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(RSO,Na): a powerful building block for the
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This review highlights the preparation of sodium sulfinates (RSO,Na) and their multifaceted synthetic
applications. Substantial progress has been made over the last decade in the utilization of sodium
sulfinates emerging as sulfonylating, sulfenylating or sulfinylating reagents, depending on reaction
conditions. Sodium sulfinates act as versatile building blocks for preparing many valuable organosulfur
compounds through S-S, N-S, and C-S bond-forming reactions. Remarkable advancement has been
made in synthesizing thiosulfonates, sulfonamides, sulfides, and sulfones, including vinyl sulfones, allyl
sulfones, and B-keto sulfones. The significant achievement of developing sulfonyl radical-triggered ring-
closing sulfonylation and multicomponent reactions is also thoroughly discussed. Of note, the most

promising site-selective C—H sulfonylation, photoredox catalytic transformations and electrochemical
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Accepted 3lst January 2021 synthesis of sodium sulfinates are also demonstrated. Holistically, this review provides a unique an

comprehensive overview of sodium sulfinates, which summarizes 355 core references up to March

DOI: 10.1035/d0ra09759d 2020. The chemistry of sodium sulfinate salts is divided into several sections based on the classes of

Open Access Article. Published on 01 March 2021. Downloaded on 4/23/2026 2:59:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Department of Chemistry, University College of Science, Osmania University,
Hyderabad 500 007, India. E-mail: rajuchem77@osmania.ac.in; rajuchem08@
yahoo.co.in

Dr Raju Jannapu Reddy ob-
tained his PhD (with Prof. Deevi
Basavaaih) from the School of
Chemistry, University of Hyder-
abad, India. He moved to
National ~— Taiwan  Normal
University, Taiwan as a post-
doctoral  fellow (with Prof.
Kwunmin Chen) and then
worked as a JSPS postdoctoral
fellow (with Prof Jun'ichi
Uenishi) at Kyoto Pharmaceu-
tical University, Japan. As
a Marie Curie Research Fellow (IIF), he has carried out his
research at the University of Birmingham (with Dr Paul W. Davies),
UK. Presently, he is working as a UGC - Assistant Professor at the
Department of Chemistry, University College of Science, Osmania
University, Hyderabad, India. His research focuses on the areas of
organosulfur chemistry including sulfonyl radical-triggered pho-
toredox catalysis and electrochemical synthesis on developing
divergent and sustainable methodologies.

9130 | RSC Adv, 2021, 11, 9130-9221

sulfur-containing compounds with some critical mechanistic insights that are also disclosed.

1. Introduction

Among various sulfinate salts (RSO,Met; Met = Li, Na, Zn, Fe,
etc.),' sodium sulfinates (RSO,Na) have become most popular
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and have received significant attention due to their versatile
reactivity. Compared to conventional sulfonylating agents, such
as sulfonyl chlorides, in general, sulfinate salts are odorless,
moisture-insensitive, easy-to-handle, and bench-stable color-
less solids. Only a few sulfinate sodium salts are commercially
available but they can be readily prepared from inexpensive
sulfonyl chlorides. Typically, this classical approach limits the
functional group tolerance, which is a significant drawback.
Consequently, organic chemists are continually searching for
alternative convergent and straightforward synthetic routes.
Tremendous efforts have been revolutionized in preparing
sodium sulfinates in recent years>* (see Section 2). Despite
advancements, efficient and sustainable methodologies for the
synthesis of sodium sulfinates are still highly desirable.

Due to a great interest in organosulfur chemistry,*®
numerous reviews have been published recently.*” In 2014,
Messaoudi, Hamze and co-workers® reported a brief survey of
sulfinate derivatives and subsequently, desulfinative cross-
couplings using arylsulfinates were also documented.>*®
During the preparation of this review article, Hamze and co-
workers™ provided an update on sulfinate derivatives, which
covered sulfinic acids, sulfinate salts, sulfonyl chlorides,
sulfonyl hydrazides, etc. In contrast, the present review exclu-
sively focuses on further exploration of sodium sulfinates to
cover all aspects, from the established to emerging aspects.
Despite many synthetic applications and a large number of
articles published on sodium sulfinates, to the best of our
knowledge, there has been no general and exclusive review
article. As such, a comprehensive and systematic review is
undoubtedly required for synthetic chemists and biologists.
Herein, we present a unique and exhaustive overview of sodium
sulfinates to cover all references, from the originating reports
up to early 2020. We have summarized 355 core references on
sodium sulfinates in several sections based on the classes of
sulfur-containing organic compounds.

Sodium sulfinates play indispensable roles as sulfonylating
(RSO,-), sulfenylating (RS-) and sulfinylating (RSO-) agents.
Over the last decade, sodium sulfinates have demonstrated
incredible flexible reactivity, such as being nucleophilic, elec-
trophilic, and radical reagents by providing suitable reaction
conditions. As a result, sodium sulfinates have emerged as
powerful building blocks for synthesizing many valuable sulfur-
containing organic compounds (Fig. 1). Consequently, sodium
sulfinates are widely useful coupling partners for constructing
mainly three types of bonds that are largely studied in organic
synthesis: (i) the S-S bonds for the synthesis of thiosulfonates (R-
S0,S-R1);** (ii) the N-S bonds to generate sulfonamides (R-SO,N-
R'R?;® (iii) the S-C bond to form sulfides (R-S-R')*** and
sulfones (R-SO,-R").** Among the C-S bonds forming reactions of
sodium sulfinates, vinyl sulfones,”** allylic sulfones and B-keto
sulfones are formed."”® These types of organosulfur compounds
are broadly used in different pharmaceutical applications, which
may lead to forthcoming medicinal therapies.*

Several attractive features of sodium sulfinates have been
recently envisioned: the S-centered sulfonyl radical-triggered ring-
closing sulfonylation, multicomponent reactions of sodium sulfi-
nates, and remote site-selective C-H sulfonylation.”** The most
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Fig.1 Comprehensive overview of sodium sulfinates for the synthesis
of organosulfur compounds.

promising photocatalytic carbon-sulfur bond formation* and
electrochemical transformation® of sulfinate salts have also been
effectively summarized in this review article.

Fig. 2 represents the number of articles published each year
(total 244) on sodium sulfinates (RSO,Na), from 2010 to 2020,
through the SciFinder® search profile. Based on these citations,
the data reveal that the synthesis and utility of sodium sulfinates
have become exponentially growing fields over the last decade. The
preparation of sodium sulfinates, including sodium triflinate
(F3CSO,Na), and their extensive applications have attracted great
interest from synthetic chemists on a large scale.

2. Synthesis of sodium sulfinates

Only a few sodium sulfinates are commercially available, but they
can be easily prepared from the inexpensive sulfonyl chlorides.
Many other methods to synthesize structurally different sodium
sulfinate salts have recently been achieved,” some of which could
be scalable on industrial and commercial levels.

= 2020
= 2019

2018
= 2017
= 2016

2015
= 2014
= 2013
= 2012

= 2011
= 2010

Fig. 2 Representative articles on sodium sulfinates (total 244) pub-
lished by year (2010 to 2020).
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Scheme 2 Conventional synthesis of sodium sulfinates.

2.1. Sodium (hetero)aryl/alkylsulfinates (RSO,Na)

Among the variety of conventional synthetic methods, one of
the methods involving the Michael addition of acrylonitrile with
thiols resulted in sulfides, which were oxidized with hydrogen
peroxide in glacial acetic acid to form the corresponding
sulfones. The subsequent treatment of sulfone with an equiv-
alent amount of a thiol sodium salt afforded the desired sodium
sulfinates in good yields (Scheme 1).>° A substantially improved
synthesis of aromatic and aliphatic sodium sulfinates was also
achieved using ethyl propiolate in a similar manner.

Alternatively, there is a straightforward method for the
reduction of the corresponding p-toluenesulfonyl chloride with
zinc/sodium carbonate in the water to afford sodium p-tolue-
nesulfinate hydrate (Scheme 2).” Until now, the most common
method for the preparation was the reduction of the correspond-
ing sulfonyl chloride by sodium sulfite (Na,SOj;) in the presence of
sodium bicarbonate in water at 70-80 °C (Scheme 2).2* Recrystal-
lization from ethanol produced sodium benzenesulfinate and
sodium p-toluenesulfinate in pure form in high yields.

Field and co-workers*»*° prepared a wide range of di- and
trisulfide-derived sodium sulfinates whose biological activities
were successfully examined. In particular, the disulfide-derived
sodium 4-(2-acetamidoethyldithio)butanesulfinate and the
trisulfide disulfinate are promising antiradiation drugs at low

Os..-ONa
S——S0, AcHN(H,C),S—S S

OO AcNH(CHy),SNa

1
fR S ANH(CHp,SNa 7 ) “S—S(CHylpNHAC
¢ S0, [y s\\/ONa

Scheme 3 Sulfinate salts as antiradiation drugs.
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Scheme 4 Uneo and Hu's methods for the synthesis of sodium
sulfinates.

doses with low toxicity. From a synthetic point of view, few
interesting disulfides-derived sulfinates (1 and 2) were obtained
from the corresponding cyclic thiosulfonates (Scheme 3).*°

In 1984, Uneo et al. demonstrated the synthesis of various 2-
alkyl/aryl-benzo[d]thiazol-2-yl sulfones (3) that were cleanly
cleaved with sodium borohydride for the formation of the cor-
responding sodium sulfinates (Scheme 4A).** This method was
extended to the chiral (enantiomerically enriched) sulfinate salt
derived from (R)-(+)-a-methylbenzylalcohol. The authors stated
that due to the hygroscopic nature of sulfinates, the yields were
not determined. Later, the Uneo procedure was successfully
modified by Hu and co-workers® for the synthesis of fluorinated
sodium sulfinates from readily available difluoromethylbenzo[d]
thiazol-2-yl sulfones (3) in excellent yields (Scheme 4B). It is
worth noting that these sodium sulfinates were obtained as white
solids, stable and with high purity, confirmed by elemental anal-
ysis. The preparation and purification of fluorinated sulfinate salts
are readily scalable under these straightforward procedures.

In 2018, Ratovelomanana-Vidal and co-workers*® described
a three-step synthesis of functionalized aliphatic and benzyl
sulfinates. A series of 2-alkylthiobenzothiazoles were prepared
through the alkylation of 2-mercaptobenzothiazole with alkyl
halides (R-X; the authors did not mention the specific halides
used), followed by oxidation to afford sulfones in 50% to
quantitative yields (Scheme 5). Subsequently, the sulfones were
treated with sodium borohydride to produce the corresponding
sulfinates with diverse functional groups, including alkenes,
alkynes, ethers, acetals, etc.

The Prakash and Olah group realized that the pyridine
moiety served as a good leaving group in 2-sulfonyl pyridines.
The alkylation of Hu's sulfone (4) with different alkyl iodides (R-
X; X = I, Br) in the presence of LIHMDS formed a series corre-
sponding sulfones (5). Following cleavage of 5 with EtSNa and
ethyl mercaptan (EtSH), alkyl a,o-difluorinated sulfinates were
formed (one representative example PhCH,CF,SO,Na was

(i) R-X (X = Halide)
NaH or K,CO3, DMF
or MeONa, MeOH

NaBH,  §
(2 equiv)

o}
N\ W0
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Scheme 5 Preparation of benzyl and aliphatic sulfinates.
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Scheme 6 Preparation of alkyl a,a-difluoro sodium sulfinates.

confirmed), which were directly converted into the corre-
sponding sodium sulfonate salts in the presence of H,O,
(Scheme 6A).** Afterwards, Baran and co-workers® successfully
adapted the Olah-Prakash alkylation of Hu's sulfone (4) with
representative alkyl iodides followed by the cleavage of 5 with
sodium hydride and EtSH to afford three analogs of a,a-difluoro
alkylsulfinates (Scheme 6B). Among them was the scalable
preparation of sodium difluoroethylsulfinate (DFES-Na) as
a stable white solid, which was made commercially available.

Subsequently, in 2014, the Baran group®® elegantly prepared
structurally varied sodium sulfinates via a key Barton-type
decarboxylation reaction, as shown in Scheme 7. The photo-
lytic decarboxylation of the Barton ester (6) was followed by
RuCl;-catalyzed oxidation conditions to form 2-pyridyl sulfones
(7) in 30-92% yields. The removal of the pyridine moiety with
alkoxides or thiolates provided various alkylsulfinates in
moderate to high yields. Some of these sodium sulfinates were
further validated through a commercialization partnership with
MilliporeSigma.?

In 2015, Harrity and co-workers®” reported the high-yield
synthesis of azetidine and oxetane-based sulfinates in three
simple steps, as presented in Scheme 8. The sulfenylation of 3-
iodoheterocycle derivatives with 2-mercatopyridine and the
oxidation of 8 with m-CPBA gave the corresponding 2-pyridyl
sulfones, which undergo cleavage of the pyridine moiety with
sodium thiolates. These sulfinate salts are readily accessible at
the gram scale in overall good yields.

Paras and co-workers*® reported an improved and alternative
two-step synthesis of optically pure sulfinate salts from 2-mer-
captopyrimidines. The oxidation of a variety of chiral 2-mer-

captopyrimidines (9) with m-CPBA provided pyrimidinyl
QR
2 oﬁ\S o
)J\ (COClI),, then o S Xy | i) visible light I
R™oH— EtOAc 7Ny NaOEt S
X |r7 Vo NS (i) RuCls (eat) —/ orNaset Ty, o™
N~ Barton ester (6) 104 7:30-92%
NaO
o o
o i d
I 17 < N
ONa ONa
e U e T
CFs 75% n=1.98% X = CHy: 50% CF3
73% n=0:34% X = NBoc: 63% 88%

Scheme 7 Synthesis of new types of sodium sulfinates.
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Scheme 9 Synthesis of optically pure sodium sulfinate salts.

sulfones (10) in high yields, which were cleaved smoothly with
sodium methoxide in methanol to form the desired enantio-
merically pure sulfinates in high yields (Scheme 9). It is worth
mentioning that the pyrimidinyl sulfones (10) are sufficiently
stable and quickly liberate the pyrimidinyl group under mild
conditions.

Odell and co-workers* developed a convenient method for
the synthesis of sodium arylsulfinates from aryl bromides with
1,4-diazabicyclo[2.2.2]octane bis(sulfur dioxide) (DABSO, 11) as
a SO, surrogate. A range of aryl/heteroaryl bromides were used
for the in situ generation of aryl magnesium or aryl lithium
reagents and trapped with DABSO (11), followed by treatment
with aqueous Na,COj; (Table 1). The purification was performed
via liquid-liquid and solid-liquid extraction to avoid sulfonic acids

Table 1 Preparation of sodium arylsulfinates by the reaction of Mg or
BulLi reagents with DABSO (11)

A: (i) Mg, I, THF, 100 °C, MW, 1 h o N N—sO
" K . S : o o
Ar—pr (i) DABSO. -78 °C-rt, 3 h A ons | 25Ny 2
B: (i) n-BuLi, THF, -78°C, 1 h i DABSO (11)
(ii) DABSO, -78 °C-rt, 3 h
Sodium arylsulfinates Method-A Method-B
o) R=H:72% R =H: 85%
S R = 4-Ph: 87% R = 4-Ph: 42%
R<©/ ONa R = 4-CFs: 91% R = 4-CF: 48%
R = 2-CFy: 75% R = 2-CF;: 99%

R = 4-OMe: 48%
R = 3-OMe: 85%

R = 4-OMe: 59%
R = 3-OMe: 91%

48% 82%

[}

“ONa

69% 64%

RSC Adv, 2021, 11, 9130-9221 | 9133


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09759d

Open Access Article. Published on 01 March 2021. Downloaded on 4/23/2026 2:59:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

H ¥ \
+ 0,5—N N—S0,
R -

(i) AICI3 (4 equiv)
DABSO (11)
o] ]

s
“ONa
(i) NaHCO, (aq.)
R
I i
s Q
T O e L]
& s
R R /©/ ONa “ONa
MeO

=0

R = Me: 95% R =F: 70%

R = Ph: 73% R = CI: 98% o

R = t-Bu: 75% R =Br: 92% 86% 82%
(DCM, 0°C,2-3h)  (DCE, 25°C,2-4 h) (PhNO,, 25°C,8h) (DCM, 0°C, 2 h)

Scheme 10 The preparation of sodium arylsulfinates through Friedel—
Crafts-type sulfination with DABSO (11).

and obtain the corresponding sodium arylsulfinates in good to
high yields. The reaction of 2-bromo-thiophene with n-BuLi at
—78 °C resulted in lithium-bromine exchange and nucleophilic
attack by 2-lithiothiophene on BuBr; subsequent reaction with
DABSO gave 5-butyl thiophenesulftnate in 68% yield.

Later in 2018, Wang, Zhang and co-workers*® reported
a direct and straightforward preparation of sodium arenesulfi-
nate salts from arenes and DABSO (11) in the presence of excess
AICl; (Scheme 10). The reaction proceeded smoothly and arenes
bearing electron-donating and halide groups gave good to excellent
yields. The nitrobenzene declined to provide the desired product.
Mechanistic studies of Friedel-Crafts-type sulfination with DABSO
showed an electrophilic aromatic substitution pathway.

Simultaneously, Maruoka and co-workers*' described a new
two-step protocol for preparing sodium o-aminoalkane-
sulfinate salts, as shown in Scheme 11. Various N-Boc-
protected dialkylamines were treated with sec-BuLi to generate
an o-lithiated alkyl-amine that was successfully trapped with
DABSO, aqueous workup with sodium carbonate to provide
sodium a-aminoalkanesulfinates in variable yields.

2.2. Sodium perfluoroalkylsulfinates (RySO,Na)

In the late 1980s, sodium trifluoromethanesulfinate (sodium
triflinate)*> was prepared on a large scale by the Rhone-Poulenc
Co., through the single-electron reduction of bromotrifluoro-
methane (Scheme 12A).* Unfortunately, this method was
expelled because of its ozone-depleting effect in the process. In
2007, two independent methods were published for the prepa-
ration of sodium perfluoroalkanesulfinates. The Chen group

Elioc El;oc E?oc ¥

N _BuLi N Li N S
() s Al ossor, S

Rl----R2  F2O~ R'----R2 TP R--R2

780,
EIBOC Icl) ?OC ﬂ ?OC ﬁ 1 '1‘ 2
NS NS E 5
RS ona r T “ONa TONa [ D ;
R =Me: 81% ) w n=01 PN ;
R=Et 62% Yield not Yield not bodo,
= - 66% reported H i
R = Cyclohexyl: 66% p reported ! DABSO (11}

Scheme 11 Two-step synthesis of sodium a-aminoalkanesulfinate
salts.
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12 Synthesis of perfluoromethanesulfinate

demonstrated the sulfinatodehalogenation of chlorotrifluoro-
methane with sodium dithionite (Na,S,0,4) to give the desired
sodium triflinate in quantitative yield based on the ’F NMR
(Scheme 12B).** Similarly, several perfluoroalkanesulfinates and
bis-sulfinates were successfully achieved in high yields.
Concurrently, Langlois and co-workers developed sustainable
and mild reaction conditions to synthesize trifluoromethane-
sulfinate (triflinate) salts via B-elimination of aliphatic tri-
flones using NaOMe in MeOH (Scheme 12C).* As a result, this
reagent is well known as the Langlois reagent.

3. Applications of sodium sulfinates

As already highlighted in the introduction (see Fig. 1), sodium
sulfinates possess vast synthetic applications with a significant
number of different strategies. Accordingly, we have classified
the applications of sodium sulfinates into several sections
based on the types of organosulfur compounds with some
exciting reaction mechanisms. The following Sections 3.1-3.5
are also further subdivided based on the transformations.

3.1. Synthesis of thiosulfonates (R-SO,S-R")

In 1972, Bentley et al. described the silver nitrate (in aqueous
acetone)-assisted reaction between sodium methanesulfinate
and alkyl di-sulfides for the formation of thiosulfonates (thiol
esters are also known as thiolsulfonates), as described in
Scheme 13.*¢ The nucleophilic sulfinate attack on the silver-

(0]

I RV
Me” “ONa + Rs—8R —~9NOs: 1t M /S\s/
aq. Acetone

wl o

® 4 I
RS7SR S

|4/ )
I
Ag ) RSAg

Isolated R = Me, Et, i-Pr

Scheme 13 Synthesis of thiosulfonates from alkyl disulfides.
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Table 2 Synthesis of thiosulfonates using N-(arylthio)succinimides
(12)

i B
sS4, A: Benzene/water, vigorously shaken \S/ R2
R “ONa + R%S—N R g7
B: Sc(OTf)3 (5 mol%), [BMIM]PFg/H,0
12 30°C, 2-6 h
0
Thiosulfonates Method-A Method-B
B R R=H:92% R = Cl: 78%
\\S// R = Cl: 92% R = Me: 92%
Ph” s R = Me: 95%
0 Ar = 4-CIC¢H,: 80% Ar = 4-FCgH,: 85%
N \S/\S/Ar Ar = 4-MeCg¢H,: 87% Ar = 4-BrC¢H,: 79%
| p Ar = 4-CF;CgHy: 51%  Ar = 4-NO,CgHy: 77%

disulfide complex led to the desired methyl thiosulfonates, and
silver mercaptans were identified by gas chromatography.

Consequently, Abe and Tsurugi prepared various aryl thio-
sulfonates in good yields by the sulfenylation reaction of N-
(arylthio)succinimides (12) and sulfinate salts were vigorously
shaken for 5-10 min (Table 2A).*” In 2012, Chen and co-
workers® examined Sc(OTf);-catalyzed sulfenylation using
various N-(organothio)succinimides (12) and sodium sulfinates
for the formation of symmetrical and unsymmetrical thiosul-
fonates in good to high yields (Table 2B). The scope and
generality was explored with a range of substitutions, including
aliphatic and aromatic succinimides, as well as arylsulfinates,
which were adequately tolerated. The sulfenylation reaction was
smoothly accelerated in ionic liquids (ILs), such as [BMIM]/PF,
and water played a critical role in the reaction; probably the
solubility of sodium sulfinates may have been enhanced.
Interestingly, Sc(OTf);/ILs was recovered and reused for sulfo-
nylation without any significant loss in the catalytic activity.

In 1996, Langlois and co-workers*® described the synthesis of
a wide range of alkyl and aryl thiosulfonates in high yields. The
sulfenylation reaction of disulfides with sodium benzenesulfi-
nate and trifluoromethanesulfinate was conducted in the
presence of bromine (Scheme 14). Various disulfides have been
studied, and primary disulfides are generally more reactive than
the secondary ones; the hindered tert-butyl disulfide disap-
pointed in delivering the desired thiosulfonate.

o o, 0
8 Br, CH,Clp it &, _R?
R ONa + R2S—SRZ —2 272 . RI" g7
o, 0 0.0 o, 0
\// \// O\\ //O \//
R >g” R/S\S/\Ph R/S\S/CsHﬂ R/S\S
R = Ph: 70% R = Ph: 90% R = Ph: 60% R =Ph: 80% o gy
R=CFy50% R=CF390%  R=CF,88% R=CFs8% °
Cl QL0
0.0 0\\//0 \\S//
4 B FE" ™S
F,C7 8 FiC” s :

50% 65% 0%

Scheme 14 Synthesis of thiosulfonates from disulfides.
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solvent
n
0.0 o, 0
N Y/ O\\S//O O\\S//O N Q\S/P
P 8T PR AT 8T Aar AT s 87 aAr

‘\ﬁn) h ‘\ﬁn)

n=2:82% Ar = 4-MeCgH, Ar = 4-CICgH,

n=23:78% n=1:75%;n=2:91% n=1:72%; n=2: 86%

Scheme 15 Synthesis of bis-thiosulfonates using cyclic disulfides.

0] o O
|l \//

S NBS, CH5CN
-S< 20 a2 , 3
RY™ONa + ROSSRE— o e

Unsymmetrical Symmetrical

R' = Me; R? = 2-FCgHy: 75% R' = R? = CgHs: 97%
R'" = Ph; R? = 4-MeCgH,: 93%  R'=R2=4-CICgqH,: 92%
R' = 4-CICgH,; R? = Bn: 95% R = R? = 4-FCgH,: 87%
R'=Ph; R?=4-NO,CgH,: 86% R'=R?=4-MeCgH,: 94%

Scheme 16 The synthesis of thiosulfonates using disulfides.

Fujiki and co-workers® demonstrated the efficient and
straightforward synthesis of various unsymmetrical thiosulfo-
nates in good to high yields. I,-catalyzed oxidative sulfenylation of
various acyclic and cyclic disulfides with several sulfinates
occurred in the presence or absence of solvent at room tempera-
ture (Scheme 15). An interesting outcome of this protocol is cyclic
disulfides cleaving S-S bonds with arenesulfinates to synthesize
valuable bis-thiosulfonates in high yields.

NBS-promoted sulfenylation reaction between disulfides and
sulfinates to access unsymmetrical and symmetrical thiosulfo-
nates was described. Wu and co-workers®* successfully explored
broad functional group tolerance and atom-economical and
practical procedures to synthesize a series of thiosulfonates in
good to excellent yields. A few representative examples are
presented in Scheme 16.

The Taniguchi and Yadav groups independently reported
S-S coupling between thiols and sodium sulfinates to synthe-
size various thiosulfonates under aerobic conditions. The Cul-
Phen-H,0 (Phen = 1,10-phenanthroline)-catalyzed sulfenyla-
tion reaction of thiols with sulfinates gave the desired thiosul-
fonates in 40-96% yields (Scheme 17A).*> Similarly, the FeCl;-
catalyzed coupling of thiols with sulfinates provided a wide
variety of symmetrical and unsymmetrical thiosulfonates in 83-

O o, 0

[ \//

RrS\ON - A: Cul-Phen.H,0, NH4BH, S R2
a+

1" Na”

DMA, H,0, O,, 30°C, 18 h
R = aryl, heteroaryl, alkyl; R? = aryl, alkyl 40-96%

R

\//
: ; 2
“ONa + HSR2 B: FeCl; (20 mol%)l, DMF, air RVS\S/R
rt, 30-60 min
R = aryl, heteroaryl, alkyl; R? = aryl, alkyl 83-96%

Scheme 17 Sulfenylation of thiols with sodium sulfinates.
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I
A/S\ON A1’x\x/Ar1 Cul Phen.H,0, NH,BH,4, DMA r/s\ _A

5 -
r o r X=5, Se H,0, air, 30°C, 18 h
Me Q. 0 P

. Y, Y ph

\\S// g7 d “se
AT s
Ar = CgHs 81% Me R R = H: 71%
Ar = 4-CICgH,: 66% Ar = CgHs 94% R = Cl: 65%
Ar = 4-FCgH, 72% Ar = 4-BrCgH, 61% R = F 61%
Ar = 4-MeCgHy: 80% Ar = 4-CIC¢H4 65% R = Me: 75%
Ar = 4-OMeCgHy: 77% Ar = 4-NO,CgHy: 69% R = OMe: 68%

Ar = 4-AcNHCgH,: 65% Ar = 4-OMeCgH,: 74%

Scheme 18 Copper-catalyzed sulfenylation of disulfides with sodium
sulfinates.

96% yield (Scheme 17B).** Both methods proceeded smoothly
and are widely applicable to various arene- and alkanethiols
with aromatic and aliphatic sulfinates.

Taniguchi also reported a copper-catalyzed sulfenylation of
disulfides and diselenides with sodium sulfinates under air at
ambient temperature (Scheme 18).>* The formation of S-S and
Se-S bonds efficiently gave various thiosulfonates and seleno-
sulfonates in good to high yields. The use of ditelluride with
sodium 4-toluenesulfinate did not yield the desired product
under the same reaction conditions. Notably, the same reaction
was performed under a nitrogen atmosphere instead of air
(oxygen) and the corresponding products were produced at
lower yields. To understand the role of oxygen, the formation
and the reactivity of PhXCu(i) was examined with sodium 4-
toluenesulfinate under the same conditions and gave the cor-
responding thio(seleno)sulfonates in low yields.

Lu, Shen and co-workers® used trifluoromethanesulfinate
(13) as an electrophilic thiolating reagent. The treatment of
sodium aryl and heteroaryl sulfinates with 13 in acetic acid at
room temperature for 12 h generated the corresponding tri-
fluoromethyl thiosulfonates in high to excellent yields. A few
representative examples are presented in Scheme 19.

Recently, Wang et al. found a BF;-OEt,-mediated radical
disproportionate coupling reaction of sodium sulfinates to
synthesize thiosulfonates in good yields (Scheme 20).*® The simple
and practical protocol had good functional group tolerance and
can also be applied to prepare both symmetrical and unsymmet-
rical thiosulfonates under mild reaction conditions. Generally, the

»n=0

SN
\\//o O\\//o | WP
\S/CF3 cl S o-CFs S\S/CF3
95% 90% 85%
9,0
\/ \//
P / S\S/CF3 AN
= CN 85% /©/X= F: 93% Ej/
R =NOy: 50% X X=Br:91%
R = OMe: 87% X=1: 88% 85%

Scheme 19 Synthesis of trifluoromethylthiosulfonates using 13.
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4 § BF0Et, CH,Cl, 50°C, 3 h R
Ar” DONa + NaO~ "R s 2 2 ’ A" Y87
o, 0 CFs
> o \S/ NN S
S A s
Ar = CgHs: 65% Ar = CgHs: 65% Ar = CgHs: 43%

Ar = 4-FCgH,: 51%
Ar = 4-MeCgH,: 69%

Ar = 4-FCgH,: 46%

Ar = 4-MeCgHy: 45%
Ar = 4-MeCgHy: 67%

Ar = 4-OMeCgH,: 45%

Scheme 20 BFz-OEt,-mediated radical disproportionate coupling
reaction of sodium sulfinates.

o

g\ 2 PhI(OCOCF3;),, CH,CI O\\S//O Ar?
1/ ’ - -
Ar ONa + Ar\se,Se‘Arz 3)2 QL AT ge
Ar' = CgHs Ar? = CgHs

68-83%
Ar'=4-CICHy  Ar2 = 4-CICgH, ¢
Ar' =4-MeCgH; AR = 4-MeCgH, 9 examples

Scheme 21 Synthesis of selenosulfonates from diaryl diselenides with
sodium sulfinates.

sodium arylsulfinates containing electron-donating groups
perform better than those with electron-withdrawing groups for
symmetrical thiosulfonates. More interestingly, the dispropor-
tionate coupling reaction of various sodium alkylsulfinates and
sodium arylsulfinates gave unsymmetrical thiosulfonate products
in moderate to good yields.

Chen and co-workers® revealed the hypervalent iodine-
mediated synthesis of selenosulfonates from diaryl dis-
elenides with sodium sulfinates, as presented in Scheme 21.
The three different sodium arenesulfinates were well reacted
with diaryl diselenides in the presence of [(bis(trifluoroacetoxy)
iodo)]-benzene in methylene chloride and gave the corre-
sponding aryl selenosulfonates in 68-83% yields.

3.2. Synthesis of sulfonamides (R-SO,N-R'R?)

3.2.1.
described

Direct N-sulfonylation. In 2013, Jiang and co-workers
the copper-catalyzed chemoselective oxidative

0
I RS, N
JSL. /"~ CuBr, (20 mol%), DMSO S, oRE
R’ ONa + HN ' R! N

\RZ_" 100 °C, N, or O, (balloon) "?2

7,
S S R
/@/ \T/\©\ /@/ \N/
R H

R = F (87%)
: R = Br (67%)
R = CN (89%)

O

O

O
. (@)
3 s
whHms

5553
N
&

u
i-Bu (82%)
= sec-Bu (89%)
R = t-Bu (69%); R = iso-pentyl (83%)
R = n-Hexyl (89%); R = dodecyl (61%)

TXVIVDOXID

\\//

8"/ 75% 82%
N X =H: 0 S\
N =H: 87% N/\ N
X=Brezh \/ K/
3 X =CL:77% 07% 0 0% bo

Scheme 22 Copper-catalyzed construction of sulfonamides.
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Table 3 |>-catalyzed synthesis of sulfonamides
o)
o
I N/
.Sk, LR Atl,(1equiv), DCE, it,ar .S _R3
R' “ONa + HN ¥ - R N
SRz Bilp (1 equiv.), EtOH, rt \Rz_,"
Sulfonamides A B Sulfonamides A B
O\\ Y O\\S//O
S 0, 0, AOSNTS 0, 0,
Ph 97% 40% Ph H Ph 95% 64%
LN
& o o
\ N7
h/ 98% 95% N7 85% 80%
TSN
K/O Ph H
O\\S//O P @\
/ & 0, [ Ng” 0, 0,
O 90%  71% Py 77%  50%
Ph N Cl
o)
Vg P o
/ SN /\\s/( _Ph
Ph 82% Ph 96% 46%

K 78%

coupling of amines with sodium sulfinates to construct
sulfonamides using O, (1 atm) or DMSO oxidant (Scheme 22).%®
The reaction scope concerning primary and secondary amines
and various sodium sulfinates was systematically investigated.
The corresponding sulfonamides were obtained in good to high
yields via a single electron transfer (SET) pathway. Various
aliphatic amines, steric bulky tert-butylamine and dodecyl-
amine gave the corresponding products; however, sodium tri-
fluoromethanesulfinate did not yield the desired sulfonamide.

In 2015, the metal-free synthesis of sulfonamides was carried
out using the molecular iodine-mediated coupling of various
amines with sodium sulfinates at room temperature. The
Wang*® and Song® groups independently reported using a stoi-
chiometric amount of iodine for the formation of series of

sulfonamides in good to excellent yields (Table 3). Both
Table 4 lodine-mediated synthesis of sulfonamides
0 Q,,0
g R:.  A:ly(50 mol%), HyO, rt, 3 h 1,8\ _R?
- e * \
R "ONa + HN_ , .+ Btz (20 mol%), Na,COg 1.5H,0, ‘Rz
Re- CH,CN:DCE (1:1), 40 °C "
Sulfonamides A B Sulfonamides A B
SN O
SSeN SN ph
g 920%  81% )@( i 93%  62%
O\\S//O/\
/©/ Q 85%  42% /©/ NP 93 62%
\\s” A
N SN
/@ @ 902%  74% /@ @ 9%  72%
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21 examples

(‘)‘ 3 Ph

W I (50 mol%) H | S
_S{ R2 22— "7, 2 1IN0
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DNA-conjugated amines © ' 26 examples

Scheme 23 |,-mediated DNA-conjugated sulfonamides from DNA-
conjugated amines with sodium sulfinates.

methods established the sulfonylation using a wide range of
primary and secondary amines, including substituted aromatic,
aliphatic, acyclic, and cyclic amines. Further, the amination
reaction was explored for various substituted aromatic, heter-
oaromatic, and aliphatic sulfinates as suitable substrates for
this protocol.

Simultaneously, Yuan and co-workers® demonstrated an
efficient and eco-friendly way to synthesize sulfonamides using
a sub-stoichiometric amount of iodine (50 mol%) in H,O at
room temperature. Both aromatic and aliphatic amines conve-
niently reacted with various sodium sulfinates under the
optimal reaction conditions, giving the desired products in
moderate to excellent yields (Table 4A). In the same year, the
iodine-catalyzed oxidative amination of sodium sulfinates with
amines in the presence of sodium percarbonate as an oxidant
was developed by Yotphan and co-workers.®” A wide range of
aromatic, aliphatic, heteroaromatic amines and hydrochloride
salts of amines with varied sulfinate substrates were success-
fully employed for this transformation (Table 4B).

Very recently, the Peng and Dietrich group reported inno-
vative work for the preparation of DNA-conjugated sulfon-
amides from DNA-conjugated amines and sodium sulfinates in
the presence of iodine under mild conditions (Scheme 23).* A
wide range of highly functionalized sulfinates were synthesized,
made to commercially available and successfully employed to
generate desired sulfonamides in moderate to good yields. A
vast number of unnatural amino acids bearing a DNA skeleton,
including primary and secondary amines participated and gave
corresponding sulfonamides in reasonable yields.

Zhao et al. developed an alternative procedure for the prep-
aration of sulfonamides via the TBAI-catalyzed coupling of
amines with sodium sulfinates under mild conditions (Table
5A).** An oxidative N-sulfonylation of various primary and
secondary amines bearing different functional groups was
conducted, which smoothly reacted with arylsulfinates and
delivered a wide variety of sulfonamides in good to high yields.
Challenging substrates like alkylsulfinate salts also served as
coupling partners, but trifluoromethanesulfinate was unsuc-
cessful in yielding the desired trifluoromethanesulfonimide. In
2018, Fu and co-workers reported sulfonamides prepared by the
Nal-catalyzed oxidative amination of primary and secondary
amines with sodium sulfinates using ethylene dibromide (EDB)
under aerobic conditions (Table 5B).%® Various amines, such as
aliphatic, aromatic, and benzylic amines reacted well with
sodium p-toluenesulfinate to give the -corresponding
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Table 5 TBAI/Nal-catalyzed coupling of amines with sodium sulfinates
o} ) o
I R A:TBAI (20 mol%), TBHP (3 equiv) Oy 0
:§ :
RS oNa + H_Ni ) MeCN/H,0 (3:1), 50 °C, sh R(S\N/R\‘
R3.-" B:Nal (30 mol%), EDB (3 equiv) |'?3
R'=aryl, alkyl 19/2° PEG-400/H,0, air, 60 °C, 8 h
Sulfonamides AorB Sulfonamides AorB
O\\S/P R = Ph: A: 70% B: 78% O\\S/,
/@/ \N/R R = Bn: A: 60% B: 75% /©/ \E"’“ A: 74% B: 82%
e
o 0 X = 0; A: 96% O\\s//
/S\N/w X = CH,; B: 72% ~ \T,Bu’ A: 80% B: 58%
(4 L
o. O R = Me; A: 98% o. O R = Me: B: 0%
N/ N/ o
SSsy R = CF3; A: 0% S, .Ph R = CF3: B: 0%
R /\ R N
K/O I
R¢ R¢ to 2 : 3 (Scheme 24A).°° Subsequently, the same group reported
[¢] . o . . 3 . . .
RS A1, (20 mol%), EtOACH,0 (10:1) R a
rg\ N 2 oA N\\N a simple proced.ure using NaBr/mCPBA.for the pre.paratlon of N-
RT "ONa + , N/N B: Nar, mCPBA, EIOAGH,0 (10:1) N sulfonylbenzotriazoles from benzotriazoles with aryl and
R 009 . .
H 4 h, 38-90% 420 methyl sulfinates at room temperature in 40-90% yields
R" = Ph, 4-MeCgH,, Me; R2= Me; R? = H, Me, CI; R* = H, Me R %

Scheme 24 N-Sulfonylation of benzotriazoles with sodium sulfinates.

sulfonamides in moderate to good yields. Additionally, various
aryl and heteroaryl sulfinates also afforded the corresponding
sulfonamides in acceptable yields. The authors stated that the
instability of the aliphatic sulfonyl radicals was presumably
because aliphatic sulfinates did not participate.

Yan and co-workers®®*” prepared N-sulfonyl benzotriazoles
through the iodine-catalyzed sulfonylation of benzotriazoles
with sodium sulfinates under air at room temperature. The
catalytic radical sulfonylation proceeded efficiently using
various benzotriazoles with aryl and alkyl sulfinates. The mon-
osubstituted benzotriazoles (5-Me and 5-Cl) afforded a mixture
of 5- and 6-substituted products and the ratios ranged from 1 : 1

Q R’ R
g NXS (3 equiv), EtOAc, 25°C,12 h N> C\)\/O
equiv), c, , 7
A" NoNa + 7 ONH i =]
\N/ ; =N Ar
R? R
o 0
Y
oL e wro
—N
R = Br: 87%
R =Me: 66%; R=Cl:85% R = Me: 85%; R = CI: 84% R = Me: 79%
R=0Me: 71%; R=F:72% R =0Me: 73%; R = NO,: 62% R = Ph: 64%
(o]

\\//
f“ L

X =1 57% =
X =Br: 52% R COEt: 72%

Ph: 91%

Scheme 25 NXS-mediated halogenation-sulfonylation of substituted
pyrazoles with sodium arylsulfinates.
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(Scheme 24B).**

Fu et al. developed the NXS (X = I, Br)-mediated direct N-
sulfonylation of azoles with sodium sulfinates to synthesize
sulfonamide derivatives (Scheme 25).%® Several azoles, such as
substituted benzoimidazoles, benzotriazole and 1,2,4-triazole
were coupled with a range of electron-rich and electron-
deficient sodium arylsulfinates to afford the desired products
in high yields. Remarkably, pyrazole substrates underwent
unusual halogenation-sulfonylation in the presence of NXS with
sodium sulfinates. A variety of substituted pyrazoles smoothly
reacted with sodium arylsulfinates to give 4-halo-1-sulfonyl
pyrazole derivatives in good to high yields.

Zeng and co-workers® developed a graphite-nickel-based
electrochemical reaction for the synthesis of sulfonamides.
The electrochemical oxidative amination of a range of 1°/2° aryl
and alkyl amines and aqueous ammonia were smoothly reacted
and afforded the desired sulfonamides in acceptable yields.
Additionally, varied sodium arenesulfinates were explored in
this protocol to synthesize sulfonamides in moderate to good
yields, as shown in Scheme 26.

i R _ ] AP e

R”ZNONa + H—N\ ’ graphite (-) Nickel (+) Rﬂ/ SN
R2." NH,4l/MeOH, rt "22‘_/,'

N //O O\ //O O\\ //O

PN S\N/\A I
R” \T Ph /©/ NoAoAam N
R = Ph 74%
R = Me: 66% Ar CgHs:  72%
R = 4-CICgH,: 64% Ar = 4-CCqHy: 56% Ar=4-MeCgH, OMe
R = 4-MeCgH,: 65% Ar = 4-OMeCgH,: 76% 71% OMe

Scheme 26 Electrochemical oxidative amination of sodium sulfinates
with amines.
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Scheme 27 Electrochemical oxidative amination of amines with
sulfinates.
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Scheme 28 Synthesis of sulfonamides and B-arylsulfonyl enamines.

In the same year, Yuan and co-workers” developed an elec-
trochemical method for the synthesis of sulfonamides in the
presence of Nal, which served as a supporting electrolyte at
room temperature. A variety of amines were readily sulfonylated
with substituted aromatic sulfinates in water to give the corre-
sponding aryl sulfonamides in good to high yields (Scheme 27).
However, sodium trifluoromethanesulfinate (F;CSO,Na) was
ineffective and did not provide the desired product.

Yuan elegantly synthesized sulfonamides and B-arylsulfonyl
enamines using sodium sulfinates via the cleavage of C-N and
C-H bonds of tertiary amines, respectively.” The combination
of iodine and ¢-butyl hydroperoxide (TBHP) allowed the reaction
between tertiary amines and sodium sulfinates. The oxidative-
sulfonylation of tertiary amines occurred through cleavage of
the C-N bond in water and provided desired sulfonamides in
good to high yields (Scheme 28). The reactivity dramatically
changed from H,O and DMSO, and the C-H bond cleavage of
triethylamine in dimethyl sulfoxide with substituted aromatic
sulfinates to corresponding B-arylsulfonyl enamines yielded in
69-81% range. A few control experiments were performed to
gain mechanistic insights for this novel protocol. With the use
of the radical scavenger 2,2,6,6-tetramethylpiper-idine-1-oxyl
(TEMPO), no desired product was detected, indicating that
the reaction presumably underwent a radical pathway.

Later, Yan and co-workers” prepared sulfonamides from
amines and sodium sulfinates using (n-C,Ho),NBr and m-
chloroperbenzoic acid at room temperature (Scheme 29). A
series of primary and secondary amines including cyclic
amines, participated in coupling with sodium benzenesulfinate
and sodium p-toluenesulfinate to furnish the corresponding
sulfonamides in 39-89% yields.

0

|| Rz\ 0\\/,0 5
Ar/ “ONa + H—N (n-C4Hg)4NBr, m-CPBA Ar/S\N/R“
'R THF/MeOH (30:1), 1t, 12 h ,;1 i

Ar=Ph
4-MeCgH,  1°/2°-amines 16 examples 39-89% yield

Scheme 29 Synthesis of sulfonamides from amines.
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4-MeCgH,  1°/2°-amines 12 examples

Scheme 30 Hypervalent iodine-mediated synthesis of sulfonamides.

Recently, Zhou and He described a hypervalent iodine-
catalyzed reaction between various primary and secondary
amines with sodium arylsulfinates under mild reaction condi-
tions to provide the corresponding sulfonamides in 30-81%
yields (Scheme 30).” The actual hypervalent iodine (iodosyl-
propane) catalyst was generated in situ from the catalytic
amount of 1-iodopropane with a stoichiometric amount of m-
CPBA as an oxidant for this protocol.

Our research group”™ successfully demonstrated a conve-
nient and metal-free protocol for the highly regioselective sul-
fonylation of NH-1,2,3-triazoles with sodium sulfinates. A range
of disubstituted NH-1,2,3-triazoles were readily sulfonylated
with various arylsulfinates in the presence of molecular iodine.
A variety of synthetically viable N*-sulfonyl triazoles was ob-
tained in moderate to high yields with excellent regioselectiv-
ities (Scheme 31). Disappointingly, the monosubstituted NH-
1,2,3-triazoles afforded the corresponding sulfonamides in
a mixture of regioisomers.

3.2.2. Reductive N-sulfonylation. In 2002, Berthelette and
co-workers”™ developed a two-step synthesis of sulfonamides
using bis(2,2,2-trichloroethyl)azodi-carboxylate (14) as an elec-
trophilic nitrogen source to construct a S-N bond. The sulfo-
nylation of 14 was conducted with various aromatic and
heteroaromatic sulfinates under acidic or aqueous media to
form sulfonyl hydrazides (15) in high (81-99%) yields

Qo 0
Ar X \ /
S N ; =N ¢
“ONa + HN/ S I (1.1 equiv) \N/S
\N/ EtOAc, rt, 8-24 h \N/
R X Ar

\\ //

QI

R Ar = 4-CICgH,: 74%
R=H:86%; R=Me:91%  Ar = 4-BrCqH,: 86% Ar = 2-CICgHy: 58%
Ar = 2-BrCgH,: 61%

R=Cl:80%; R=Br:82%  Ar=4-MeCgH,: 89%
\\ /
\ / \
ey /
\ 0

= 4-MeCgH,: 82%

o 0
H _N /\\S// N, \\// \\//
N / “p N / “p
e - /
Ar N
Ar = CeHg: 84% (9:1) \ S

Ar = 4-MeCgH,4: 80% (4:1) 77% (5.5:1) 69% (25:1)

Br. N O\\ //O

Br FN 2O
N \\/
SN Ar EtO,C N, - (

Ar = 4-CICgH,: 63%

Ar=4BiCeHy: 57%  Ar= 4 MeCeHa: 52%

Scheme 31 N2-regioselective sulfonylation of NH-1,2,3-triazoles with
sulfinates.
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Scheme 32 Synthesis of sulfonamides.

(Scheme 32). Subsequently, the reductive cleavage of sulfo-
nylhydrazides with Zn-dust in AcOH was carried out to furnish
the corresponding sulfonamides in 80-95% yields.

Tu and co-workers’ demonstrated an attractive and efficient
copper-catalyzed electrophilic amination using O-benzoyl
hydroxylamines with sodium sulfinates under ambient condi-
tions. Only 2 mol% CuBr, catalyst was sufficient for coupling
several acyclic and cyclic O-benzoyl hydroxylamines and provided
a broad range of sulfonamides in high yields (Scheme 33). Addi-
tionally, a series of aryl, heteroaryl, and alkyl sulfinates were readily
coupled with O-benzoyl hydroxylamine and there was no reaction
with sodium trifluoromethanesulfinate. Moreover, the protocol was
readily scalable up to the gram level when the reaction was per-
formed at a 5 mmol with O-benzoyl hydroxymorpholine and sodium
benzenesulfinate under standard conditions. Some control experi-
ments were performed, including radical scavenger TEMPO, and no
sulfonamide was detected. A plausible catalytic radical pathway for
the oxidative addition-reductive elimination was proposed as
shown in Scheme 33. Initially, CuBr was readily generated from
CuBr, by the coordination of copper to sodium sulfonate to produce
the Cu' intermediate A via a free sulfonyl radical. Oxidative addition
with O-benzoyl hydroxylamine formed the Cu™ complex B, then the
sulfonamide product. Subsequently, the resulting BzO-Cu' reacted
with NaBr to regenerate CuBr and complete the catalytic cycle.

Xia et al. developed the KO‘Bu mediated decarbonylation of
N,N-disubstituted formamides as the amine source for direct

0 R2. 0\\3/9 - 0\\8/9
/ % 0/ 1
RVS\ONa i BzofN\ | CuBr; (2 mol%), DCE, rt R17 \’}‘/ % S \N/\
R2- SR
o : 98%
P V o
4 N o)
T G SR,
g | N/\ P N
n=1:>99%  Ar=CgHs 96% K/O
n=2:>99%  Ar=4-FCgH,: 95% X 61%
n=388% Ar=Thiopheny:95% X = CI 99% X = Br 99% =7%
n= 4 79%  Ar=34-(MeO),CoHy: 83% X = Me:>99%; X = OMe: 97%
RV R
R! i cu' BzO—N
\< ke
o
CuBr, N
"S—Cul!
R N—R3
B Nz R\‘ \//
BzONa R: ,R3~N/S\R1
_R?
BzO-Cu'

Scheme 33 Cu-catalyzed electrophilic amination of O-benzoyl
hydroxyl-amines with sodium sulfinates.
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R D8R
R NoNa + OHC—N 'y D KOBU (4equv). CH,CN, 507G, 30 min _ -5 -Rs,
‘2. i) NIS (2 equiv), CH;CN, 50°C, 12 h b
O\\S//O X AP o 0
SN SN \N/ﬁ S\~
l | Lo |
R X R
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R = GFy76% X = CI 45% R = NO, 67% s
R = OMe: 70% X=F: 42% R = OMe: 88% :

Scheme 34 Cu-catalyzed electrophilic amination of O-benzoyl
hydroxyl-amines with sodium sulfinates.

S-N bond formation (Scheme 34).”” The NIS-promoted oxidative
amination of N,N-disubstituted formamides with arene-
sulfinates bearing electron-donating or electron-withdrawing
groups was conducted for the preparation of a series sulfon-
amide in good to high yields. In addition to formamide, the
N,N-diethyl-formamide and N-acetylmorpholine-compatible
substrate gave the desired sulfonamides in this protocol.

The enzymatic oxidative-sulfonylation of 4-substituted ura-
zoles with sodium arenesulfinates was performed in phosphate
buffer in the air as an external oxidant (Scheme 35).”® The
successive aerobic oxidation of urazoles followed by sulfonyla-
tion with only commercially available arylsulfinates using
laccase-50U as an eco-friendly biocatalyst was carried out to
furnish a range of 1-sulfonyl-1,2,4-triazolidine-3,5-dione deriv-
atives in 85-97% yields.

Luo and co-workers™ realized a convenient one-pot
reduction-sulfonylation via the FeCl,-catalyzed direct coupling
of nitroarenes with sodium sulfinates in the presence of
NaHSO; and N,N'-dimethyl-1,2-diaminocyclohexane
(DMDACH) in DMSO. The reduction of nitroarenes by
NaHSO; followed N-S bond construction to generate many N-
aryl sulfonamides in good to excellent yields (Table 6). In this
protocol, both nitroarenes and sulfinate salt substrates having
a broad range of functional groups were tolerated. No desired
sulfonamides were detected when using nitromethane and
sodium benzylsulfinate under the same reaction conditions.

Afterwards, the Andrioletti group described the reductive-
sulfonylation of nitroarenes and sulfinate salts in the pres-
ence of sodium bisulfite (NaHSOj3) alone as the reducing agent
in water at 60 °C (Scheme 36A).*° A variety of water-soluble
nitroarenes were successfully converted into the correspond-
ing sulfonamides in 25-78% yields. This protocol was restricted
to only electron-withdrawing nitroarenes. Consequently, the
copper-catalyzed redox coupling of nitroarenes with sodium
sulfinates in NMP at 120 °C was described by Zhang and co-

o] 0 o)
4 VS S
HN Laccase (50 U), air, it | N ZON /[<
| g e GO ARt [N N | AT TONa TNy
HN\\< Phosphate Buffer NK< Ar = Ph, 4-CICgH, Hrll NR
(0.1 M, pH =5) 4-MeCgH, \\<
0 o 5.7k 85-97%

R = Me, Et, Bu, Cyclohexyl, Ph, 4-O,NCgH, 18 examples

Scheme 35 Laccase biocatalyst for the coupling of 4-substituted
urazoles with arylsulfinates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 6 FeCly-catalyzed direct coupling of arylsulfinates with nitroarenes

ﬁ R’ O\\S//o /@R‘
A SoNa +02N@ FeCl, (10 mol%), DMDACH (10 mol%) A N
NaHSO3, DMSO, 60 °C, 12 h H
Sulfonamides Yield Sulfonamides Yield
0\\3/9 R = H: 93% o0
/@/ “NH R = F: 85% @/S\NH
R R = Cl: 89% \ S X = N: 81%, X = CH: 94%
R = Br: 91% = |
R = OMe: 92% X
Q0 R = Me: 88% NS
M R = Cl: 93% SShi
R =CN: 97%
o 0,
R = OMe: 85% ] 93%
NS
R = CO,H: 78%
R R = CO,Me: 86%
oL R = Cl: 96% 0P
S R = Me: 85%
R = CF5: 98%

R = COMe: 84%
R = CO,Me: 95%

workers (Scheme 36B).** A series of aromatic sulfonamides were
obtained in moderate to good yields using various nitroarenes
coupled with sodium 4-methylbenzenesulfinate. Aryl and alkyl
sulfinates were smoothly reacted with 4-methyl nitrobenzene to
give the desired N-aryl sulfonamides in reasonable yields. The
reductive-sulfonylation proceeded without any external
reducing additive, assuming that sodium sulfinates acted as
reducing reagent.

3.3. Synthesis of thioethers (R-S-R")

3.3.1. Sulfenylation of heteroarenes. In 2014, the Deng and
Kuhakarn groups independently reported the metal-free direct

‘Cl) iy ° /O /Q
Y
.S A: NaHSO;3 (3 equiv, S
R ONa + ozN@ A NaHSO, B equ) - N

H,0, 60 °C, 24 h
EWG = CHO, CO,H, COMe, etc 25-78%
(20 examples)

0]
! e 08
R ONa + ON B: CuCl (5 mol%), NMP S5

H,0, Ar, 120°C, 40 h R H

o 0 N
\// o.,0
\s/\N,Ar /\\s/i /@ \>
H QAL AT N S
/S\
H Ar = 4-MeCgH,: 60%

R'=aryl, Me

R
H
Ar = GCgHg: 70% R = Methyl: 71% o. O N
Ar = 2-MeCgHy: 55% R = CgHs: 81% \\S// Y)
Ar = 3-CNCgHy: 75% R = 4-BrCqH,: 63%  Ar~ N

Ar = 4-OMeCgH,: 68%

R = 4-CF,CqH,: 40% H
Ar = 4-CO,EtCgH,: 78%

R =4-OMeCgHy: 72%  Ar=4-MeCgH,: 42%
(DMF used)

Scheme 36 NaHSOsz or CuCl-mediated direct coupling of sodium
arylsulfinates with nitroarenes.
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NHAc

C3-sulfenylation of indoles with sodium sulfinates. Deng and
co-workers developed®” an iodine-catalyzed protocol to prepare
a variety of 3-arylthioindoles from indoles and sodium sulfi-
nates in the presence of diethyl phosphite (Table 7A). A range of
aryl and alkyl sulfinates reacted well with indole to give the
desired 3-arylthioindoles in good to high yields. Also, the effect
of substituents on the indole nucleus was examined. The
substituent at the C2, C4 and C7 positions of indole, including
N-methylindole, were sulfenylated smoothly. No sulfenylation
took place if a methyl group occupied the C3-position of the
indole. A few control experiments were carried out to under-
stand the mechanism, which was rationalized as an ionic
pathway, and explained the role of DMSO. Simultaneously,
Kuhakarn and co-workers®® used stoichiometric iodine for the
synthesis of 3-aryl/alkyl-thioindoles using sodium sulfinates in
the presence of Ph;P as a mild reducing agent (Table 7B). In
general, a range of substituted indoles that underwent C3 sul-
fenylation with different arenesulfinates gave related products
in moderate to high yields, albeit sodium methanesulfinate
gave a low yield. In contrast to Deng's work, C2-sulfenylation of
3-methylindole was successfully achieved, yet N-Boc indole was
unsuccessful in this transformation.

Rao et al. examined various persulfates, such as (NH,),S,0s,
Na,S,0g, K,S,0g and oxone for thiolation of indole with sodium
arenesulfinate salts and K,S,0g was found to be the best choice
to afford 3-arylthioindoles (Scheme 37).** The scope of C3-
sulfenylation was efficiently investigated with varied indoles as
well as arenesulfinates to give a range of 3-arylthioindoles in good
to excellent yields. Interestingly, 3-methylindole also participated
in producing the C2-sulfenylated product in low yield. The trans-
formation was suitable for the Gram-scale synthesis of indole-3-
thioether without any significant variation in the outcome.

RSC Adv, 2021, 11, 9130-9221 | 9141
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Table 7 C3-sulfenylation of indoles with sodium sulfinates

View Article Online

Review

1
9 Rr? A: 1, (10 mol%), DMSO (3 equiv) R? §=H
R"S\ONa . \ (EtO),P(O)H, anisole, 100 °C, Ar, 15 h \
N B: I, (1 equiv), PPh; (1.5 equiv), EtOH, 80 °C N
R R
Thioethers AorB Thioethers AorB
s—Ph A: 85% S—A Ar = 4-MeCgH,, A: 90%; B: 85%
@E\g B: 75% @\g Ar = 4-CIC4H,, A: 93%; B: 97%
N N
s—Me A: 65% S—Ar Ar = CgHs, A: 90%
@E\g B: 44% eo\@\/\g Ar = 4-MeCgHy, B: 88%
H N
g—Ar Ar = CgHs, A: 82% s—Ar Ar = CgHs, A: 86%
@i\g Ar = 4-MeCgHy, B: 88% 4 Ar = 4-MeCgHy, B: 83%
N N
Me
S—Ar Ar = CgHs, A: 87% Me Ar = CgHs, A: 0%
N Ar = 4-MeCgH,, B: 89% ws/Ar Ar = 4-MeC6H4, B: 75%
N

Yi and Zhang carried out interesting work on the copper-
catalyzed direct trifluoromethylthiolation of indoles, pyrroles,
and enamines. A series of substituted indoles were sulfenylated
with sodium trifluoromethanesulfinate (Langlois reagent) and
a wide variety C3-sulfenyalted products were obtained in good
to excellent yields (Scheme 38A).** Next, pyrroles and enamines
were utilized in trifluoromethylthiolation to afford the desired
thioethers in good yields. Further, the method was successfully
extended to direct perfluoroalkyl-thiolation using different
sodium perfluoroalkane sulfinates (R¢SO,Na) having different R¢
groups to give the desired products in high yields. The authors
carefully examined the '"F NMR to understand the actual

s—Ar
H
S ona R KoS,05, CHyCN/H,0 (10:1) @
100 °C, Ny, 24 h N
‘Rz
. N N
h H H
- 83% = 87% R = Cl 71%
= 89% R OMe 87% R = OMe: 85%
Me
@ o -
N N
. R=Me: 91%

Scheme 37 K,S,Og-mediated thiolation of indole with arenesulfinate
salts.
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H

species for this protocol. The intermediates I-V were detected
based on fluorine values where either the F;CSOH (III) or F;CS"
(V) precursors underwent an electrophilic attack on the indoles.
Similarly, Cai and co-workers®*® disclosed a metal-free tri-
fluoromethylthiolation of indoles, pyrroles, and enamines with
sodium trifluoromethane-sulfinate under mild conditions
(Scheme 38B). A series of trifluoromethyl thioether products
were obtained in comparable yields. It was assumed that
a reactive F3;CSCl was generated from the F;CSO,Na in the
presence of the Ph;P and N-chlorophthalimide reagent system.

SoEs
2 R? A: CuCl, (EtO),P(O)H, DMSO  R2 5
s C/S\ONE . N gt toluene, 110 °C, 12 h A .
. N B: PPhj, N-chlorophthalimide R
k3 CHLCN, 1, 14 h "{
5—CF3 g—CF §—CFs §—CF3

o o el ol e

H

A:89%; B:81% A:77%; B: 89% A:93%; B:87% A:89%; B:83% A:94%; B: 80%

(o]
Ph-NH g / \ Ph—NHi S—CF3
I\ F,C” “ONa
i or — —3 =" »ph NS or
u CO,R Method A or B H \CF COR
R ME: Ef 3 A:72% (R = Et)
=Me, A: 84%; B: 70% B: 86% (R = Me)
o e
0 R = C,Fs: 82%
SY \\| A: CuCl, (Et0),P(O)H, DMSO \\ Rf = C4Fg: 77%
R ONa + N toluene, 110 °C, 12 h N Re=CeF13: 72%
N N Rp=CeFyr: 65%
) g
ﬂ ﬂ 0\4\"9 SCF3
s (EtO),P(O)H s _S___, cucl p
FaC” “ONa ——2Z =2 o p " “H<=—=F,C~ “OH-—=—“> CF;8—SCF SCF.
Sy O Methoa A P ) 1 ’ IR S e
" m qny ) )
&§=-84.46 ppm §=-78.58 ppm 5= -62.14 ppm §=-45.48 ppm

Scheme 38 Thiolation of
sulfinates.

indoles, pyrroles and enamines with
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Table 8 Trifluoromethylthiolation and trifluoromethylsulfinylation
reactions by using sodium fluoromethanesulfinates

e RF\S(O)
1l
RF/S\ONa . R2 \|__gr_PCls or POCl;, DMF - N\__g
. N, rt, 0.5-3 h N
RS R?
Thioethers With PCl; Sulfoxides With POCl;
FsC\S R = H: 79% FaC\SO R = H: 83%
R R = Cl: 75% R R = Cl: 87%
Ny R =Me: 82% N\ R = Me: 81%
N R=NO,: 68% N R = OMe: 94%
R = OMe: 81% R = CHO: 80%
R = CHO: 57%
F3Co F3Cl
S SO
R = Me: 66% R = Me: 87%
wR R = Ph: 78% wa R = Ph: 63%
N N
H H
FsC_ Re
5 50O Rr = CaFo: 81%
@E\g 69% @E\g Rr = CF2CF2Cl: 77%
N
\ N
FaC
CIFQCFZC\S 3 “so
@E\g 41% @j\g 80%
N N
H \

The reaction was not inhibited by the addition of TEMPO and as
a result, the radical pathway was ruled out.

Subsequently, Liu and co-workers described the efficient and
metal-free direct C-3 sulfenylation and sulfinylation of indoles
with sodium trifluoromethanesulfinate under mild conditions.
The versatile reactivity of sodium trifluoromethane-sulfinate
was observed by using different phosphorus reagents, such as
phosphorus trichloride (PCl;) and phosphorus oxychloride
(POCl;) in DMF at room temperature (Table 8).*” By using PCl;
reagent the trifluoromethylthiolation of indole derivatives gave
3-trifluoromethylthiolated indoles in moderate to good yields,
whereas the corresponding sulfoxides were delivered in good to
high yields in the presence of phosphorus oxychloride. More-
over, this protocol was extended to other sodium per-
fluoroalkanesulfinates to obtain the corresponding products in
high yields. Similar to Zhang's work, '°F NMR revealed that
CF5;SCl and CF;SOCl were key intermediates in trifluoro-
methylthiolation and trifluoromethylsulfinylation, respectively.

In 2017, Zhang and co-workers® further extended the metal-
free approach for the direct sulfenylation of various electron-rich
arenes and heteroarenes with sodium fluoroalkylsulfinates
(HCF,SO,Na, CF3;SO,Na, or RpSO,Na). Significantly diverse
substrates such as indoles, pyrroles, azaindoles and electron-rich
arenes formed the desired fluoroalkyl thioethers in good to high
yields (Scheme 39). The protocol was also further expanded to
difluoromethylthiolation, trifluoromethylthiolation and per-
fluoroalkylthiolation using the corresponding sodium sulfinates.
For the mechanism, the fluoroalkyl sulfinate salts are expected to

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

o}
1] INDOLES INDOLES S\R
S PYRROLES (EtO),P(O)H, TMSCI PYRROLES F
Re ONa + {  AZAINDOLES T o~ 2> | AZAINDOLES
ELECTRON-RICH/ toluene, 85-100°C, 3h \ g, EcrroN-RIC
ARENES ARENES
—CF,H s—CF2H _CF,H
g R —CF,H o
R X S
A\ N A A\
N N N
H H N \
R = H 89% X =F 72% H R
R = Me: 93% X =Cl: 65% R = OH: 82% R = Et: 77%
R = CN: 76% X =Br: 70% R = OBn: 85% R =Ts: 18%
R = CO,Me: 80% X=1 80% R = CO,Et: 62% R =Boc: 23%
§—CFH §—CFH §—CF2H
/ \ R = H: 88% =
Q\SI R=Me:77% (Z N7\ = TN IR
A R=Et 71% W\ I~ ~ N
R M R=gni7aw N NN Nl
% o
88% 87% o 76%
S/CFZH CF2 CF2 CFZ
MeO. OMe Me0\©/ Me MeO: i Ol | ‘ OH
OMe
82% 80% es% 51%
Reaction with CF3SO,Na and ReSO,Na instead of HF,CSO,Na
5—CF;
F CAFQ CSFW
A\