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Recent Advances in Transition Metal-Free Sulfenylation of Indoles
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Abstract Recently, the direct sulfenylation of C—H bond for C—S formation under transition metal-free conditions has
rapidly advanced and is employed for eco-friendly synthesis of sulfenylated natural or bioactive compounds with various sul-
fenylating reagents. In particular, the sulfenylation of indoles is considered to be the most important because it can lead to a
new class of molecules displaying a broad spectrum of biological and pharmaceutical activities. The recent five-year progress
in direct C—H bond sulfenylation of indoles under transition metal-free conditions is discussed and their mechanisms in detail

are described.
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1 Introduction

Indoles and their derivatives are prevalent in natural
products and biologically active compounds.!! Among the
various indole derivatives, sulfur-bearing indoles represent
a class of very important organosulfur heterocyclic com-
pounds, as they are present in many biologically and phar-
maceutically important molecules (Figure 1)."*! which dis-
play a broad spectrum of biological and pharmaceutical
activities, including anti—HIV,B] anti-cancer,” anti- obesi-
ty,) anti-allergies,'” etc.

As a result, much effort has been made towards devel-
opment of efficient route to access indole thioethers. Tra-
ditionally, metal-catalyzed C—S bond formation between
C—X/C—H and different sulfur sources such as thiols,
sulfonyl chlorides, disulfides, sulfonyl hydrazides, and
other S-containing reagents is well known.!”! In spite of
some great advantages, some of these processes could suffer

* Corresponding author. E-mail: Xin_MingXu@163.com

from certain drawbacks, including pre-functionalization of
reactants, harsh reaction conditions, and toxic metal cata-
lysts. In recent years, transition metal-free C—S bond
formation by direct C—H sulfenylation of indoles has at-
tracted much attention because the metal-free procedures
are greener and cost-effective, and more and more excellent
and significant works have been presented.®! The recent
five-year progress in direct C—H bond sulfenylation of
indoles under transition metal-free conditions is discussed
and their mechanisms in detail are described

2 C(2)—H bond sulfenylation of indoles

Because of its electronic properties, indoles could be
easily functionalized at the C(3) position through reaction
with electrophiles. Thus, thioethers can be easily introduced
at C(3) by using a number of sulfenylating reagents. How-
ever, 2-sulfenylindoles is hard to be acquired by direct
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C—H sulfenylation of C(3)-unsubstituted non-protected
indoles due to the weak reactivity of the C—H bond at the

C(2) position.
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Figure 1 Representative examples of bioactive indole-based
organosulfur compounds

If using C(3)-substituted indoles as substrate, C(2)—H
bond sulfenylation of indoles can easily take place under
transition metal-free conditions with various sulfenylating
reagents. In 2017, Gustafson group'” demonstrated that a
conjugate Lewis base-Bronsted acid catalyzed sulfenylation
at C(2) position of C(3)-unsubstituted indoles with N-(thio)-
succinimides under mild conditions (Scheme 1). An effi-
cient catalyst that contains a thiourea tethered to carboxylic
acid was found to sulfenylate electron rich heterocycles at
room temperature. Obviously, the C—H sulfenylation will
happen at C(3) position with C(3)-unsubstituted indoles as
substrate.

In most of the literature about the C(3)—H bond sul-
fenyaltion of indoles, special C(3)-substituted substrates
were also employed to be sulfenylated utilizing the same
strategy and 2-sulfenylindoles could be obtained in moder-
ate to high yields with different sulfenylating reagents in-
cluding thiols, disulfides, sulfonyl chlorides, sulfonyl hy-
drazides, N-thioimides, efc. under transition metal-free
conditions [1829-3134-3642.46]

In 2015, the stepwise construction of 2-sulfenyl indoles
could be successfully achieved by Xu group!'” through
combination of the C(3)—H sulfenylation and acid- cata-
lyzed rearrangement of 3-sulfenylindoles. Firstly, an un-
precedented sulfenylation of N-substituted indoles was
achieved using DMSO as sulfenylating source via met-
al-free oxidation and methylthiolation. Subsequently, the
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Scheme 1 Lewis base-Bronsted acid catalyzed sulfenylation of
indoles at C(2) position

rearrangement of 3-methylthioether-substituted indoles
promoted by trifluoroacetic acid led to the facile synthesis
of the corresponding 2-sulfenyl indoles (Scheme 2). All the
desired 2-methylthioether indoles were isolated in moder-
ate to good yields. Notably, the novel and general sulfenyl-
ation of indoles might be very valuable and attractive pro-
tocol in medicinal and organosulfur chemistry.

In addition, Cossy group!"!! presented an efficient direct
C—H sulfenylation reaction at the C(2) position of C(3)-
unsubstituted N-unprotected indoles using N-(thio)succinic-
mides as the sulfur sources. Experimental results confirmed
that the desired product 2-sulfenylindoles could be pro-
duced through the rearrangement of C(3)-sulfenylated in-
doles rather than direct C—H sulfenylation at the C(2)
position (Scheme 3). Firstly, the C(3)-sulfenylated indole B
was formed, which can be protonated by trifluoroacetic acid
(TFA) giving the intermediate C, then it proceed the tri-
fluoroacetate anion induced desulfenylation to generate the
starting indole as well as CF;CO,SR”. As the strong elec-
trophilic sulfenylating reagent, CF;CO,SR* can react with
compound B to afford the 3,3-bis-sulfide indolenium D.
One of the sulfide groups migrate to the C(2) position
leading to the 2,3-disubstituted indole E which underwent
protonation and desulfenylation to produce the expected
2-sulfenylindole as well as the acyloxysulfide. The
acyloxysulfide can be trapped by the unsubstituted indole to
regenerate the C(3)-sulfenylated indole B to enter catalytic
cycle. But it’s worthy to be pointed out that when an elec-

http://sioc-journal.cn/ 887
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Scheme 2 C(2)—H sulfenylation of C(3)-sulfenylindoles through rearrangement reaction
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Scheme 3 TFA-catalyzed sulfenylation reaction at the C(2) position of indoles

tron-withdrawing group is present on the nitrogen or sul-
fenylated reagents, the C(3)-sulfenylated indoles were iso-
lated in high yields.

3 C(3)—H bond sulfenylation of indoles

As we all know, the direct C—H bond sulfenylation of
indoles usually occurred at C(3) position due to its elec-
tronic properties. In the past years, great efforts also have
been devoted to create new protocols for the construction of
C—S bonds. At present, various sulfenylating reagents such
as thiols, disulfides, sulfonyl hydrazides, sulfinic acids, and
so on have been employed for the C(3)—H bond sulfenyl-
ation of indoles.!"”

3.1 Thiols as sulfenylating reagents

Iodine-catalyzed sulfenylation of indoles with various
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thiophenols in the presence of different oxidants such as
TBHP,"*' H,0,,"* and DMSO!"*! were described by Wang,
Huang, Shen et al. The 3-sulfenylindoles could be obtained
with good to excellent yields under environmental mild
conditions (Scheme 4). The notable features of these pro-
tocols include the extensive scope of substrates, the mild
reaction conditions and the high selectivity of reaction site
delivery promising applications in drug discovery and
functional materials.

The green combinational oxidants of BSA-O,, Flavin-O,
or GO-DMSO were also employed to promote the sul-
fenylation of indoles under iodine-catalyzed conditions. In
2016, Sinha and co-workers!"® coalesced biocatalyst and
chemocatalyst for direct sulfenylation of indoles as well as
hydroxyaryls with readily available thiophenols using BSA-
0O, as cooperative oxidant in aqueous medium. Subse-

Chin. J. Org. Chem. 2020, 40, 886~898
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Scheme 4 lodine-catalyzed sulfenylation of indoles with thio-
phenols

quently, Basu group!'” disclosed the sulfenylation of in-
doles with thiols in the presence of catalytic grapheme ox-
ide and Nal using DMSO as both solvent and oxidant, lida
group!'™ presented a flavin-iodine system realizing the
novel direct sulfenylation of indoles with thiols under O,
condition (Scheme 5).
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Scheme 5 Sulfenylation of indoles using combinational oxi-
dants

The mechanism of all iodine-catalyzed sulfenylation of
indoles with additional oxidants proposed by these groups is
coincident and presented in Scheme 6. Firstly, RSH reacts
with I, which is added directly or produces by oxidation of
Nal to form an electrophilic species RSI A, which can pro-
vide the electrophile RS" and react with indole moiety to
produce intermediate B. Then deprotonation of B gives the
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desired products and HI that is oxidized by different oxi-
dants to regenerate I, which again enters the catalytic cycle.

D
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R—SH OX|dant
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Scheme 6 Proposed mechanism of iodine-catalyzed sulfenyla-
tion of indoles

Using I,/DMSO catalytic system with aid of microwave
irradiation, readily available triethylammonium thiolates
were proven to be new and eco-friendly sulfenylating
agents for the synthesis of sulfenylated indoles and pyrroles
by Li and co-workers in 2017 (Scheme 7).!"! In this pro-
tocol, various functional groups on substrates are tolerated
to generate the desired products in good yields.
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Scheme 7 Sulfenylation of indoles with triethylammonium
thiolates

Liu,® Lin®" ez al. found by using simple inorganic io-
dine salt KIOs; as the sole catalyst, the sulfenylated indole
products were easily synthesized with good tolerance and
satisfactory yield in DMSO/H,0. Initially, indoles react
with KIO; to produce polyvalent iodine intermediate 2
through intermediate 1, which releases KOH to yield in-
termediate 3. The addition of thiophenol to the I=0 bond
generates intermediate 4. The reductive elimination of 4

http://sioc-journal.cn/ 889
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provides the target product and iodous acid, which is then
oxidized to regenerate potassium iodate for further catalysis
in the presence of KOH and air (Scheme 8).
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Scheme 8 Indoles sulfenylation by KIO; catalysis

Indoles and their derivatives also can be sulfenylated
with thiophenols through free radical mechanism catalyzed
by rose bengal or grapheme oxide. In 2017, Guo group'™”
developed an efficient photocatalytic direct sulfenylation
of indoles employing thiophenols as the sulfenylating
agents, inexpensive rose bengal as the photocatalyst
(Scheme 9). This protocol shows mild conditions, readily
available starting materials, high atom and step economy,

sented the graphene oxide mediated sulfenylation of in-
doles using thiols as sulfenylating reagent under iodine and
transition metal free conditions (Scheme 9). The two pro-
posed reaction mechanisms are in common which rose
bengal or graphene oxide might act as a radical initiator
transforming benzenethiol into phenylthiophenol radical A.
Then the thioyl radical A interacted with indoles to pro-
duce the radical intermediate B. After that, B was oxidized
to the intermediate C. Finally, deprotonation of intermedi-
ate C led to the formation of 3-sulfenylindoles.

3.2 Disulfides as sulfenylating reagents

Disulfides are commonly used organic sulfur rea-
gents, and they can react with iodine to afford electrophilic
species RSI which can provide the electrophile RS* and
react with various substrates to produce sulfenylated prod-
ucts.*¥

In 2018, Lenardao group described the synthesis of sul-
fenylindoles through the C—H sulfenylation of indoles with
diaryl disulfides using the unprecedent 1,/SeO, catalytic
system (Scheme 10).1*) As depicted in Scheme 10, a pos-
sible mechanism which contains three catalytic cycles was
proposed by authors. In Cycle A, disulfide firstly react with
I, to form PhSI, which then reacts with indole to form
products and HI; this cycle is completed by the reaction of
HI with SeO, to form I,. The in situ formed selenium
by-product facilitates Cycle B by reacting with indole to
form intermediate 3. Intermediate 4 is formed after reaction
with PhSI, which is generated in situ from PhSSPh and I,,
and then suffers disproportionation to deliver the expected
product and selenone 5. Nucleophilic attack of 5 by indole
forms more 3 and HI, which is oxidized back to I, by SeO,,
giving more Se (cycle B). This efficient method with good
substituent tolerance on both the disulfide and the indoles
can furnish diverse sulfenylindoles.
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Indoles sulfenylation through radical mechanism
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Cycle A

PhS—I

Scheme 10 Proposed mechanism of iodine/ SeO,-catalyzed sulfenylation

Yan and co-workers® successfully used catalytic
amount of sodium iodine instead of iodine as promoter to
synthesize 3-arylthioindoles in good yields via the pho-
toirradiation of indoles and disulfides. This protocol has
good functional group tolerance and eco-friendly mild
conditions, but only using aryl disulfides as sulfenylating
reagents. A possible reaction mechanism is outlined in
Scheme 11. The diphenyl disulfide is firstly activated under
the photoirradiation to provide a diphenyl disulfide anion
radical A via single electron transfer. The decomposition of
A generates thiophenol anion and phenylthiyl radical B,
which reacts with the iodine radical to afford the aryl-
sulfenyl iodine C. Finally, the subsequent electrophilic
substitution with the indoles provides the desired product
3-arylthioindole (Scheme 11).

SPh
PhS H’/\,
PhS \
——= PhsH +
N
PhSSPh H
[PhSSPh
\ PhS -
A
N \/\
H PhS + PhS
Scheme 11 Proposed mechanism of visible-light promoted

sulfenylation

Under iodine-free conditions, Song and co-workers!*”

achieved an efficient --BuOK promoted C(3)-sulfenylation
of indoles with disulfides (Scheme 12). The presented
protocol featuring mild reaction conditions and short reac-
tion times exhibits a broad functional group tolerance af-
fording structurally diverse sulfenylated indoles with or

Chin. J. Org. Chem. 2020, 40, 886~898
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without protecting groups.
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Scheme 12 -BuOK-promoted sulfenylation of indoles

3.3 Sodium sulfinates or sulfinic esters as sulfenyl-
ating reagents

In 2015, Liu and co-workers™®™ described an unprece-
dented by-product I, promoted sulfenylation of indoles in
which sulfinic acids were used as sulfenylating reagents. In
the presence of TsOH and BuyNI, lots of aryl- and alkyl-
sulfinic acids underwent well sulfenylation with substituted
indoles to give structurally diverse desired products in high
yields (Scheme 13). They proposed the reaction pathway
depicted in Scheme 13. Initially, in the presence of TsOH
and n-BuyNI, the sulfinic acid is transformed to disulfides
A, which reacts with I, to give the sulfenyl iodide B. Then
the intermediate B is attacked by indole to give products and
HI. Todine regenerated from the reaction of HI and sulfinic
acid could promote the reaction continually.

The sulfenylation of indoles with sulfinic acids in the
presence of TsOH and n-BuyNI was also reported by Bar-
man and coworkers.”” Although the reaction mechanism is

http://sioc-journal.cn/ 891
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alike, however, these reactions proceed under microwave
irradiation with excellent yield, shorter reaction time and
solvent-free conditions.

~R?
“ TBAI (1.2 equiv.) 3
R AN + RZ-SOH TsOH (0.2 equiv. RiC NN
Z N R2=alkyl. aryl DCE, 80°C Z >N
H "7 70% ~ 99% vield H

R' = Cl, NO,, Me, etc. 70% ~ 99% yield

R2—S0,H
27 p-BugNI, TsOH

I2
S k
AN X
H H

Scheme 13  Sulfenylation of indoles with sulfinic acids

Harrity,*"! Xie*"! er al. successively described an iodine-
PPh; mediated sulfenylation of indoles with sodium sul-
finates as the sulfur source. They used different sodium
(aryl or alkyl) sulfinates as sulfenylating reagents affording
the relevant sulfenylindoles in moderate to excellent yields
under mild conditions (Scheme 14). The reaction mecha-
nism is the same as above Barman’s work, except that PPh;
is used instead of diethyl phosphite as reductant.

R Aryl—SO,Na

> I, (1.0 equiv.)
R”_(/\E\g PPhs (20equiv) "N
Z N H,0, reflux % N
H 60% ~ 98% yield H
Alkyl—SO,Na s-R
I, (1.0 equiv.) A A\
PPh; (2.0 equiv.) R
B — = N
EtOH, 70°C H
66% ~ 100% yield
s—p-Tolyl s—p-Tolyl S/CNBOC
A\ A\
@ &Ph \
N N
H H N
82% 96% 84%
S/CNBOC g—p-Tolyl g—p-Tolyl
F
N
N N N
H H
100% 98% 94%
S NBoc Me pNBoc
N
N N
98% Me 48%

Scheme 14 Todine-PPh; mediated sulfenylation of indoles with
sodium sulfinate

In 2017, Zhao and co-workers®***! continuously pub-
lished two articles on the trifluoromethylthiolation of in-
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doles using CF;SO,Na in the presence of PCl; or PhPCl,.
First of all, they achieved the direct trifluoromethylthiola-
tion of electron-rich aromatics with CF3;SO,Na in the
presence of PCl; used as a reducing and chlorination rea-
gent. The transition metal-free protocol utilized cheap and
readily available reagents and exhibited good atom econ-
omy and functional group compatibility. However, due to
reacting rapidly with indole, the slow addition of PCl; was
carried out using a syringe pump leading to complicated
operation and long reaction time. Thus, they replaced PCl;
with PhPCI, which is less electrophilic than PCl; and reacts
less rapidly with indoles (Scheme 15).

R2
(a) PCls (1.2 equiv), CHsCN, 60°C /=1
22% ~ 86% yield /

+ CF3SHO,Na -
or (b) PhPCI, (1.4 equiv.) 3-N_
. o R SCF3
R? Dioxane, 70°C .
___________________________ 35% ~91%yield R
SCF3
A\
HN
_ N HN
PN scrs H Me-NA~scF e
SCF3 e 3 SCF3

Me
86%7, 90% 66%7, 76%" 45%7, 35%" 72%7,89%" 35%, 15%"

Proposed reaction mechanism:
F3C\ N
CF3SONa + XPCl; —>  S-Q  S—CF;
X =Cl, Ph o PO
X A
RZL\ N R!
P N \\S—CF;;
\
R3 R2 | N \ R’l
N\ /B N
X< p-OH X p-Cl R®
I | XPCl,
OH " xpcl,
D SCF,
R N R!
Z N
R3

Scheme 15 Trifluoromethylthiolation of indoles

A plausible reaction mechanism for this transformation
was depicted in Scheme 15. Initially, CF;SO,Na may react
with PCl; to form intermediate A, which is attacked by
indole twice to give intermediate B and C. Intermediate B
reacts with PCl; to generate P(OH)CI, (D). Reduction of B
by PCl; and D gives the corresponding indole trifluorome-
thylthioethers.

In 2018, Yang et alP¥ disclosed a catalyst-free sul-
fenylation of indoles with sulfinic esters as new sulfur
electrophiles in ethanol. The protocol afforded a series of
structurally diverse sulfenylated indoles in high yields un-
der catalyst-free conditions. The possible reaction pathway
proposed is that the sulfinic ester is reduced by ethanol to
form sulfonothioate 1 and sulfinic acid 2, which proceed a

Chin. J. Org. Chem. 2020, 40, 886~898
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electrophilic reaction with indoles to generate intermediates
3 and 5. Then the sulfinic acid 2 was formed from anion 4,
resonance of intermediate 3, which can also react with in-
dole to provide the intermediate 5. Finally, the intermediate
5 transforms into the desired sulfenylated indoles (Scheme

16).
s-R?
A EtOH, 90 °C X
R1—!,/\;E\> + R2-SO,ft ————— Rji-IL D
N 38% ~ 88% yield Z N
H H
S
A\ ® A HN
N N — HN__~ Me
\ N S
H Bn H
88% 72% 43% 4 “p-Tolyl
54% 57%
Proposed reaction pathways:
EtOH
Oy ,9
—sozEt SOz
CH3CHO, HZO
? ?
PN R2—S-
RZ O
4
H 2
P e
R?-S0O,H \
P 4>
N
2 5 N H

Scheme 16 Catalyst-free sulfenylation of indoles with sulfinic
esters

3.4 Sulfoxides as sulfenylating reagents

Indoles can also be sulfenylated by various sulfoxides
under transition metal-free conditions. For example, Xu
group established an unexpected and unprecedented me-
thylthiolation of substituted indoles using dimethyl sulfox-
ide as the sulfur source under the Swern oxidation condi-
tions, in which ketone-containing 3-sulfenylindoles was
directly synthesized from readily available starting materi-
als in good yields."” In 2018, Procter and co-workers de-
veloped a cascade vicinal bifunctionalization of indoles that
provides an efficient method to the C(3) sulfenyl, C(2)
carbon indole derivatives. The present strategy underwent
an interrupted Pummerer coupling of activated allyl sul-
foxides and a charge accelerated [3,3]-sigmatropic rear-
rangement of allyl heteroaryl sulfonium salts (Scheme
17).5% The handy method is not only applicable to indoles
but also to other heterocyclic compounds affording C(3)
and C(2) dual functionalized products in moderate to good
yields under mild conditions.

However, when y-substituted allyl sulfoxides were em-
ployed, the C(2) thio, C(3) allyl indoles were also formed
showing inferior regioselectivity, upon utilizing the more
hindered N-"Pr indole, C(2) sulfenyl C(3) allyl regioisomer

Chin. J. Org. Chem. 2020, 40, 886~898
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was obtained as the sole regioisomeric product. Authors
proposed the following mechanism for the dual function-
alization cascade and reaction regioselectivity (Scheme 18).
Activation of the allylic sulfoxide with TFAA generates
sulfoxonium salt A, which is trapped by indole through the
inherently nucleophilic C(3) position to form sulfonium salt
B. Subsequent charge accelerated [3,3]-sigmatropic rear-
rangement B accomplishes the second functionalization
event and delivers the desired C(3) sulfenyl, C(2) allyl
indoles. When the more hindered group was incorporated in
v position or nitrogen, the [3,3]-sigmatropic rearrangement
is disfavored on steric grounds and instead a [2,3]-sigma-
tropic rearrangement of allyl sulfonium salt B forms in-
termediate C, which then undergoes facile sulfur migration
to C(2), likely via an episulfonium ion intermediate.

I 5 R3. R4

N SNg# TFAA (1.1 equiv.) S
R1® Rt KgPO, DCM
g + P wE——
Z N [ 78°Ctort.
9

R? R5">SR6  40%~

88% 9%
SMe SMe CO,Et
O \
N N
Me A
82% 919

Scheme 17 Dual functionalization of indoles
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Scheme 18 Proposed mechanism of dual functionalization of
indoles

3.5 Sulfonyl chlorides or hydrazides as sulfenylating
reagents

The iodine-mediated sulfenylation of indoles with low-
cost, and readily available, stable aryl or alkyl sulfonyl
chlorides using different reducing agents such as iodine,
PPh; and DMF has been demonstrated.”® In 2017, Xiang
group®®” found a new TBAI-mediated sulfenylation of in-
dole derivatives and other electron-rich aromatics with
various sulfonyl chlorides. This protocol featured easy
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operation, highly regioselective, and showed a broad func-
tional group tolerance. A possible reaction mechanism was
proposed in Scheme 19. Initially, in the presence of reduc-
ing reagent TBAI and solvent DMF, the sulfonyl chloride is
transformed into disulfides, which reacts with iodine to give
RSI. Then R’SI is attacked by indoles generating the de-
sired products 3-sulfenylindoles and iodide that reacts with
sulfonyl chloride to enter the next catalytic cycle again. By
means of this kind of protocol, a range of C(3) arylthiolated,
alkylthiolated, trifluoromethylthiolated and difluorome-
thylthiolated indoles and other electron rich aromatics are
generated in high to excellent yields under mild conditions.

SR®
A TBAI (3.0 equiv. X
R N+ RIsoLCH TBAI (3.0 equiv.) Rzl TN
N DMF, 60 °C Z~N
\ 59% ~ 90% yield \
R! R’
Proposed reaction mechanism:
|
t-BuyNI 2
R3S0,Cl < R3S-SR?
0 / \ o]
I2
Me,N™ "H Me,N™ "OH
SR3 HI
% R3Sl
R2_' \
! N RZ_: A \
R N
R1

Scheme 19 TBAI-mediated sulfenylation of indoles with sul-
fonyl chlorides

Subsequently, Sinha and co-workers™®® developed eco-
friendly and temperature tunable sulfenylation of indoles, in
which the synergistic effect between [hmim]Br-ArSO,Cl
exclusively leaded to the formation of 3-arylthio indoles at
room temperature, while at 50 “C this reaction provided an
unexpected 2-halo-3-arylthioindoles without addition of
any external halogenating agent (Scheme 20). The insight-
ful mechanism research shows that this procedure also
includes the formation of RSX and then nucleophilic reac-
tion with indoles. Moreover, this tunable protocol is mild,
efficient and has a broad substrate scope.

Recently, Radosevich group™” reported an efficient or-
ganophosphorus-catalyzed sulfenylation of indoles. This
progress was catalyzed by a readily available phosphine
(phosphetane) in conjunction with a hydrosilane terminal
reductant to afford the desired products. Based on the ex-
perimental results, authors proposed a plausible reaction
mechanism for this phosphacatalytic deoxygenation/sulfa-
nylation of indoles as outlined in Scheme 21. Firstly, the
precatalyst 2¢[O] is reduced to the active phosphetane 2 by
phenylsilane (step A). Subsequently, 2 operates on RSO,Cl
to the formation of active sulfenyl electrophiles I by twofold
deoxygenation of the sulfonyl chlorides (steps B, C). In
effect, intermediate I may be viewed as a phosphine oxide
Lewis base adduct of sulfenium fragment, which can en-
hance the reactivity of electrophilic reagents.”*”! Finally,
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Scheme 20 Sulfenylation of indoles with sulfonyl chlorides in
[hmim]Br

reaction of I with indoles formed the target product and
regenerated 2¢[O] to complete the catalytic cycle (step D).
Alternatively, formation of intermediate II may proceed
directly from I (step E) or via sulfenyl chloride RSCI (step
F), upon which II can rejoin the catalytic cycle by reduction
with terminal phenylsilane (step G) (Scheme 21).

SR
2+[O] (15 ~ 20 mol¥
RIC TN + RsOL I I s A’BO—\X
O N (1.8 equiv.) PhSiH3 (2.0 equiv.)
H 1,4-dioxane, 40 °C
45% ~ 9% yield
I\I/Ie
Me/MevP RSH + [Si]—Cl
o Me
[Si—Ql, ) N{\éle G .
[Si]—H
A RSO,CI y
B
. Me
[Si]—H o
2+[c1* Me/MvE\SR
+ RSO, Me =Y
I\I/Ie M\éle
Me
Me P\\o RSOCI F
e
e 2+[0] 2+[0]
2¢[CIT* RSCI
+RSO/
HN__

srR D Me .
+HCI /N O cr

N
H

Scheme 21 Organophosphorus-catalyzed sulfenylation of in-
doles with sulfonyl chlorides
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Sulfonyl hydrazide is a high atom-economical, odorless,
non-toxic sulfenylating reagent, and has been already de-
voted to construct 3-sulfenylindoles. Wang and co-work-
ers'!! achieved the catalyst-free synthesis of 3-sulfen-
ylindoles with sulfonyl hydrazides in water without ligand
or additive. Besides, a variety of functional groups could
tolerate the reaction conditions well and the by-products
were only nitrogen and water. A possible reaction mecha-
nism was proposed and depicted in Scheme 22. Firstly,
sulfonylhydrazides transform into minor A and major in-
termediate B which can dissociate into C in the presence of
water. Subsequently, the intermediate C is nucleophilic
attacked by indoles generating intermediate D and E. The
intermediate E resonates with sulfur-centered anion F,
which can form sulfinic acids G in the presence of water.
Meanwhile, the intermediate D quickly transforms into
desired product with the release of proton (Scheme 22).

R2
_|_ s—Ar
\ /7 0 0
I H,0, 70°C N
+ Ar—S—NHNH, —————» R2—1/ MRt
r3-N~ o 35% ~ 99% yield ,\{
R1 R3

Me
SO,NHNH, s /©/

i %

Me - Hy0, Hy, No Me A minor

or and

/©/SOZH
Me
G /©/Me Me “
Me
A o

| Z N\ +

O™ F o) o E S -s
oty
Me

pTonI o Me \C
6 L 5
N

N H

D

Scheme 22 Catalyst-free sulfenylation of indoles with sulfonyl
hydrazides

Barman et al."** found that under microwave irradiation,
using organic ionic base-Brensted acid could improve sul-
fenylation efficiency of indoles with sulfonyl hydrazides as
thiol surrogate. A variety of aryl- and alkyl-sulfonyl hydra-
zides react with indoles well to give diverse 3-sulfenyl-
indoles in moderate to excellent yields in 10 min (Scheme
23). The process could be a greener alternative due to the
short reaction time, high yield, broad substrates scope and
use of a recyclable ionic liquid.

3.6 Bunte salts as sulfenylating reagents
Bunte salts have been developed and well applied in or-
ganic synthesis due to their easy preparation and stabilities
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Scheme 23 DBU-based ionic liquid promoted sulfenylation of
indoles

without unpleasant smell. It was also reported that Bunte
salts reacted with iodine to generate electrophilic sulfenyl
iodide (RSI) species which was known to undergo sul-
fenylation reaction of indoles with concomitant formation
of HL" In 2016, Luo group'**! developed an efficient cat-
alytic method for the synthesis of 3-sulfenylindoles under
metal-free conditions using readily available odorless
crystalline Bunte salts as the sulfenylating agents and
DMSO as both the oxidant (Scheme 24). This reaction is
practical and environmentally benign, selective at C(3)
position of indoles, and compatible with a wide range of
substrates giving the desired products in excellent yields.

s—R'
N I, (20 mol% A
R2+@\> + R1S_SO3N u» R2+ AN
Z N DMSO, 80°C AN
R 66% ~ 92% yield R
]
N s
HN _A~g ) s._HN-/
HN__~ s N
e \ Me
85% CaHo MeO
0, 0,
MeO 89% MeO 87%
92%

Scheme 24 Sulfenylation of indoles with Bunte salts

Subsequently Ji and co-workers!*”! achieved the TBAI
catalyzed 3-sulfenylation of indoles with Bunte salts. Au-
thors hypothesized that the Bunte salt reacts with water in
the presence of TBAI to produce the thiol or the thiol anion
and the bisulfate anion, which further oxidizes iodide ion
to furnish iodine. Another Bunte salt is nucleophilic at-
tacked by the thiol anion to afford disulfide, which reacts
with I, to form an electrophilic species RSI. The desired
product and iodide ion are obtained via the reaction of
electrophilic species RSI with indole and deprotonation
(Scheme 25). This protocol deftly used in situ generated
bisulfate anion to oxidate iodine ion without extra-oxidant,
and is more environmentally friendly therefore.

4 C(2), C(3) disulfenylation of indoles

Notably, the indoles is an electron-rich aromatic
compound that can undergo nucleophilic reactions at both

http://sioc-journal.cn/ 895
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Scheme 25 TBAI-mediated sulfenylation of indoles with Bunte
salts

C(2) and C(3) positions. Although many methods have been
successfully established to construct structurally diverse
mono-sulfenyl indoles, protocols that can accomplish dou-
ble C—H sulfenylation of indoles at 2- and 3-positions still
remained scarce.

In 2015, Wang group!®! described the synthesis of
2,3-bissulfenyl indoles under transition metal-free condi-
tions and using readily available thiols as sulfur source
when they performed the C(3)—H bond sulfenylation of
indoles. This efficient method has good substituent toler-
ance and can furnish mono- and bis-sulfenylindoles just by
varying the amount of iodine and oxidants. A plausible
reaction mechanism for mono- and bis-sulfenylations of
indoles is proposed in Scheme 26. Firstly, the electrophilic
species RSI A obtained from reaction of RSH I, reacts with
indole to afford intermediate B, which releases a proton to
give the monosulfenyl indole. Then the second sulfenyla-
tion of indole still occurs at the 3-position of indole leading
to 3,3-disubstituted indolenine intermediate C, which mi-
grate one of the sulfide groups to the 2-position to furnish
2,3-disulfenyl indoles. Finally, I, is oxidized by TBHP to
enter the next catalytic cycle (Scheme 26).

In 2018, Lenardao group'®! also found that bis-sulfen-
ylindoles could be provided just varying the amount of SeO,
based on the reaction conditions of monosulfenylation. The
available protocol features good substituent tolerance on
both disulfide and indole, selectivity, mild conditions and so
on (Scheme 27). The proposed mechanism for this trans-
formation was depicted in Scheme 10. The formation of the
bis-sulfenylated indole followed a similar pathway to that
shown in cycle A, with the exception that the mono-sulfen-
ylated indole is the starting material instead the indole, as
previously described (Scheme 10, cycle C).

An iodine-catalyzed method using hydrogen peroxide as
the oxidizing agent in PEGyoy under microwave conditions
for the synthesis of mono- and di-sulfenylindoles via sul-
fenylation of indole with sodium alkyl- and aryl-sulfinates
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Scheme 26 I,-catalyzed disulfenylation of indoles with thiols
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Scheme 27 Disulfenylation of indoles with disulfides

was established by Barman group in 2017.1¢! This pre-
sented protocol offered mono- or di-sulfenylindoles by
varying the amount of iodine, H,O, and diethyl phosphite in
good to excellent yields with excellent functional group
tolerance and can be easily performed within short reaction
times under mild reaction conditions. The proposed plausi-
ble mechanism is similar to Wang’s worker except that the
electrophilic RSI B was formed by the reaction of I, and
disulfide which is generated from sodium sulfinate in the
presence of I, or H,O, with diethyl phosphite. Moreover, I,
is regenerated by the oxidation of H,O, not TBHP with the
formation of H,O in the end (Scheme 28).

5 Summary and prospect

In recent years, the construction of C—S bonds through
direct C—H sulfenylation reactions has rapidly advanced
and become an eco-friendly synthetic tool for pharmacists

Chin. J. Org. Chem. 2020, 40, 886~898
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Scheme 28 Sulfenylation of indoles with sodium sulfinate

and organic chemists. Herein we present an overview of the
recent progress in C—H bond sulfenylation of indoles un-
der transition metal-free conditions. Because its rich-elec-
tron property, many methods have been established for the
sulfenylation of indoles at C(2) or/and C(3) position with
various sulfenylating reagents such as thiols, disulfides,
Bunte salts, sodium sulfinates, etc. Although much attention
has been attracted and great advances have been achieved,
there are still some puzzles that need to be addressed. At
present, most of sulfenylation of indoles occurred at C(3)
position, so C(2)—H sulfenylation and C(2)/C(3)—H di-
sulfenylation need further to be probed. The regioselectivity
of the reaction is also an issue worth to be explored. More-
over, the synthesis of sulfenylindoles having reactive hy-
drogen functional groups (peculiarly NH, and CO,H) has
not been well documented to date. Finally, the mechanism
of the reaction is worth in-depth study, which helps us to
design and achieve more efficient and eco-friendly sul-
fenylations of indoles. Direct C—H bond sulfenylation of
indoles is a vigorous research field filled with opportunities
and challenges. We believe that more and more attention
will be attracted to this area, and more and more innovative
achievements will emerge in the future.
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