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Needless to say that organosulfur compounds with sulfur—nitrogen bonds have found various applications
in diverse fields such as pharmaceuticals, agrochemicals, polymers, and so forth. Three major groups of
such compounds are sulfenamides, sulfinamides, and sulfonamides which have been widely applied as
building blocks in medical chemistry. Owing to their significant role in drug design and discovery
programs, the search for and development of efficient, environmentally friendly, and economic
processes for the preparation of the title compounds is of great importance in the pharmaceutical
industry. Recently, oxidative coupling of thiols and amines, two readily available low-cost commodity
chemicals, has emerged as a highly useful method for synthesizing structurally diverse sulfenamides,
sulfinamides, and sulfonamides in a single step. Since this strategy does not require additional pre-
functionalization and de-functionalization steps, it considerably streamlines synthetic routes and
substantially reduces waste generation. This review will focus on recent advances and achievements in

rsc.li/rsc-advances this attractive research arena.
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Fig. 1 General structure of sulfenamides (I), sulfinamides (ll), sulfonamides (lll), and some related compounds.

1. Introduction

Sulfenamides (Fig. 1, structure I) are versatile reagents that are
used in the synthesis of various types of valuable organosulfur
compounds such as sulfides," sulfonimidamides,* sulfinami-
dines and sulfinimidate esters.* Moreover, due to the high
lability of their S-N bond, they are widely used as vulcanization
accelerators in the rubber industry.* In addition to their
synthetic and industrial applications, sulfenamides are
considered as a potential scaffold for promising antihyperten-
sive, anticancer, and diuretic agents.® In a similar way, sulfi-
namides (Fig. 1, structure II) are not only prevalent in a wide
variety of natural products® and commercially available chiral
auxiliaries” but also used as a valuable synthetic block in
organic synthesis.® Sulfonamides (Fig. 1, structure III) are
another family of sulfur-nitrogen bond-containing organo-
sulfur compounds that widely used as medicines,® dyes,' and
plasticizers for fiber-reinforced composites materials.™
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The classical methods to synthesize N-sulfenyl-, sulfinyl-,
and sulfonylamine derivatives involve the condensation of sul-
fenyl, sulfinyl, and sulfonyl chlorides, respectively, and ami-
nes.*»>""* However, corrosion and instability of most sulfenyl
and sulfinyl chlorides, and some sulfonyl chlorides makes their
handling troublesome.” In order to bypass these limitations,
over the years, several convenient strategies have developed.'**®
Among them, oxidative coupling of thiols and amines has been
the focus of considerable attention due to its straightforward
manner with high atom- and step-economy, providing concise
and efficient methods for the fabrication of the titled
compounds from easily available starting materials. In light of
the increasing interest on this chemistry, we concluded that it
was timely to summarize the available literature on this domain
in a comprehensive review paper. In continuation of our
preceding works on organosulfur chemistry® and modern
organic synthesis,”*?® we summarize here the most important
contributions toward the synthesis of N-sulfenyl-, sulfinyl-, and
sulfonylamines through the controllable oxidative coupling of
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Fig. 2 Direct synthesis of sulfenamides, sulfinamides, and sulfon-
amides from thiols and amines.

thiols and amines (Fig. 2), by hoping that it will inspire
researchers to make further progress in the field.

2. Synthesis of sulfenamides

The possibility of synthesizing sulfenamides through the
oxidative coupling of thiols and amines was first realized by
Taniguchi in 2010.>” By considering the coupling of p-thiocresol
with tert-butylamine as the model reaction, the author carefully
evaluated the reaction variables such as catalyst, ligand, and
solvent. The optimal system was identified using inexpensive
Cul catalyst in combination with 2,2"-bipyridine (bpy) ligand in
DMSO at 60 °C, which gave the expected sulfenamide in a yield
of 90%. Under the optimized conditions, various thiophenol
derivatives 1 reacted efficiently with both aromatic and aliphatic
amines 2 to give the corresponding sulfenamides 3 in 40-90%
yields (Scheme 1). However, aliphatic and NO,-substituted
aromatic thiols failed to participate in this transformation.
Regarding the scope of amines, aliphatic amines gave consid-
erably higher yields compared to the aromatic ones. Intrigu-
ingly, when the reaction was performed under an oxygen
atmosphere, instead of sulfenamides, the respective sulfon-
amides were obtained in modest to excellent yields. Further-
more, when the merge of PACl, and Cul with bpy was applied as
the catalytic system, it was found that the corresponding sulfi-
namides were selectively produced. The mechanism proposed
to explain the formation of sulfenamides 3 starts with the
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Scheme 2 Plausible mechanism of Cu-catalyzed cross-coupling of
thiols 1 and amines 2.

generation of ArS-Cu'L,, complex VIII via oxidative addition of
thiophenol 1 to the in situ generated active copper catalyst VII.
Subsequently, oxidation of this intermediate with air oxygen
gives ArS-Cu"(1)L, complex IX, which after reaction with amine
2 leads to the intermediate X. Finally, reductive elimination of
this intermediate X in the presence of oxygen provides the ex-
pected product 3 and regenerates catalyst VII (Scheme 2, path
A). In another possibility, oxidative coupling of thiophenol 1
forms diaryl disulfide XI that, after reaction with amine 2
produces the final product 3 and releases the intermediate IX
(Scheme 2, path B).

Shortly afterwards, Wacharasindhu and co-workers further
expanded the scope of this chemistry to heteroaromatic thiols
using hypervalent iodine(m) reagent (diacetoxyiodo)benzene
(DIB) as promoter and 1,8-diazabicyclo[5.4.0]-undec-7-ene
(DBU) as base.”® A relatively broad range of N-heterocyclic
thiols 4 could be coupled with various primary and secondary
aliphatic amines 5 by this method, and effectively furnished the
corresponding S-heteroaryl sulfenamides 6 in fair to excellent
yields (Scheme 3). However, thiols with the insufficient elec-
trophilicity of the sulfur atom (e.g., unsubstituted pyridine
thiols) underwent competitive homocoupling side reactions,
thereby provided a mixture of the desired sulfenamides and
corresponding disulfides. Furthermore, sterically hindered
(e.g., tert-butylamine) and less nucleophilic amines (e.g.,
anilines) were inert in this reaction and only disulfides were

S R2 Cul (5 mol%) S R
I X YH) & bpy (5 mol%) | X SNT
R—r -~ + (H=N . > R'-T
P> v \R3 DMSO, air, 60 °C, 18-36 h _ R3
1 2 3

R!=H, 4-Me, 4-OMe, 4-Cl, 2-Me, 2-Br 13 examples (40-90%)
R®=H, Me, Et
R3= Et, 'Pr, "Bu, ‘Bu, Ph, 4-Me-C¢H,, 4-C1-C¢H,
R?+ R~ -(CH,)5-

Scheme 1 Taniguchi's synthesis of sulfenamides 3.
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Scheme 3 DIB-promoted S—N coupling of N-heterocyclic thiols 4 with amines 5.
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Scheme 4 Proposed reaction mechanism for the formation of S-heteroaryl sulfenamides 6.

isolated using these nucleophiles. Based on the previous liter-
ature report, the authors proposed two possible pathways for
this transformation as depicted in Scheme 4. The thiol 4 reacts
with DIB to form the reactive key intermediate XII, followed by
the nucleophilic attack on the sulfur atom by the SH-group of
another molecule of thiol 4 with the removal of acetic acid and
iodobenzene resulting in the disulfide intermediate XIII, which
undergoes reaction with amine 5 to form the target product 6
and sulfide anion XIV. Finally, simple ligand exchange of DIB
reagent with the anionic intermediate XIV regenerates the key
intermediate XII (Scheme 4, path A). In another possibility, the
direct nucleophilic substitution of intermediate XII with amine
5 affords the final product 6 (Scheme 4, path B).

At the outset of 2017, a straightforward and environmentally
approach for the synthesis of 2-benzothiazolesulfenamides 9 by
the reaction between 2-mercaptobenzothiazole 7 and alkyl-
amines 8 was well reported by Yuan and colleagues (Scheme
5a).° This S-N bond formation reaction required 2,2,6,6-
(tetramethylpiperidin-1-yl)oxyl (TEMPO) as catalyst and molec-
ular oxygen as the terminal oxidant in acetonitrile. Various
primary and secondary alkylamines including sterically
hindered ones suitably participated in this reaction, delivering
good to quantitative yield of the coupled products within 3-6 h.
However, the applicability of arylamines was not investigated in
this study. The reaction, moreover, appears to be limited to

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

unsubstituted 2-mercaptobenzothiazole. In the same year,
utilized a conceptually similar strategy to fabrication of 2-ben-
zothiazolesulfenamide derivatives 11 in acceptable yields
employing phthalocyanine-tetra-sodium cobalt(u) sulfonate
[Co(phcy)(SO3Na),] as a reusable catalyst and water as the
solvent (Scheme 5b).*® Particularly, the reaction tolerated both
alkyl and aryl amines 10. However, like Yuan's work, except for
2-mercaptobenzothiazole 7, other thiols, such as phenyl thiols
failed in the system to provide the corresponding sulfenamides.
Mechanistically, the authors speculated that the reaction pro-
ceeded through a free radical pathway via formation of a thiyl
radical as the key step. Very recently, the group of Ko also
synthesized a library of 2-benzothiazolesulfenamides (11
examples; 42-96% yield) in a similar manner employing
dibenzyl azodicarboxylate (DBAD) as a promoter under ambient
conditions.** Similarly, 2-mercaptobenzoxazole was also
compatible and reacted well with the same set of amines to give
the corresponding 2-benzoxazolesulfenamides with slightly
diminished  yields as compared with the 2-
mercaptobenzothiazole.

In 2018, Zeng and co-workers exploited the I,/H,0, catalytic
system for cross-dehydrogenative coupling reaction between
thiophenol 12 and anilines 13 with diverse steric and electronic
properties, providing expedite access to a range of N,S-diaryl
sulfenamides 14 (Scheme 6a).>> This metal free transformation

RSC Adv, 2021, 1, 32394-32407 | 32397
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R!=H, Et, Pr 14 examples (19-96%)

R2= Et, "Pr, Pr, “Hex, Bn, Ph, 4-Me-C¢H,,
4-C1-CgHy, 4-Br-CgH,, 3-Me-CgH,

R! + R?=-(CH,),0(CH,)y-, (CH,),S(CHy),-, -(CH,),NBoc(CHy,),-, -CMey(CH,);CMe,-,

-CH,CH(Me)(CH,)s-,

Scheme 5

-(CH,),C(-OCH,CH,0-)(CHy),-

(a) TEMPO-catalyzed oxidative coupling of 2-mercaptobenzothiazole 7 with alkylamines 8; (b) synthesis of 2-benzothiazolesulfe-

namide derivatives 11 via co-catalyzed reaction of 2-mercaptobenzothiazole 7 with amines 10.

was carried out in presence of 10 mol% I, and 2.5 equiv. of H,0,
in green and biodegradable polyethylene glycol (PEG-400) under
mild conditions, tolerated various synthetically useful func-
tionalities such as Br, CF;, CN, NO,, CO,Me, and generally
provided the respective products in moderate to good yields.
Notably, this protocol also proved to be applicable to the use of
sulfoximines as coupling partners. According to the author's
proposed mechanism (Scheme 6b), presumably, the reaction
initiated with the formation of the disulfide intermediate XV by

homocoupling of thiophenol 12. Next, the disulfide reacted with
I, and generated the active electrophilic species, Ph-S-I which
was readily attacked by aniline 13 to provide ionic intermediate
XVI and deliver the desired product 14 followed by a deproto-
nation process. Finally, hydriodic acid (HI) is oxidized by H,O,
to restore the I, catalyst.

Following these works, Zhang and Qian along with their co-
workers used the I,/KMnO, dual catalyst system for the oxida-
tive dehydrogenation of thiols 15 and amines 16 to afford a wide

(@) R
S . i 111 I, (10 mol%) llll
YH ‘"7 “ H,0, (2.5 equiv.)
Nl v | 2 N
+ 1 : 0, S’ =
N PEGy, air, 50 °C, 4 h :—R2
12 13 X
R!=H, Me 8 examples (51-70%)
R2=H, 4-Me, 4-CO,Me, 4-Br, 4-CFs, 4-CN, 4-NO,
(b)
I,/H,0
Ph—SH ———» P H,0
12 1,0,
oSN
Rl
I
_H N _Ph
S
N—ph
/ XVI 14

Scheme 6
diaryl sulfenamides 14.
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(a) I,-catalyzed cross-dehydrogenative coupling of thiophenol 12 with anilines 13; (b) putative mechanism for the formation of N,S-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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27 examples (40-86%)

Rlz 4—’Bu-C6H4, 4'OMe-C6H4, 4'C02MG-C6H4, 4-SM€-C6H4, 4-F-C6H4, 4-C1'C6H4,
4-Br-C6H4, 3-Me-C6H4, 3-C1-C6H4, 3-Br-C6H4, 2-Me-C6H4, 2-C1-C6H4,
2-Br-C¢Hy, 3,5-Me,-CgHs, 1-naphthyl, 2-naphthyl, 2-thienyl, Bn, 1-adamantany]

R?+ R*= «(CH,)s-, -(CH,),0(CH,),-, (CH,),S(CH,),-, -(CH,),CH(CO,Me)(CH,),-,

-(CH,),CHPh(CH,),-, -CH,CH(Me)(NBoc)(CH,),-, -(CH,),CHCN(CH,),-,
-(CH,),NBoc(CH,),-, -(CH,),NCbz(CH,),-, -(CH,),N(4-CI-CsHy)(CH,),-,

Scheme 7 Zhang-Qian's synthesis of sulfenamides 17.

range of sulfenamides 17 in moderate to high yields (Scheme
7). Although various aliphatic and (hetero)aromatic thiols with
either electron-donating or electron-withdrawing substituents
were well tolerated under the reaction conditions, the protocol
was restricted to only secondary cyclic amines, however, the
method was successfully explored for the synthesis of a drug-
like sulfenamide with antihypertensive activity. It should be
mentioned that under the identical conditions, due to their
higher reactivity, the primary amines were converted to sulfi-
namides rather than sulfenamides. Based on the mechanistic
studies conducted, the author speculated that the activated
MnO, (generated in situ through the heating of KMnO, under
O, atmosphere) was an electron transfer bridge for assisting
iodine in completing the catalytic cycle.

Recently, the Li-Yuan group developed an efficient electro-
chemical synthesis of S-heteroaryl sulfenamides 20 via dehy-
drogenative S-H/N-H cross-coupling of the corresponding
heteroaryl thiols 18 with alkyl amines 19 under oxidant- and
catalyst-free conditions.* Screening of various electrolytes such
as BuyN-Br, BuyN-ClO,4, Buy,N-BF,, and LiClO,, conclusively led
to the use of BuyN-BF, as the most promising electrolyte,
whereas MeCN was found to be the most suitable solvent. The
reaction was conducted in an undivided cell with inexpensive
nickel foam electrodes under constant current of 5 mA at room

undivided cell, 5 mA

temperature for 6 h to deliver the coupled products in poor to
excellent yields (Scheme 8). Concerning the substrate scope, the
reaction is strongly dependent on the steric- and electronic-
factors of amines. Sterically demanding amines such as diiso-
propylamine and 2,2,6,6-tetramethylpiperidine afforded less
satisfactory results and less nucleophilic aryl amines completely
failed in the system to provide the corresponding products.
Notably, the reaction was scalable as exemplified by the
formation of N-tert-butyl-2-benzothiazolesulfenamide on a 50 g
scale (94%) while the Ni sheets could be reused. A plausible
catalytic radical pathway for the formation of sulfenamides 20
was proposed as shown in Scheme 9. Initially, the thiyl radical
and the amino radical were generated from thiol and amine,
respectively, through the single-electron-transfer oxidation on
the anode surface. Then the coupling of these radicals produced
the desired product. Meanwhile, the thiyl radical underwent
dimerization to form a disulfide that after the single-electron
reduction at the cathode afforded the corresponding radical
anion. Finally, the cleavage of this radical anion reproduced the
thiyl radical and a thiyl anion.

3. Synthesis of sulfinamides

In 2010, in the same paper describing Cu-catalyzed cross-
dehydrogenative coupling of thiols and amines to

[_|

Ni Ni

18 19

(Het)Ar= 2-pyridyl, 4-pyridyl, 2-pyrimidyl,
2-benzothiazolyl, 2-benzoxazolyl
R'=H, Et, Pr

Bu,N'BF,, air, MeCN, r.t., 6 h

20 examples (10-95%)

R?= Et, "Pr, ‘Pr, °Pr, ‘Bu, °Hex, Bn, 4-CI-Bn, CHPh,
R'+ R*= -(CHy)y-, -(CH2),0(CHy),-, -(CH),S(CHy),-, -CMey(CH,)3CMe,-, -CH,CH(Me)(CH, )3-,

~«(CH,),C(-OCH,CH,0-)(CHy),-

Scheme 8 Electrochemical oxidant- and catalyst-free synthesis of S-heteroaryl sulfenamides 20 through dehydrogenative S—H/N-H coupling

of heteroaryl thiols 18 with alkyl amines 19.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 A plausible mechanism for the reaction in Scheme 8.

sulfenamides, Taniguchi also utilized a dual Cu/Pd catalytic
system towards the formation of sulfinamides from the same
starting materials.”” Detailed investigations revealed that the
suitable conditions for this chemical transformation were:
5 mol% of Cul, 3 mol% of PdCl,, and 8 mol% of bpy under open
air in DMSO. Under optimal conditions, a small series of aryl
thiols 21 were treated with ter¢-butylamine 22 for 18 h leading to
the corresponding sulfinamides 23 in moderate to good yields
(Scheme 10). However, in this preliminary work, only one amine
was examined, without any substrate scope exploration. It is
worth noting to mention that both Cul and PdCl, had
a profound impact on this catalytic regime. As mentioned by the
author, when the reaction was carried out with only the Cul-bpy
catalyst, no sulfinamide is produced and sulfenamides are ob-
tained selectivity instead. Similarly, the palladium catalyst only
also did not afford the desired sulfinamides and the corre-
sponding disulfides are obtained as the major products under
this regime. Unfortunately, no comment was made by the
author regarding the plausible mechanistic course of this
reaction.

With the aim of designing a more practical and substrate
compatible protocol to sulfinamides through oxidative coupling
of the corresponding thiols with amines, the innovative group

PdCl, (3 mol%)

of Taniguchi also unveiled a highly efficient Cu-catalyzed dual
S-H/N-H activation methodology to synthesize a relatively
broad array of aryl sulfinamides 26 by combination of aromatic
thiols 24 with various primary and secondary aliphatic amines
25 in a 6 : 1 mixture of DMSO and H,O in presence of 5 mol%
Cul as catalyst, 5 mol% bpy as a ligand, and 0.5 equiv. of
NH,4PF, as additive under air at 70-80 °C (Scheme 11).** The
results demonstrated that the reaction was equally efficient for
both electron-rich and electron-poor aryl thiols. Howbeit,
amino-group bearing aryl thiols turned out to be ineffective
coupling partners under the standard reaction condition.
Additionally, neither aliphatic thiols nor aromatic amines could
react in this system. Based on a series of mechanistic studies
conducted, the author proposed that through a similar catalytic
cycle depicted in Scheme 2, a sulfenamide intermediate is
initially formed which underwent further oxidation into the
corresponding sulfinamide under the reaction condition. To
shed light on the source of oxygen atom of the sulfinamide
products, the author performed isotope labelling experiments
with H,'®0 which indicated that the oxygen atom originated
from both water and molecular oxygen as a mixture of both *#0-
and '°0O-containing products in the ratio of 3 : 2, respectively,
was formed.

c—
—_—)

Se-. £ Cul (5 mol%) S Bu
XY YR P bpy (8 mol%) XY N7
R=T "+ (H~NH > Ry H
S - DMSO, air (0,), 60 °C, 18 h _—
21 22 23

R=H, 4-Me, 4-OMe, 4-Cl, 2-Me

5 examples (45-75%)

Scheme 10 Synthesis of sulfinamides 23 from aryl thiols 21 and tert-butylamine 22 catalyzed by PdCl,—Cul binary catalyst.
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Cul (5 mol%) ﬁ
Sc= 2 bpy (5 mol%) S R2
XY YH) e F NH,PF (50 mol%) XN
R]—I— - 4+ (H~N > R'—I |
= = \R3 DMSO/H,0 (6:1) air (O,), 70-80 °C, 18 h = R3
24 25 26
R!=H, 4-Me, 4-OMe, 4-Cl, 4-Br, 3-Me, 2-Me, 2-OMe, 2-Br, 3,4-(CH=CH),- 14 examples (52-88%)
R?>=H, Et
R3=Et, ‘Bu

R? + R3=-(CH,);-, -(CH,)s-, -(CH,),0(CH,),-

Scheme 11 Cu-catalyzed synthesis of aryl sulfinamides 26 from aryl thiols 24 and amines 25 in the presence of air.

Inspired by these pioneering works, very recently, Morandi
and co-workers disclosed an interesting iron catalyzed protocol
for the preparation of valuable unprotected sulfinamides 28
from thiols 27 and O-pivaloyl hydroxylamine triflic acid
(PivONH;0Tf), where the hydroxylamine derivative was
consumed as both oxidant and the aminating reagent in the
presence of bidentate chelating bpy ligand.*® The reaction was
performed in the binary solvent MeOH/DCM with ratio 3 : 1 at
room temperature, tolerated a wide variety of aliphatic,
benzylic, aromatic, and heteroaromatic thiols, and accom-
plished the desired products in moderate to excellent yields
within 16 h (Scheme 12). Notably, the author also showcased the
synthetic versatility of this method through amino-oxidation of
natural product derived 2-pinanthiol and thiocholesterol in
modest yields. Intriguingly, mechanistic studies affirmed that
the oxygen atom present in the resulting sulfinamides came
from the alcoholic solvent and not from air oxygen. The plau-
sible mechanism proposed by the authors for this trans-
formation is illustrated in Scheme 13.

4. Synthesis of sulfonamides

Drawing inspiration from the extensive research efforts on one-
pot two step synthesis of sulfonamides from the respective
thiols and amines through oxidative chlorination of thiols to
sulfonyl chlorides followed by reaction with amines,*”** the first
general report on the formation of three new bonds (two S=0O
and one S-N) in a single step to chemoselectively form sulfon-
amide products was published by Feng and Wu in 2016.% In this
investigation, a diverse array of N-unsubstituted sulfonamides
30 were obtained in reasonable yields by reaction of various
alkyl and aryl thiols 29 with aqueous ammonia in refluxing
acetonitrile through the action of I,/BuOOH (Scheme 14). A
wide panel of synthetically useful functional groups such as
-OMe, -SMe, -F, —Cl, -Br, -NO, were perfectly tolerated by this
reaction, thus promising further modifications of the final
products. In addition to ammonia, tert-butylamine was applied
as well and gave the desired product in excellent yield. Based on
the preliminary control experiments, the authors proposed

FeCl, (3 mol%) 0
S bpy (8 mol%) [
NG, + PivONH;OTf > S
R (H» 3 ON
< - MeOH/DCM (3:1), air, r.t., 16 h R NH,
27 28

40 examples (37-92%)

R= Ph, 4-Me-C6H4, 4-[Bu-C6H4, 4-0Me-C6H4, 4-F-C6H4, 4-C1-C6H4, 4-Br-C6H4, 4-CF3-C6H4,
4-NHCOMC-C6H4, 4-(p-CN-C6H4)-C6H4, 4-(4-pyridyl)-C6H4, 3,5-M62-C6H3, 3,6-M62-C6H3,

2,4,6-Me;-C¢H,, 1-naphthyl, 8-quinolinyl, 2-

4-OCF;-Bn, -CHMePh, -CH,Bn, ‘Bu, “CsH,,
~(CH,),CN, -CH,NHCOPh, -CHMeCH,Me,

(6-Me)-pyridyl, Bn, 4-F-Bn, 4-NO,-Bn,
"CgHy3, “CgHyy, "CgHy7, "CioHys, -(CH,)3Cl,
-(CH,),-1-adamantanyl, allyl, -CH,O-allyl,

-CH,O-propargyl, 2-(2,3-dihydro)indenyl, 3-adamantanyl

Scheme 12 Morandi's synthesis of unprotected sulfinamides 28.
Fe(Il)
PivONH;0Tf l -PivOH, -HOTf
NH NH NH,
PivONH;0Tf [FeNH] g R MeOH g MeOH é
2JRSH —————— 3 (RS), ——————>» e e
®RS) R7 87 RSH R” DOMe -MeOMe  R” o
27 XVII XVIII XIX 28

Scheme 13 Proposed mechanism for Fe-catalyzed amino-oxidation of thiols 27.
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I, (20 mol%) 0O
S P ‘BuOOH (5 equiv.) Il
Y T OUHNH, R—S==NH,
A= P MeCN, air, 100 °C, 16 h 1|
O
29 30

25 examples (42-94%)

R= CC6H11, nC10H21, Bn, Ph, 4-MC-C6H4, 4-OMC-C6H4, 4-SMC-C6H4, 4-F-C6H4,
4-C1-CgH,, 4-Br-C¢H,, 4-CF5-C¢Hy, 4-NO,-CeH,, 3-Me-CgHy, 3-OMe-C(H,,
3-F-C6H4, 3-C1-C6H4, 2-MC-C6H4, 2-F-C6H4, 2-Br-C6H4, 2,4-F2-C6H3,
3,4-Cl,-C¢Hj3, 2-Cl-4-F-CgHj3, 2,4-Me,-C¢Hj3, 2-naphthyl, 2-benzoimidazolyl

Scheme 14 |,-mediated synthesis of N-unsubstituted sulfonamides 30 from thiols 29 and ammonia.

0 0
I, NH; 1 TBHP 1

R—SH ——— R—S —— S ——» R—S—NH,
TBHP TBHP R NH, [l
29 XX XXI 0
30

Scheme 15 Mechanism of reaction between thiols 29 and ammonia in the presence of |, and ‘BuOOH.

a plausible mechanism that consists of the following key steps
(Scheme 15): (i) initial formation of thiyl radical XX through the
one-electron oxidation of thiol 29 in the presence of I,/'BuOOH;
(ii) oxidative combination of radical XX with ammonia to give
sulfinamide intermediate XXI; and (iii) oxidation of sulfinamide
XXI with ‘BuOOH to afford the final sulfonamide 30.
Subsequently, Wei and Wang along with their colleagues
unfolded the I,0s-mediated direct sulfonylation of amines 32
with arylthiols 31 to synthesize N-mono- and N,N-di-substituted
sulfonamide derivatives 33 under metal-free condition (Scheme
16).*° The reaction showed broad substrate scope, irrespective
of whether electron-donating or withdrawing groups were at
different positions of phenyl rings of aryl thiols, and both the
aliphatic and aromatic amines exhibited good applications
under standard conditions and afforded the target products in
moderate to high yields. Moreover, a tolerance for 4-pyr-
idinethiol (a heteroaromatic thiol) was also demonstrated. It
should be mentioned that in the cases of primary amines, the
use of stoichiometric amounts of DBU as the base was necessary
because the yields of the corresponding products were

obviously reduced when only 1,05 was used in the reaction. The
authors nicely highlighted the synthetic utility of their meth-
odology by high yielding gram-scale synthesis of 4-tosylmor-
pholine (81% yield on 10 mmol scale). With regard to the
mechanism (Scheme 17), the reaction initiates by the formation
of disulfide XXII through the oxidative dimerization of the thiol
31, followed by its oxidation with 1,05 to give benzenesulfono-
thioate XXIII and molecular iodine. Next, the interaction of
benzenesulfonothioate XXIII with I, generates the sulfonyl
iodide intermediate XXIV, which after nucleophilic substitution
by amine 32 leads to the formation of the observed sulfonamide
33.

In 2018, the Luisi-Bull group disclosed a novel route to
synthesize primary sulfonamides 35 from thiols 34 through
a one-pot NH and O transfer process using ammonium carba-
mate (NH,CO,NH,) as the N-source and MeOH as the source of
the O-atom as well as the reaction medium.** The reaction was
performed in the presence of a hypervalent iodine reagent at
room temperature, and a series of (hetero)aromatic and
aliphatic thiols showed good compatibilities under standard

S - R2 O R?
X YR ./ 1,05 (1 equiv.) n /
R'—H T HAN // N1y
~ o H 0
= R3 MeCN, air, 60 °C, 12 h RIN\— !! e
31 32 33

23 examples (42-88%)

R!=H, 4-Me, 4-OMe, 4-F, 4-Cl, 4-Br, 3-Me, 3-Cl, 2-Me, 2,4-Me,, 3,4-OMe,, 3,4-(CH=CH),

R>=H

R3= "Bu, -CH,CH,0OMe, Bn, 4-Me-Bn, 4-F-Bn, 4-Cl-Bn, 4-Br-Bn, 2-Br-Bn, 4-Me-C¢H,

R? + R3= -(CHy)y-, -(CHy)s-, (CH,),0(CH,),-

Scheme 16 Direct synthesis of sulfonamides 33 from thiols 31 and amines 32 through the action of 1,0s.
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[O] " A 1,05 I 153
Ar—SH ——» , NN —— Ar—§—S—Ar ———> Ar—S—I
1,
31 XXII
XXIII XXIV
O R
HNRR' (32) [
——» Ar—S—N
o\,
le} R
33
Scheme 17 Proposed mechanism of 1,05-mediated sulfonylation of amines 32 with arylthiols 31.
. O
S PhI(OAc), (3.5 equiv.) I
R/ \’_\I + NH2C02NH4 R_S_NH2
N . MeOH, air, r.t., 24 h I
O
34 35

18 examples (40-95%)

R= Ph, 4-MC-C6H4, 4-’BU-C6H4, 4-OMC-C6H4, 4-F-C6H4, 4-C1-C6H4, 4'Br'C6H4,
3-MC-C6H4, 3-OMC-C6H4, 3-C1-C6H4, 2-MC-C6H4, 2-OMC-C6H4, 2-CF3-C6H4,
2-Br-C6H4, 2-Me-5-’Bu-C6H3, 3,4-OCH20-C6H3, 2-thienyl, ‘Hex

Scheme 18 Luisi—Bull's synthesis of primary sulfonamides 35.

conditions, affording corresponding N-unsubstituted sulfon-
amide products 35 in good to almost quantitative yields
(Scheme 18). Notably, when the reaction was carried out in the
presence of higher ammonia concentrations (4 equiv.) and
reduced reaction times (3 h), related sulfonimidates were
observed as the sole products, which was an interesting

example. Mechanistically, the reaction was speculated to be
preceded through a similar type of mechanism as depicted in
Scheme 13.

Recently, Noél and co-workers have made significant
contributions to the field by developing a highly efficient elec-
trochemical oxidative coupling of thiols and amines in a flow

N\

Fe
2 O RZ
s s R Microflow | -
RI” TH) + (H~N » R!—S=N
g N Me,NBF, (10 mol%) I s
MeCN/0.3M HCI (3:1), r.t., 5 min 0
36 37 38

47 examples (19-97%)

R!=Et, °C¢H,;, "CgH, 7, -CH,CH(Et)(nBu), -CH,CH(NHACc)(CO,Me), -CH,CH,-(2-pyrazinyl),
Ph, 4-Me-C6H4, 4-0Me-C6H4, 4-CF3-C6H4, 4-F-C6H4, 4-Br-C6H4, 3-Me-C6H4, 2-Me-C6H4,
2-CO,Me-C¢Hy, CgF's, 2-pyridyl, 2-(4,6-Me,)-pyrimidinyl, 2-(1-Me)-imidazolyl

R%=H, Me, "Pr

R3=Me, Et, "Pr, “Pr, "Bu, ‘Bu, °Bu, “Pent, “Hex, Bn, allyl, propargyl, -CH,-“Pr, -CH(CO,Me)Bn,
-CH(CO,Me)CH,OH, -CH(CO,Me)CH,-(4-OH-C4H,), -(CH,),CH(CO,Me)(NHCOMe),

-CH,CO,Et

R?+ R*= «(CH,)y-, -(CH,)s-, (CH2),0(CHy),-, (CH,),NMe(CH,),-, -(CH,),CO(CH,),-,

-(CH,),CCI(CHy),~, -CH(CO,Me)CH,CH,CH,-, -CHCH,COCH,CH-
|

H,C CH,

Scheme 19 Electrochemical oxidative coupling of thiols 36 and amines 37 in flow cells.
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cell without the use of a catalyst or external oxidizing agent.**
They showed that the treatment of thiols 36 with either primary
or secondary amines 37 in an electrochemical flow microreactor
with graphite anode and stainless steel cathode in a 3:1
mixture of MeCN/0.3 M HCI containing 0.01 M Me,NBF, at
room temperature produced the corresponding sulfonamides
38 in poor to high yields (Scheme 19). Although various alkyl,
aryl, and heteroaryl thiols were well tolerated under the reaction
conditions, the substrate scope of amines was merely limited to
aliphatic derivatives. However, by adding an equivalent of
pyridine as an electron-mediator, heteroaryl amines became
competent coupling partners but attempts to expand the reac-
tion scope to aniline derivatives were unsuccessful. Notably,
carrying out this interesting electrosynthesis in a batch elec-
trochemical cell was also possible but required higher loadings
(100 mol%) of the supporting electrolyte and longer reaction
times (24 h). The authors attributed the acceleration effect in
flow to the shorter diffusion distances, the large electrode
surface to volume ratio and the intensified mass transport due
to the formation of hydrogen gas, which induces turbulence. A
plausible mechanism based on several control experiments was

Graphite anode

View Article Online

Review

outlined in Scheme 20. The first step involves formation of
a disulfide intermediate XXV from the thiol substrate 36 via
anodic oxidation. Then electro-oxidation of amine 37 generates
the aminium radical intermediate XXVI, which reacts with the
disulfide XXV to form the sulfenamide XXVII. Next, two
consecutive oxidation steps of the sulfenamide occurs and the
targeted sulfonamide 38 produces via a sulfinamide interme-
diate XXVIII.

Very recently, the research group of Kamata and Hara
explored the catalytic application of dual-functional high-
surface-area 3-MnO, (B-MnO,-HS) nanoparticles for the direct
sulfonylation of ammonia with thiols to synthesize primary
sulfonamides.*® Various aromatic and heteroaromatic thiols 39
have been reacted with aqueous NH; in the presence of a cata-
Iytic amount of B-MnO,-HS under O, atmosphere to give
(hetero)aryl sulfonamides 40 in moderate to high yields
(Scheme 21). The reaction works better with electron rich than
with electron poor substituents on the aryl thiols (88% yield for
4-OMe-substituted substrate compared to 58% for the 4-nitro
derivative). It is worthwhile mentioning that the authors dis-
played the applicability of this methodology by performing

| | Stainless steel cathode

R!—SH
36

(R'S), (XXV

o+
Rs/N\Rz

XXVI
H

R3 /N\RZ
37

wn=0

RN

XXVIII

NN N O

V&

17N

N
[

38 R?

3
R

12H,

H+

Scheme 20 Proposed mechanism for the electrosynthesis of sulfonamides 38.
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39, (1 mmol)

"+ (H™=NH,

(Het)Ar= Ph, 4-Me-C¢H,, 4-OMe-C4H,, 4-F-C4H,, 4-CI-C4H,,

DMF/H,O (6:4), O», 90 °C, 20 h

12 examples (41-88%)

4-Br-CgH,, 4-CN-C¢Hy, 4-NO,-CgH,, 2-Me-CyH,,

2-naphthyl, 2-pyridyl, 2-thienyl

Scheme 21 B-MnO,-catalyzed oxidative sulfonamidation of (hetero)aromatic thiols 39 with ammonia.

120 H,0
s " A
e
39 XXIX
0,
B-MnO,
Q 0 o 0
\ // \ 7/
N Mn X
NH S
2 [ B
40 XXX

®

o
O:cllla—m

v
§ §||||u|
%

Scheme 22 Plausible mechanistic pathway for the reaction in Scheme 21.

a scale-up reaction, affording 89% of toluenesulfonamide.
Unfortunately, no desired product was obtained when aliphatic
thiols were employed under these reaction conditions. The
recycling test established that the catalyst could be recovered by
filtration and after washing with DMF and calcination reused
for several consecutive runs without detrimental loss of catalytic
activity. In this report, several control experiments and density
functional theory (DFT) calculations were performed for the
insight of the reaction mechanism, which indicated the
formation of key thiosulfonate intermediate XXX in the catalytic
cycle (Scheme 22).

5. Conclusion

Sulfenamide, sulfinamides, and sulfonamides are among the
most important subclasses of sulfur-nitrogen bond-containing
organosulfur compounds that are widely used in diverse fields

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

such as pharmaceutical, pesticide, and polymer industries.
Owing to their versatile applications, the development of new,
cost-efficient, and nearly waste-free methods for their prepara-
tion, from simple commercially available starting materials is
highly desirable. As illustrated, the direct synthesis of titled
compounds via condition-controlled oxidative coupling of
thiols and amines, two inexpensive and readily available
commodity chemicals, constitutes an atom-efficient and step-
economic strategy, since no pre-functionalization of
substrates is required. Despite remarkable achievements over
the past few years in this appealing research arena, several great
challenges still remain to be overcome. For example: (i) the
majority of reported examples in the field have been performed
in the presence of large amounts of molecular or hypervalent
iodines. Therefore, development of related processes employing
sub-stoichiometric amounts of other inexpensive reagents and
catalysts will be attractive; (ii) the scope of amine partners was

RSC Adv, 2021, 11, 32394-32407 | 32405
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largely limited to aliphatic ones, thus expanding of the
substrate scope of these transformations to aromatic amines
are necessary; and (iii) the number of reported examples in this
chemistry (specially for the synthesis of sulfinamides) are
narrow and there is a further need to study the scope and
limitations of these reactions. We conclude this focus-review by
hoping that it may serve as an inspiration for future studies and
research on the field.
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