non-enantioselective sulfenylation of C(sp®)—H
2.1. 1,3-Dicarbonyl compounds

As the crucial starting material in organic synthesis, the
embellishments of 1,3-dicarbonyl compounds are always the focus
in chemical research. Among them, the sulfenylation of the
methylene site of 1,3-dicarbonyl compounds has aroused great
interest from the scientific community, since sulfur-containing
motifs are significant in both synthetic chemistry and medicinal
chemistry [9]. However, sulfenylation of p-diketones is still
challenging as p-diketones are apt to undergo deacylation after
sulfenylation in the reaction medium.

In 2015, Prabhu group reported the sulfenylation of g-diketones
without deacylation via a cross dehydrogenative coupling (CDC)
strategy [10]. a-Sulfenylated p-diketones could be obtained
utilizing heteroarylthiones as a thiol equivalent under metal-free
conditions at ambient temperature. It is noteworthy that the
sulfenylated p-diketones exist primarily in the form of enol, but
predominantly existed in their keto form when using a-substituted
p-diketone as substrate or incorporation more steric hindrance
group R (Scheme 1).

A novel method on iodine-catalyzed sulfenylation of 1,3-
diketones with thiophenols to form p-dicarbonyl thioethers was
developed by Hu and co-workers [11]. Various symmetrical
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Scheme 1. Sulfenylation of g-diketones with heteroarylthiones.

sulfenylated 1,3-dicarbonyl compounds were obtained under
metal free mild conditions in moderate to excellent yields with
good functional group tolerance. The C—S bond was supposed to
be formed via a radical substitution pathway instead of the usual
nucleophilic substitution one. The diketone is firstly iodinated by
iodine catalyst to form the key intermediate A and the thiyl radical
B is formed from oxidation of thiophenol by DTBP. Then radical B
would attack the unstable C—I bond of A. Through a radical
substitution pathway, the p-dicarbonyl thioether product was
formed. Finally, the HI released from iodination is oxidized by DTBP
to regenerate the iodine catalyst (Scheme 2).

This kind of sulfenylation of g-diketones with thiophenols also
can underwent well using potassium iodide and oxygen as the
equivalent of iodine to catalyze. For instance, Wang group
demonstrated a practical methodology to obtain a-thio-g-
dicarbonyl compounds using potassium iodide (KI) as catalyst
[12]. The presented environmentally benign access provides both
symmetrical and unsymmetrical a-thio-g-dicarbonyl compounds
in good yields under an aerobic atmosphere. Subsequently, Chen
and co-workers found a convenient Cs,COs-promoted a-sulfeny-
lation of p-diketones under halogen-free conditions [13]. This
transformation provides a straightforward route to a-sulfenylated
p-dicarbonyl compounds using air as the oxidant under mild
conditions with wide functional group compatibility. A plausible
reaction mechanism is outlined in Scheme 3. Initially, thiyl radical
is generated from the autoxidation of thiol in the presence of
Cs,CO5 and oxygen, and then undergoes homocoupling to produce
disulfide. Meanwhile, p-diketones reacts with Cs,COs; to form
intermediate D. Finally, the nucleophilic attack of the in situ
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Scheme 2. Sulfenylation of p-diketones with thiophenols.
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Scheme 3. Cs,COs-Promoted sulfenylation of p-diketones.

generated enolate D on disulfide C affords a-sulfenylated carbonyl
compound (Scheme 3).

In 2015, Lee and co-workers developed an interesting transition
metal free K;S;0g/l, promoted sulfenylation of p-diketones with
disulfides at room temperature under solvent free conditions [14].
Both diaryl and dialkyl disulfides are coupled well with a variety of
p-diketones providing a-thio-p-diketones in good to excellent
yields. Authors proposed a plausible mechanism for this transfor-
mation as shown in Scheme 4. In presence of I,, disulfides can
attack on dicarbonyl compounds to provide the desired product
along with the formation of HI and R3SI (A) as shown in Path A.
Alternatively, the enol form of dicarbonyl compounds can also
undergo a similar kind of reaction to generate product along with
HI and R3SI (Path B). Moreover, the enol form of dicarbonyl
compounds also can react with very reactive species A to provide
the desired product according to Path C. Finally, HI can be
reoxidized into molecular iodine in presence of oxidant (Scheme 4).
Barman group found that additional alkali could accelerate the
sulfenylation of p-diketones with disulfides. They firstly reported a
TBATB and EtsN mediated protocol for sulfenylation of active
methylene compounds with diaryl disulfide [15]. This new process
is not air or moisture sensitive and afforded the desired products in
excellent yields. Additionally, the same group developed the
sulfenylation of active methylene compounds promoted by iodine,
EtsN and DMSO under mild conditions [16]. Selective mono- and
bis-sulfenylation of active methylene groups with a variety of
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Scheme 4. Sulfenylation of p-diketones with disulfides.
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disulfides at an ambient temperature was realized by vary of the
amount of DMSO and base. The present work has more substrate
scope and is greener in terms of solvent selection and the use of
less hazardous DMSO as an oxidant.

The plausible mechanism was assumed in Scheme 5 that shows
two catalytic cycles. In the first cycle, the active methylene group
easily losses active H in the presence of EtsN and binds to the
sulfenyl iodide in situ generated from disulfide to form mono-
sulfenylated product and HI. The catalyst I, is regenerated by
oxidation of HI. However, if the amounts of the intermediate RSI,
EtsN and DMSO are sufficiently large, the reaction selectively
affords disulfenylated product via a similar pathway at high yield.
Quenching of acid by base does not occur because the addition of
base promotes the reaction by abstracting the active proton,
whereas its absence leads to a very slow process with lower levels
of conversion (Scheme 5).

2.2. a-H of carbonyl compounds

The chemistry of p-ketosulfides has always been the subject of
intense research efforts, because they are very useful building
blocks or intermediates for further transformations in organic
synthesis [17]. Thus, many researchers have devoted tremendous
efforts to develop highly efficient protocols towards C—S bond
formation methods. But among these methods, the direct
sulfenylation of ketones remains a puzzle as the ketones are not
reactive enough compared to p-diketones for a-sulfenylation.

Recently, Yu and co-workers successfully developed a direct
oxidative disulfenylation/cyclization of 2-hydroxyacetophenones
with thiophenols mediated by TBAI/K,S,0g [18]. The reaction
provides a novel approach for the synthesis of functionalized 2,2-
dithio-benzofuran-3(2H)-ones in good yield. In a single step, two
C—S bonds and one C—O bond are simultaneously built on the
same sp> carbon atom under transition metal-free conditions.
Meanwhile, a plausible reaction mechanism through two single
electron-transfer processes followed by intramolecular cyclization
has been proposed. Initially, three intermediates thiyl radical A,
disulfide B and RSI C can be generated from thiophenols in the
presence of TBAI/K;S,0g. Next, the sulfenylated enol intermediate
G was formed from the enol intermediate D of 2-hydroxyaceto-
phenones via the a-sulfenylated carbon radical intermediate E or
sulfenylated intermediate F. Then, the second single electron-
transfer process is completed by the free radical addition of G with
A and followed by a deprotonation process, leading to the
disulfenylated enol intermediate I formation. The final intramo-
lecular cyclization of the disulfenylated enol intermediate K results
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Scheme 5. Et;N-Promoted sulfenylation of p-diketones with disulfides.
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Scheme 6. Disulfenylation/cyclization of 2-hydroxyacetophenones.

in the desired 2,2-dithio-benzofuran-3(2H)-one
(Scheme 6).

In 2016, Prabhu group achieved a metal-free regioselective
sulfenylation of the a-CHs group of ketones in the presence of the
a-CH; or a-CH group using the cross dehydrogenative strategy [19].
This efficient sulfenylation of ketones with thiones or thiols utilizes
dimethyl sulfoxide as an oxidant in the presence of iodine, and
aldehydes also exhibit good selectivity forming the corresponding
a-sulfenylated products. It is noteworthy that this is the first report
of the regioselective sulfenylation of methyl ketones in the
presence of a-CH; or a-CH groups and aldehydes.

A tentative mechanism is proposed in Scheme 7. Thiones
tautomerize to thiol in acidic condition. lodine reacts with thiols
furnishing disulfides A. Disulfides further reacts with iodine to
form an intermediate ArSI. Nucleophilic displacement of the iodo
group of intermediate B from the enolate of ketone or aldehyde
furnishes a-sulfenylated product. DMSO reacts with HI to
regenerate catalyst I, (Scheme 7).

On the basis of this work, the same group also described a rare
regioselective sulfenylation of o' —CH3 or «/ —CH; bonds adjacent
to a,p-unsaturated ketones without undergoing conjugate addition
[20] and the synthesis of sulfenylated pyrazoles using the same
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Scheme 7. Sulfenylation of the a-CH3 group of ketones.
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Scheme 8. Sulfenylation of a, p-unsaturated ketones and pyrazolones.

catalytic system (Scheme 8) [21]. The sulfenylation using strong
conjugate acceptors such as «,p-unsaturated ketones as nucleo-
philes exhibits a high regioselectivity without undergoing conju-
gate addition, which is difficult to achieve under the cross
dehydrogenative coupling method. This is a rare phenomenon
and is unprecedented.

However, Barman and co-workers found if using base and
iodine to promote the sulfenylation, the reaction regioselectivity is
controlled to give substituted p-ketosulfides solely at the more
hindered carbon, which is a thermodynamically more stable
enolate generated product [22]. This synthetic procedure has never
been reported and thus significantly attractive. The proposed
mechanism is similar to the aforementioned. The progress of the
reaction also involves the intermediate RSI followed by attack by
the highly substituted carbon center of unsymmetrical ketone to
give product, just enolate at the more hindered carbon is more
stable under the action of potassium t-butoxide affording the
corresponding products. Finally, the iodide ions are reoxidized to
iodine molecule in presence of DMSO and solvent to complete the
catalytic cycle (Scheme 9).

Significant efforts also have been made to synthesize sulfeny-
lated pyrazoles due to their extensive application in various
disciplines like materials chemistry, organic synthesis, bio- and
medicinal chemistry possessing a broad spectrum of biological
activities [23]. In 2017, Kamani group developed a novel strategy
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Scheme 9. Sulfenylation of the a-CH; group of ketones under K‘OBu.

for N-chlorosuccinimide mediated direct sulfenylation of pyrazo-
lones using aryl thiols as sulfur source at room temperature [24].
The presented protocol afforded numerous sulfenylated pyrazole
derivatives in good to excellent yields without further purification.
A plausible reaction mechanism for the transformation has been
proposed in Scheme 10. First, the reaction of NCS with thiophenol
forms the intermediate A. The subsequent nucleophilic attack of C-
4 of pyrazole ring on A generates the intermediate B followed by
dehydrochlorination. Finally, rearomatization of B leads to the
formation of the desired product by the formation of favored
tautomer (Scheme 10).

The direct sulfenylation of pyrazolones and oxindoles using N-
(thio)succinimides or sulfonyl chlorides as sulfenylating reagents
was also described by Zhao et al. [25]. For instance, Zhao and co-
workers developed an efficient method to synthesize pyrazolone
thioethers by employing aryl sulfonyl chlorides as sulfenylating
reagents [25b]. Potassium iodide was found to facilitate the
transformation for the first time by generating more reactive
sulfenyl iodide in situ from sulfenyl chloride in the presence of
triphenylphosphine. Initially, aryl sulfonyl chloride is reduced by
PPhs via intermediates A-E to sulfenyl chloride F, which is attacked
by iodide anion to give sulfenyl iodide G. Electrophilic thiolation of
pyrazolone tautomer K by sulfenylating reagent G gives the
corresponding pyrazolone thioethers (Scheme 11). The protocol
also can provide 2-aryl, and 3-aryl benzofuran thioethers under the
same conditions.

The direct sulfenylation of the a-CH of ketones also proceeded
smoothly under both transition metal and halogen free conditions.
A convenient NaOH-promoted direct sulfenylation of pyrazolones
with aryl thiols under mild conditions was demonstrated by Wang
and co-workers [26]. In this transformation, a range of valuable
sulfenylated pyrazoles can be easily achieved in moderate to
excellent yields, with high atom efficiency and good functional
group tolerance. The study of mechanism shows that first, the
hydrogen abstraction of pyrazolone by NaOH would produce
carbanion intermediate A, which underwent the rapid tautome-
rization leading to the enolate anion intermediate B. Subsequently,
the nucleophilic substitution of B with disulfide that generated
from thiol gave the corresponding sulfenylated pyrazolone C.
Finally, the rapid tautomerization of C would lead the generation of
the desired product (Scheme 12).

In 2017, Chen group achieved halogen-free Cs,COs-promoted
cross dehydrogenative coupling (CDC) of thiophenols with
acetonitrile. The proposed mechanism resembled Wang’s work
that the carbanion produced via hydrogen abstraction of acetoni-
trile by Cs,CO3 nucleophilic attack on disulfide that generated from
thiol. This transformation provides a straightforward route to the
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Scheme 10. NCS-Mediated sulfenylation of pyrazolones.
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Scheme 12. NaOH-Promoted sulfenylation of pyrazolones.

synthesis of a wide range of sulfenylated acetonitriles in up to 80%
yield (Scheme 13) [27]. In addition, a wide range of other
a-sulfenylated ketones including cycloketones, aldehydes and
lactones were also synthesized via halogen-free sulfenylation
under eco-friendly conditions [28].

2.3. Inert C—H of alkanes

Although there are many excellent works on the sulfenylation
of active C—H bonds of ketones to be achieved, researches about
the sulfenylation of inert C—H bonds of alkanes are rare. In 2016,
Wu group performed a concise pathway to the sulfenylation of
cycloalkanes with alkyl arylsulfinates [29]. A wide range of
thioethers were produced in moderate to high yields with iodine
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Scheme 13. Cs,COs-promoted sulfenylation of acetonitriles.

as the catalyst through inert C(sp®) —H sulfenylation. Notably, this
is the first report on using alkyl arylsulfinates as the sulfenylating
agent in cross-coupling transformation.

Authors proposed a reaction mechanism as shown in
Scheme 14. The reaction started with a thermal homolytic cleavage
of a peroxide to generate the t-butoxy radical, which reacts with
cyclohexane to provide radical A. Meanwhile, alkyl arylsulfinates is
reduced by diethyl phosphonate and I, to generate the aryl thiol
radical B, which is considered as the resting state of phenyl
disulfide. Finally, A reacts with B to afford the final product
thioethers (Scheme 14).

In 2018, Wang and co-workers disclosed the first protocol for
the sulfenylation of the unactivated methyl C(sp®)-H bond in 2-
picolines [30] (Scheme 15). The protocol comprises a one-pot, two-
step reaction through a TFAA-mediated [3,3]-sigmatropic rear-
rangement of pyridine N-oxides and TBAB-catalyzed direct
conversion of trifluoroacetates into thioethers under metal- and
base-free conditions. The present method is mild, scalable, highly
regioselective, and step- and atom-economical. The TBAB catalyst
is not required for those highly electron-rich 2-picoline N-oxides.
On the other hand, the method doesnot work well for electron-
poor N-oxides or alkylthiols.

Recently, Chen and co-workers described the highly efficient
synthesis of 9-thiolated fluorenes through a direct base-promoted
sulfenylation of fluorenes with thiols [31]. This reaction occurs at
ambient conditions and shows good tolerance of functional groups
including arylthiols and alkylthiols. A wide range of products are
obtained in good yields. A putative mechanism is outlined in
Scheme 16 for this transformation. Initially, phenthiol is oxidized
by TBHP to produce the intermediate A. Meanwhile, the fluorine
was abstracted a proton by base to furnish the anion B, which then
undergoes a nucleophilic attack on A to the target product and
releases the anion C. Finally, B can be transformed to the
intermediate A in the presence of oxidant (Scheme 16).

In 2019, a catalyst-free direct C(sp3)-H sulfenylation was
achieved by Chen and co-workers via the autoxidative cross-
dehydrogenative coupling (CDC) between xanthene derivatives
and thiophenols in ethanol using air as the sole oxidant at room
temperature [32]. This is the first report on the autoxidative
cross-dehydrogenative coupling (CDC) between xanthene deriv-
atives and thiophenols. This simple and efficient method provides
a straightforward access to 9-sulfenylated xanthenes, 9,10-
dihydroacridines and thioxanthene with good functional group
compatibility.

A plausible reaction mechanism for this transformation is
outlined in Scheme 17. Firstly, thiyl radical I and a proton are
generated from the autoxidation of thiophenol. Then, 9-xanthenyl
radical I might be formed via a hydrogen abstraction from
xanthene by radical I. Thus, in the presence of oxygen, the
oxidation of xanthene proceeds via radicals II and III to
hydroperoxide IV, which generates H,O, and a stabilized
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Scheme 14. Sulfenylation of cycloalkanes w1th alkyl arylsulfinates.
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pr]
A
+*

B

carbocation V. Finally, thiophenol attacks benzylic cation V,
leading to the formation of desired product (Scheme 17).
Moreover, Roizen group achieved the sulfamate ester guided
selective sulfenylation of alkanes via light-initiation [33]. The
research confirms the recently disclosed basic scientific insight
that N-functionalized sulfamate esters can guide position-selective
C(sp®)-H functionalization such as sulfenylation, azidation, ally-
lation. Theoretically, this xanthate-transfer process could occur
through a closed-cycle and/or a radical chain propagation
mechanism. In these processes, light initiates N-S bond homolysis
to convert N-xanthate into a xanthate radical and sulfamyl radical
A. This sulfamyl radical is poised for an intramolecular C—H

SAr
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Scheme 17. Catalyst-free sulfenylation of xanthene derivatives.

abstraction through a seven membered transition state to produce
carbon-centered radical C, imparting position selectivity to this
transformation. Then in a chain propagation mechanism, alkyl
radical C reacts with another substrate molecule to furnish alkyl
xanthate and another 1 equiv. of xanthate radical, which would
then propagate this chain reaction (Scheme 18).

3. Enantioselective sulfenylation of C(sp®)—H
3.1. N-(Thio)succinimides as sulfenylation reagents

The a-sulfenylation of ketones has been shown to generate an
asymmetric quaternary carbon center, hence there is scope for
developing enantioselective sulfenylated methods. In recent years,
there are more and more routes to enantioselectively synthesize a-
sulfenylated ketones and derivatives to be developed. Among these
tactics, N-(thio)succinimides are the most commonly applied
sulfenylated reagents, and most of the reaction substrates are
concentrated in oxindoles and other heterocyclones.

In 2015, Zhou group reported the first example of highly
enantioselective synthesis of structurally diverse chiral dithioke-
tals via asymmetric sulfenylation [34]. They speculated that
cooperation between an H-bond donor and a Brgnsted base might
be helpful for this process, so when cinchona alkaloid derivative
dihydroquinine was used as catalyst, structurally diverse chiral
dithioketals could be synthesized smoothly with high enantiose-
lectivity along with the broad substrate scope (Scheme 19).

Using chiral bicyclic guanidine derivatives as catalysts, Liu and
co-workers achieved highly enantioselective sulfenylation of
oxindoles with N-(thio)succinimides [35]. The reactions worked
smoothly in the presence of a chiral bicyclic guanidine and
afforded the unprecedented sulfenylated products with good to
excellent yields and enantioselectivities (up to 98%) (Scheme 20).

Organocatalytic asymmetric sulfenylation for the synthesis of
3,3-disubstituted oxindoles bearing two different heteroatoms at
the C3 position with commercially available cinchonidine as
catalyst was established by Yuan group [36]. A wide range of
optically active 3-thio-3-pyrrolyl-oxindoles could be smoothly
obtained under mild conditions with satisfactory results
(Scheme 21). In particular, this methods also was employed for
enantioselective synthesis of selenium-containing oxindoles
for the first time.

In 2016, Wang and co-workers achieved catalytic asymmetric
sulfenylation of 3-substituted oxindoles through efficient catalysis
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Scheme 18. Light-initiated sulfenylation of alkanes.
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Scheme 19. Catalytic asymmetric sulfenylation to synthesize dithioketals.

by tartaric acid derived chiral iminophosphoranes with N-
(phenylthio)phthalimide as the sulfur source [37]. A wide range
of optically active 3-phenylthiooxindoles were obtained in
excellent yields (90%-99%) and good enantiomeric excess (up to
90% ee) at room temperature (Scheme 22).

An asymmetric sulfenylation of 3-CF;-oxindoles catalyzed by a
cinchona alkaloid derivative was described by Xu and co-workers
[38]. 3-CFs-oxindoles with electro-donating groups led to corre-
sponding products in good yield and with good enantioselectivity
using quinidine-O'Pr as a catalyst (Scheme 23). Unfortunately, 3-
CFs-oxindoles bearing electro-withdrawing groups were not
applicable due to its significant decomposition at the optimal
reaction conditions.

Except for oxindoles, other ketone and heterocyclones such as
unsaturated butyrolactam [39], pyrazolones [40], benzofuran-2-
ones [34,35], p-ketocarbonyls [41] also can be asymmetrically
sulfenylated by N-(thio)succinimides using chiral catalyst. For
example, Mukherjee group described the first catalytic enantio-
selective a-sulfenylation of deconjugated butyrolactams using
dimeric cinchona alkaloids as the catalyst in water-enriched
reaction medium in 2017 [39]. This protocol delivers highly
substituted and densely functionalized y-lactams in moderate to
high vyields and generally with high enantioselectivities
(Scheme 24). Interestingly, substantial rate acceleration was
observed in water-enriched or aqueous media, possibly due to
hydrophobic hydration effect.

Using chiral iminophosphorane as the organocatalyst and
pentane as the solvent under continuum solvation conditions, an
excellent asymmetric sulfenylation of 4-substituted pyrazolones
was developed by Han and co-workers [40]. In particular, this
catalytic process offered the desired sulfenylated products in
excellent yields with high levels of enantiomeric excess and
features high efficiency, easy separation of products, low catalytic
loadings and scale-up to grams without loss of enantioselectivity
(Scheme 25).

The asymmetric sulfenylation of acyclic p-ketocarbonyls is
relatively few compared to (hetero)cyclones. In 2018, Mi and co-
workers developed a direct asymmetric a-sulfenylation of p-
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Scheme 20. Chiral bicyclic guanidine catalyzed asymmetric sulfenylation of oxindoles.
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Scheme 21. Cinchonidine catalyzed asymmetric sulfenylation of oxindoles.
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Scheme 24. Asymmetric sulfenylation of deconjugated butyrolactams.

ketocarbonyls using chiral primary amine as catalyst with good
yields and excellent enantioselectivities [41]. The reaction
proceeded via enamine catalysis with good stereocontrol for both
cyclic and acyclic p-ketocarbonyls (Scheme 26).

3.2. Other sulfenylating reagents

In addition to the most usually sulfur reagents N-(thio)
succinimides, disulfides were also employed for the asymmetric
sulfenylation of oxindoles in the presence of chiral phase-transfer
catalyst derived from cinchona alkaloids by Itoh group [42]. The
reaction was suggested to proceed in a radical mechanism.
Therefore, this catalytic process only provides moderate enantio-
selectivities (up to 72%). In 2016, Sheppard and co-workers
prepared the enantioenriched secondary alcohols via organo-
catalytic sulfenylation of aldehydes followed by organometallic
addition and desulfurization [43]. Importantly, to provide enan-
tioenriched desired a-phenylsulfenyl aldehydes in high enantio-
purity through asymmetric organocatalytic sulfenylation is vital
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Scheme 25. Asymmetric sulfenylation of pyrazolones.
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Scheme 26. Asymmetric sulfenylation of acyclic p-ketocarbonyls.

for this process (Scheme 27). This approach can provide access to
enantiomerically enriched chiral building blocks which are
difficult to access via existing approaches.

4. Summary and prospect

Herein we present an overview of the recent five-year
advances in the direct sulfenylation of C(sp®*)—H for C—S bond
formation under metal-free conditions. Various sulfenylating
reagents such as thiols, disulfides, sodium sulfinates, sulfonyl
chlorides, have been developed and employed for direct
sulfenylation of C(sp®>)—H bonds. In terms of eco-friend and
atom economy, disulfides might be more ideal sulfur reagents
than others. Although considerable efforts have been devoted and
great advances also have been achieved, there are still lots of
research that worth to be achieved. Direct sulfenylation of C—H
bond is still a vigorous research field. Firstly, there are few
research on inert a-H of alkanes which is a prospective virgin
research field. Moreover, only a few reactions have been
asymmetrically catalyzed and most on asymmetric sulfenylation
of active a-H. In addition, there is no report about the asymmetric
sulfenylation of inert a-H of alkanes. All of these need to be further
explored and the results need to be further improved upon. Finally,
the mechanisms of these reactions need to be further explored.
More specific reaction mechanisms should help us to design and
achieve more efficient and eco-friendly sulfenylations, and even
with high enantioselectivity. There are opportunities and chal-
lenges coexisting in this field. We believe that more and more
attention will be attracted to this area, and more innovative
achievements can be presented in the near future.
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Scheme 27. Asymmetric organocatalytic sulfenylation of aldehydes.
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