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1. Introduction

Needless to say, organosulfur compounds play a very important
role in various fields such as organic synthesis, materials
science, agriculture, and medicinal chemistry.” Among them,
compounds bearing sulfur-nitrogen bonds are important
building blocks in a variety of biologically active substances. For
instance, sultiame 1 (Fig. 1) with brand name Ospolot is
a synthetic sulfa-based drug marketed worldwide for the treat-
ment of epilepsy.>® The drug works by reducing the activity of
carbonic anhydrase, an enzyme responsible for catalyzing the
interconversion of carbon dioxide and water to carbonic acid by
using a metal hydroxide nucleophilic mechanism.” Topiramate
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dehydrogenative coupling reactions between thiols and N—H compounds with a particular emphasis on the
mechanistic aspects of the reactions. The literature has been surveyed until the end of 2017.

2 with trade name Topamax is a promising anticonvulsant
medicine available in a number of countries worldwide. The
drug is also used for migraine prevention in adults.® Folpet 3 is
a fungicide used for broad-spectrum control of fungal patho-
gens.® Sulfoxaflor 4 is an insecticide with a sulfoximine motif,
this compound is very active against a wide range of sap-feeding
insect pests and widely used around the world." Thus,
construction of biologically and synthetically important sulfur-
nitrogen bonds is one of the essential transformations in
organic synthesis. Conventional methods to achieve such link-
ages involve cross-coupling of S-halo compounds and N-H
compounds in the presence of strong bases' or metal-catalyzed
cross-coupling reactions between N-halogenated compounds
and thiols/disulfides.’> However, the limited availability of
commercial starting materials, the formation of undesired by-
products and/or harsh reaction conditions are the main draw-
backs of these methods. Therefore, the search for novel
straightforward and eco-friendly green approaches to the
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synthesis of sulfur-nitrogen bond-containing compounds
remains a challenge.

Metal-catalyzed and metal-free cross-coupling reactions have
been shown to be one of the most powerful methods for the
construction of C-C, C-X, and X-X' bonds (X, X' = hetero-
atom).”*** Cross-dehydrogenative coupling (often called oxida-
tive coupling) reactions are green and sustainable alternatives
to traditional coupling procedures which rely on the use of two
unmodified coupling partners.">'® Indeed, in these reactions
the relatively inactive C(X)-H bonds can be treated as a func-
tional group, similar to the traditionally used C(X)-(pseudo)
halide bonds. Along this line, recently, oxidative coupling of
thiols and N-H compounds has gained a lot of attention
because of the atom-economic and waste-minimization char-
acters. The most obvious benefit of this route for construction
of sulfur-nitrogen bond is that there is no need for preparation
and isolation of halogenated reagents, thus improving pot,
atom, and step economy. An overview of this emerging area is
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presented in this mini-review with a particular emphasis on the
mechanistic aspects of the reactions. It is noted that the reac-
tions were classified according to the type of products (Fig. 2).
Literature has been surveyed until the end of 2017.

2. Synthesis of sulfenamides

In 2010, N. Taniguchi reported the first example of Cu(i)-cata-
lyzed cross-dehydrogenative coupling of aryl thiols 5 with
amines 6 in the presence of Cu(i)/bpy (2,2’-bipyridine) combi-
nation as a catalytic system in air as the terminal oxidant, which
allows for preparation of a broad range of sulfenamides 7 in
moderate to excellent yields (Scheme 1)."”* The reaction is
noteworthy in that both primary and secondary amines are
tolerated. The results demonstrated that aliphatic amines
generally gave higher yields than arylamines. It should be
mentioned that the electronic character of the substituents in
aryl thiols had a strong effect on the facility of reaction. While
electron-donating, mild electron-withdrawing and unsub-
stituted thiophenol gave the desired products in good yields,
the strongly electron-withdrawing nitro-substituted thiophenol
failed to afford the product. Interestingly, when the reaction was
carried out under the oxygen atmosphere, the corresponding
sulfonamides were obtained in moderate to high yields.
Furthermore, the author observed that using PdCl,/Cul binary
catalyst, the reaction of aryl thiols with primary amines in air
selectively afforded sulfinamides derivatives. The author
proposed mechanism for the formation of sulfenamides is
shown in Scheme 2. A possible process for the formation of
sulfenamides 7 should involve the formation of intermediate B
via oxidative addition of starting aryl thiol 5 with copper catalyst
A, followed by oxidation of this intermediate with air oxygen to
give the intermediate C, which after reaction with amine 6
delivers the intermediate D. Finally, reductive elimination of
intermediate D affords the desired product 7 (cycle A, Scheme
2). In another possibility, oxidative homocoupling of thiol 5 can
happen to give the disulfide E, which after reaction with amine
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Fig. 1 Selected examples of biologically active sulfur—nitrogen bond-containing organosulfur compounds.

6 affords sulfenamide 7 with the generation of intermediate C
(cycle B, Scheme 2)."”

Four years later, the group of Wacharasindhu studied the
possibility of synthesizing heterocyclic sulfenamides 10 through
hypervalent iodine-catalyzed cross-dehydrogenative coupling of N-
heterocyclic thiols 8 with amines 9. Thus, the careful analysis of
the reaction optimization results showed that the optimum
condition for this cross-coupling reaction was the addition of DBU
(2 equiv.) and amine (2 equiv.) at 0 °C, to a solution of DIB (1.1
equiv.) and thiol (1.0 equiv.) in 'PrOH. The optimized protocol
tolerated a variety of N-heterocyclic thiols, such as 2-mercapto-
pyridine, 4-mercaptopyridine, 2-mercaptopyrimidine, 2-mercapto-
benzothiazol, and 2-mercaptoquinoline, and provided heterocyclic
sulfenamides 10 in moderate to high yields with a mixture of
corresponding disulfides 11 (Scheme 3). In this study, the authors

S-H

Cross-Dehydrogenative
Coupling

reported some limitations in their methodology, since consider-
able difficulties were found when they attempted to react the
sterically hindered tert-butylamine and the less nucleophilic
aniline. In these cases, they observed only disulfide products with
no formation of sulfenamide product. The mechanism shown in
Scheme 4 was proposed for the formation of sulfonamides 10.
Very recently, Yuan's research team developed an efficient
synthesis of 2-benzothiazole-sulfenamides 14 via direct aerobic
oxidative amination of 2-mercaptobenzothiazole 12 under
metal-free conditions.” In this transformation, 2,2,6,6-
(tetramethylpiperidin-1-yl)oxyl (TEMPO) was utilized as the
catalyst and O, as the oxidant without any co-oxidant. Solvent
has a dramatic role in the reaction and among the various
solvents such as MeOH, EtOH, DCM, DCE, DMF, MeCN, EtOAc,
toluene, acetone, chlorobenzene, ethylbenzene; MeCN was the

RI—s R

Fig. 2 Synthesis of a variety of sulfur—nitrogen bond-containing organosulfur compounds via cross-dehydrogenative coupling reactions.

SH 2 Cul (5-10 mol%) S R2
X R bpy (5-10 mol%) NN
Rl—I + H—N - 5 > 1_| I
— \R3 DMSO, air, 60 °C, 18-36 h — R3
5 6 7

R'=H, 4-Me, 4-OMe, 4-Cl, 2-Me, 2-Br
R%=H, Me, Et

R3= Et, ‘Pr, "Bu, ‘Bu, Ph, 4-Me-C¢H,, 4-CI-C¢H,

R%+ R’= -(CHy)s-

Scheme 1 Cu(i)-catalyzed S—N coupling of aryl thiols 5 with amines 6.
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13 examples (40-90%)
(average yield: 75%)
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Scheme 2 Mechanistic proposal for the reaction in Scheme 1.

most effective solvent. Various aliphatic amines 13 were reacted
well under the optimized reaction conditions to produce the
target sulfonamides 14 in good to almost quantitative yields
(Scheme 5). A plausible mechanism was proposed for this

transformation (Scheme 6). It consists of the following key
steps: (i) hydrogen-transfer reaction between a thiol 12 and
TEMPO forms the thiyl radical A and TEMPOH,; (ii) oxidation of
TEMPOH by O, regenerates TEMPO; (iii) coupling of two thiyl
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\
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Scheme 3 Synthesis of sulfenamides 10 through hypervalent iodine-catalyzed cross-dehydrogenative coupling of N-heterocyclic thiols 8 with

amines 9.
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Scheme 4 Mechanistic proposal for the formation of 10.

radicals A gives disulfide B; and (iv) reaction of disulfide B and
amine 13 affords the expected sulfonamide 14 and mercaptide
ion C, which can be oxidized in situ to regenerate the disulfide B.

With the aim of designing a greener procedure to sulfena-
mides via aerobic oxidative coupling of thiols with amines, the
same research group was able to demonstrate that a range of 2-
benzothiazole-sulfenamides 16 could be obtained from the
reaction of 2-mercaptobenzothiazole 12 with various aromatic
and aliphatic amines 15 in the water media, employing
Co(phcy)(SO3;Na), as a catalyst under O, atmosphere (Scheme
7).2° Beside good yields, broad substrate scope, scale-up ability,
and easy work-up were the advantages, mentioned for this green
synthetic approach. According to the author proposed

mechanism, the reaction proceeds along the similar mecha-
nistic pathway that described in Scheme 6. The authors also
nicely showed the application of this environment-friendly
catalytic system for the oxidative homocoupling of a variety of
aromatic and aliphatic thiols to the construction of corre-
sponding disulfides in excellent to almost quantitative yields.

3. Synthesis of N-acylsulfenamides

In 2006, Tellitu and Dominguez along with co-workers synthe-
sized a library of biologically important N-substituted benzo|[d]
isothiazol-3(2H)-one derivatives 18 via the hypervalent iodine
reagent [phenyliodine(ur)-bis(trifluoroacetate)] (PIFA) mediated

Ve
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14c¢, X=NBoc; (70%)

s
>~
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L 14h, (91%)
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Scheme 5 Yuan's synthesis of 2-benzothiazole-sulfenamides 14.
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Scheme 6 Mechanism that accounts for the formation of 2-benzothiazole-sulfenamides 14.

intramolecular oxidative cyclization of corresponding N-
substituted 2-mercapto-benzamides 17 employing TFA as an
additive in DCM at 0 °C.** As shown in Scheme 8 the reaction
showed good functional group tolerance, including bromo,
iodo, and methoxy functionalities and gave corresponding
cyclic products in moderate to good yields. However, N-allyl
substituted 2-mercapto-benzamide failed to participate in this
cyclization. It is noted that starting 2-mercapto-benzamides can
be easily synthesized from the reaction of commercially avail-
able methyl thiosalicylate with primary amines. According to
the authors proposed mechanism, the key step of the reaction
involves the formation of a reactive N-acylnitrenium ion inter-
mediate A. Shortly afterwards, the group of Cosford employed
this interesting synthetic approach to access a series of novel
drug-like benzoisothiazolones with significant inhibitory activ-
ities against phosphomannose isomerase (PMI), an enzyme that
converts mannose-6-phosphate (Man-6-P) into fructose-6-
phosphate (Fru-6-P).*

Inspired by these works, Wang and co-workers also showed
that N-substituted benzoisothiazolones 20 were successfully

This journal is © The Royal Society of Chemistry 2018

formed from corresponding 2-mercapto-benzamides 19 in
a simple process employing commercially available and inex-
pensive Cul as a catalyst and oxygen as an environmentally
benign oxidant, in DMF as solvent and at 70 °C.** This method
afforded the desired benzoisothiazolones in high to quantita-
tive yields with various alkyl, aryl, and allyl substituents on
nitrogen atom (Scheme 9). The process can also be scaled up to
provide multigram quantities of the target compound without
obvious loss in the yield or outcome. The authors nicely applied
this methodology to the high yielding synthesis of piroxicam 23,
a nonsteroidal anti-inflammatory drug, precursor (Scheme 10).
The following mechanism has been proposed to explain the
formation of compounds 20 (Scheme 11). The complex A is first
formed by the coordination of 2-mercapto-benzamide 19 to
a copper atom. A subsequent oxidative formation of a Cu-S
bond via the elimination of H,O provides the intermediate B,
which then undergoes oxidative formation of a Cu-N bond via
the elimination of H,O, to form intermediate C that, after
reductive elimination affords the final product 20. In their
subsequent study, they reinvestigated the same reaction by

RSC Adv., 2018, 8, 18456-18469 | 18461
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Scheme 7 Co(phcy)(SOsNa)4 catalyzed synthesis of 2-benzothiazole-sulfenamides 16 reported by Yuan.?°
using KBr as a green catalyst under air condition. A diverse The first  copper-catalyzed intermolecular  cross-

range of benzo[d]isothiazol-3(2H)-ones (14 examples) in very
impressive yields (up to 95%) with good functional group
tolerance were obtained.*

dehydrogenative coupling reaction between thiols and amides
was reported by Jang's group in 2015.*° In this study, various
copper salts (e.g., Cul, CuBr, CuOAc, and CuBr,) and base (e.g.,

\ 17

o 0
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( 0 0

—\ R
S/N \ 7/ S/N

18a, R= H; (71%) 18f, (62%)
18b, R= 4-Et; (66%)

18¢c, R= 4-OMe; (78%) 0
18d, R= 2-I; (64%)

18e, R= 2-Br-4-Me; (67%)

S

.

ANTR O 18h, R=Me; (60%)

J

@E“@

18g, (70%)

18i, R=Bn; (60%)

Scheme 8 Tellitu's synthesis of benzoldlisothiazol-3(2H)-one derivatives 18.
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26d, R= CI; (83%)
 26e, R=Br; (86%)

Jn
26n, n=1; (92%)
260, n=2; (97%)
26p, n= 3; (94%)

26j, R=H; (12%)
26k, R=Et; (78%)
261, R=Bn; (72%)
26m, R= “Hex; (73%)

26t, (63%)

Scheme 12 Cu()-catalyzed synthesis of N-formyl/acylsulfenamides 26 reported by Jang.?®

K,CO;, ‘BuOK, TBD, and DBU) were examined and the system
Cul/TBD was found to be optimal for this transformation.
Various thiols 24 and secondary amides 25 were reacted well
under the optimized reaction conditions to produce the corre-
sponding N-carbonyl sulfonamides 26 in moderate to excellent
yields (Scheme 12). However, this protocol for N-sulfenylation of
primary amides was considerably less efficient. It is noted that
this Cul-catalyzed reaction is equally efficient for both the
aromatic and aliphatic thiols. A wide range of sensitive func-
tional groups including ester, fluoro, chloro, bromo, alkoxy, and

hyrdoxy are tolerated by the reaction conditions employed. This
procedure offers scope for further manipulation of products.
Mechanistic investigations revealed that the reaction starts with
the generation of amide-Cul complex A via coordination of
amide 25 to a copper ion, and then the reaction of intermediate
A with in situ generated disulfide B from homocoupling of
corresponding thiol 24 furnishes copper complex C. Subse-
quently, intermediate C undergoes reductive elimination to
provide the expected sulfenamide 26 and generates PhS-Cul
complex D. Finally, under aerobic oxidation conditions, PhS-

0
JJ\ CuI
R? ITI +TBD
1/2 B+ 1/2 H,0 s R
Cul
TBD-HI
HI + 1/40,
0
S J\ Cu!
R cu! R2 ITI/
D A R
0 SR!
i JJ\ éum SN It .
R2 N/SR1 R Iﬁ/ SR ; |
| R3 B 24
3
26 R C

Scheme 13 Mechanistic proposal for the formation of 26.
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Scheme 14 Sakagami's synthesis of N-acylsulfenamides 29.

Cul complex D converts into a catalytically more reactive Cul
complex and disulfide B (Scheme 13).

Recently, an efficient method for the synthesis of N-acylsul-
fenamides 29 via Cu-catalyzed cross-coupling of aryl thiols 27
and lactams 28 has been developed by Sakagami and co-workers
(Scheme 14). This intermolecular thiolation was achieved in
mesitylene using a supported copper hydroxide catalyst
Cu(OH),/Al,O3 (Cu: 2 mol%) at 100 °C for 1 h under an oxygen
atmosphere to afford N-acylsulfenamides 3 in moderate to
excellent yields.>®

4. Synthesis of sulfenylimines

In 2015, Lee, Wang, and Jang developed an elegant Cu(i)-cata-
lyzed oxidative cross-coupling reaction between thiols 30 and
benzyl amines 31 for the construction of synthetically important

N-sulfenylimines 32 (Scheme 15).*” The best conversion effi-
ciency was obtained for the reactions containing Cul (2 mol%)
and TBD (10 mol%) in toluene at 100 °C under O, atmosphere.
This approach provides the first highly practical procedure for
synthesizing N-sulfenylimines from commercially available and
inexpensive thiols and amines. Functional groups including
fluoro, chloro, and ether are tolerated by the reaction conditions
employed. It is noteworthy that this Cu(i)-catalyzed reaction is
equally efficient for both the primary and secondary amines.
According to the authors proposed mechanism, the reaction
starts with the generation of an imine-Cu complex A via the
aerobic oxidation of benzyl amine 31 by Cu catalyst. Meanwhile,
homocoupling of starting thiol 30 affords disulfide interme-
diate B. Finally, the reaction of complex A with disulfide Byields
the expected N-sulfenylimines 32 (Scheme 16).

I 32b, R=4-Me; (78%)
32¢, R=4-F; (79%)
32d, R=4-Cl; (75%)
32e, R=3-OMe; (73%)
32f, R=3,4-OCH,0O"

RI

Ph

\=x

|

NH, Cul (2 mol%) N/SR‘
R! TBD (10 mol%)
s~ > Jl\
R? R?  toluene, O,, 100 °C R? -
30 31 32

. J
e N

~SPh 323 R=H; (74%) _SPh

N N 32g, R'= Ph, R>= Me; (72%)

"~

| 32h, R'=4-Ph, R?= Et; (79%)
32i, R'=R?=Ph; (51%)
32j, R'=4-OMe-C¢H,, R>= Me; (52%)

R 32k, R=4=Me; (76%)
321, R= 4-OMe; (75%)
32m, R= 4-F; (73%)

Scheme 15 Synthesis of N-sulfenylimines 32 from thiols 30 and benzyl amines 31.
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DTBN (20 mol%) S«
X o L BN TBD (20 mol%) ol N N7
_ DMS, 0,, 120 °C =
OMe OMe

33a,R=H 34 35a, (69%)
33b, R=4-F L . . 35b, (51%)
33¢c, R=4- CI DTBN= di(tert-butyl)aminyl oxide 35c, (53%)

Scheme 17 Qiu-He's synthesis of N-sulfenylimines 35.

Shortly after this report, Qiu and He along with their co-
workers showed that copper-based metal-organic frameworks
with pcu-topology (pcu-MOF) are efficient heterogeneous cata-
lyst for the oxidative coupling of thiols and amines. Thus, by
using pcu-MOF/DTBN/TBD as a catalytic system in DMSO under
an O, atmosphere, the coupling of thiophenols 33 with 3-
methoxybenzylamine 34 afforded corresponding N-sulfenyli-
mines 35 in moderate yields (Scheme 17).2®

5. Synthesis of sulfenylsulfoximines

Very recently, Yang and co-workers showed that N-sulfe-
nylsulfoximine derivatives 38 could be synthesized via dehy-
drocoupling reaction of thiols 36 with sulfoximines 37 in the
presence of 1.0 mol% of molecular iodine as the catalyst and 2.5
equiv. of H,0, as an oxidant in eco-friendly polyethylene glycol-
400 (PEG-400) at 50 °C. Generally, target N-sulfenylsulfoximines
were obtained in good to excellent yields (Scheme 18).>° The

reaction showed excellent functional group tolerance, including
fluoro, chloro, bromo, methoxy, and nitro groups that would
allow further elaboration of the products. This I,-catalyzed
reaction is applicable for both the (hetero)aromatic as well as
benzylic thiols and for various substituted sulfoximines. It
should be mentioned that the optimized reaction condition was
also applied for the cross-dehydrogenative coupling reactions of
thiophenol with a diverse set of functionalized anilines, and the
reaction gave good yields of the expected sulfonamides. A
possible mechanistic pathway was also proposed (Scheme 19),
whereby the reaction is initiated with homocoupling of thiol 36
to give disulfide intermediate A, which undergoes reaction with
I, affording sulfenyl iodide intermediate B. Subsequently,
nucleophilic attack of sulfoximine 37 onto the activated S-I
bond in intermediate B affords the cationic N-sulfenylsulfox-
imine C, which by deprotonation convert to the desired prod-
ucts 38. The generated hydriodic acid is then oxidized by H,O,
to restore the catalyst I,, and water is the sole by-product. The

R3 I, (10 mol%) RI—s R3
RI—sH 4 HN_é_O H)0, (2.5 equiv.) \ —
| PEG-400, 50 °C, 2-8 h 1
36 37 R? 37 R?

R'=aryl, heteroaryl, benzyl
R?= aryl, alkyl, allyl
R3=aryl

26 examples (59-97%)
(average yield: 87%)

Scheme 18 Synthesis of N-sulfenylsulfoximines 37 through metal-free N-H/S—H cross-dehydrogenative coupling reaction.
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Scheme 19 Mechanistic proposal for the reaction in Scheme 18.

authors claimed that their report is the first example of the
direct cross-dehydrogenative coupling reaction to construct N-
sulfenylsulfoximines.

6. Synthesis of sulfonamides

Very recently, the Wei-Wang group have developed an efficient
and straightforward approach for the synthesis of biologically
important secondary and tertiary sulfonamides 41 via 1,05-
mediated oxidative coupling of aryl thiols 39 and amines 40
(Scheme 20).*° The reaction was performed in acetonitrile at
60 °C, tolerated various functional groups, and generally

View Article Online
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L/H0, g

RZN

A

provided corresponding sulfonamides in moderate to high
yields. It is noted that the reaction is applicable for various
amines like aromatic, benzylic, and aliphatic amines. This
protocol was also successfully applied to the preparation of
gram quantities of the desired sulfonamide without sacrificing
the yield or outcome of the methodology. The proposed reaction
mechanism is outlined in Scheme 21 and comprises the
following basic steps: (i) initial formation of disulfide A via
dimerization of thiol 39; (ii) oxidation of disulfide A by 1,05 to
give arylsulfonothioate B with the concomitant formation of
molecular iodine; (iii) interaction of intermediate B with iodine
to produce sulfonyl iodide C; and (iv) nucleophilic substitution

I
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of sulfonyl iodide C by amine 40 and formation of the sulfon-
amide 41. To the best of our knowledge, this is the only example
of direct construction of sulfonamides from readily-available
thiols and amines reported so far.

7. Outlook and conclusion

Sulfur-nitrogen bond-containing compounds have extensive
application in organic and medicinal chemistry. Synthetically,
such organosulfur compounds are commonly prepared via cross-
coupling of S-halo compounds and N-H compounds or cross-
coupling reactions between N-halogenated compounds and
thiols. However, the limited availability of commercial starting
materials, the formation of undesired by-products and/or harsh
reaction conditions are the main drawbacks of these methods.
Recently, cross-dehydrogenative coupling reaction has become
an attractive alternative to traditional S-N cross-coupling reac-
tions due to the waste-minimization and the costs associated
with the preparation of starting materials. Shorter synthetic
routes and high atom economy are the key features of these eco-
friendly green reactions. This new page of sulfur-nitrogen bond
formation has been successfully applied in the synthesis of
a variety of S-N bond-containing compounds such as sulfena-
mides, sulfonamides, sulfenylimines, and sulfenyl-sulfoximines.
Despite the significant achievements during the past few years in
this interesting research arena, there are still many problems
remained: (i) almost all of the catalysts and oxidants are limited
to the use of copper and hypervalent iodine, respectively. Thus
the exploration of different catalytic systems is highly desirable;
(ii) the number of reported examples in some reactions such as
synthesis of sulfonamides and sulfenylsulfoximines from S-H
and N-H compounds are narrow and there is an urgent need to
study the scope and limitations of these reactions; and (iii) other
reactions such as coupling of thiols with urethanes and ureas
should be explored. It is anticipated that the insight provided in
this review will be beneficial for eliciting further research in this
domain.
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