
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
oc

tu
br

e 
20

22
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

25
 1

0:
46

:1
3 

p.
m

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Direct selenosulf
aMedical Laboratory Techniques College, Al
bMedical Laboratory Sciences Department,

Human Development, Sulaymaniyah, Iraq
cAssessment and Environment Risks Depart

and Sustainable Development (RCESD), Teh

com
dDental Department, Kut University College,
eResearch Center, Al-Turath University Colle
fPharmacy Department, Kurdstan Techniqua
gResearch Center for Conservation of Cultu

Cultural Heritage & Tourism, Tehran, Iran
hDepartment of Chemistry, Payame Noor U

Iran

Cite this: RSC Adv., 2022, 12, 30564

Received 4th July 2022
Accepted 21st September 2022

DOI: 10.1039/d2ra04128f

rsc.li/rsc-advances

30564 | RSC Adv., 2022, 12, 30564–
onylation of unsaturated
compounds: a review

Tarik Hafdhi Abdtawfeeq,a Evan Abdulkareem Mahmood,b Seyedeh Bahareh Azimi,*c

Mustafa M. Kadhim,de Rzgar Tawfeeq Kareem,f Faramarz Rostami Charatig

and Esmail Vessally h

In this review, we have discussed recent developments on the direct selenosulfonylation of unsaturated

compounds which lead to the formation of two new carbon-sulfur and carbon-selenium bonds in

a single operation. The reactions were classified based on the type of starting unsaturated compound

and product. Thus, the review is divided into three major sections. The first describes the current

literature on selenosulfonylation of alkenes. The second section covers the available literature on

selenosulfonylation of alkynes. The third focuses exclusively on selenosulfonylation of allenes.
1. Introduction

Double functionalization of unsaturated compounds (e.g.,
alkenes, alkynes), as an engrossing and powerful strategy to
promptly increase molecular complexity within a single process,
has emerged as a hot topic during the past years for the selective
construction of two new carbon–carbon and/or carbon–hetero-
atom bonds in a step-economic fashion.1 This methodology
does not require laborious isolation or purication intermedi-
ates, minimizes the formation of waste and makes synthetic
schemes simpler and cleaner.2

Sulfur-containing organic compounds have found a huge
number of applications in many different elds such as
medical, pharmaceuticals, agrochemicals, and polymers.3

Interestingly, more than 280 FDA-approved drugs contain at
least one sulfur atom in their structures and many scientists
around the world are working on the development of new
sulfur-based medicines.4 Similarly, selenium-containing
organic compounds have a broad range of applications in
a wide variety of research areas,5,6 particularly in pharmaceu-
tical science.7 Consequently, organic molecules possessing both
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sulfur and selenium atoms have recently attracted the attention
of medicinal chemists because of their unique biological
activities (Scheme 1).8 In this family of compounds, b-seleno-
sulfone derivatives have drawn a lot of interest from the
synthetic community not only because of their potential bio-
logical properties but also widespread synthetic applications.9–19

The most straightforward and commonly used strategy for the
preparation of this special class of organosulfur-selenium
compounds is the direct selenosulfonylation of unsaturated
compounds (Fig. 1) and has been the subject of a number of
papers in recent years. In 1999, TG Back highlighted this
strategy of b-selenosulfones synthesis in an interesting book
entitled “organoselenium chemistry: a practical approach”.20

Since several important and striking advantages on this
difunctionalization reaction have occurred during the past
several years, it seems it is an appropriate time to summarize
those developments. In connection with our interest on
difunctionlization reactions,21 organosulfur chemistry22 and
modern organic synthesis,23 herein, we intend to summarize the
literature reports on the selenosulfonylation of unsaturated
compounds from 1980 till date. For clarity, the topic is divided
into three major sections. The rst describes the current liter-
ature on selenosulfonylation of alkenes. The second section
covers selenosulfonylation of alkynes. The third focuses exclu-
sively on selenosulfonylation of allenes.
2. Selenosulfonylation of alkenes

One of the earliest reports of the direct selenosulfonylation of
alkenes was published by Back and Collins in 1980,24 who
showed that the treatment of various unhindered alkenes 1 with
the pre-prepared Se-phenyl areneselenosulfonates 2 in the
presence of a catalytic amount of BF3$Et2O at room temperature
resulted in the formation b-phenylselenosulfones 3 in moderate
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Selected examples of biologically active compounds bearing both sulfur and selenium atoms in their structures.

Fig. 1 Direct selenosulfonylation of unsaturated C–C bonds.
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to excellent yields (Scheme 2). The target bifunctional adducts
was also achieved by reuxing the reactants in chloroform or
benzene in the absence of a Lewis acid, or by heating them neat
in a sealed glass tube. Both terminal and internal alkenes were
applicable to these protocols and in all cases the corresponding
b-phenylselenosulfones were selectively obtained. Some
important information of this synthetic procedure is: (i) Lewis
acid-catalyzed additions of Se-phenyl areneselenosulfonates to
aromatic alkenes (i.e., styrene) proceeded with predominantly
Markovnikoff orientation. In contrast, the uncatalyzed ther-
mally initiated additions provided adducts of opposite regio-
chemistry; (ii) catalytic reaction of aliphatic alkenes (i.e., methyl
10-undecenoate) with Se-phenyl areneselenosulfonates afforded
mixtures of the two regioisomers while uncatalyzed seleno-
sulfonatlon of aliphatic alkenes (i.e., allyl phenyl ether) selec-
tively provided the anti-Markovnikoff adducts; and (iii) the
addition of Se-phenyl areneselenosulfonates to cyclic alkenes
(i.e., cyclohexene and to indene) under both catalytic and non-
catalytic conditions afforded solely the trans adducts. As for
Scheme 2 Back's synthesis of b-phenylselenosulfones 3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the mechanism, the authors speculated that the catalyzed
reaction most likely proceeds through an electrophilic addition
pathway involving bridged seleniranium ions while a free
radical addition mechanism has been implicated for uncata-
lyzed reaction.25 Subsequently, Kice's research group provided
further examples of b-phenylselenosulfones synthesis by the
same methodology and demonstrated that they can be readily
converted to the synthetically important vinylic sulfones via
oxidation with hydrogen peroxide.26,27 This research group also
indicated the photodecomposition of selenosulfonates and
demonstrated their addition to alkenes to form b-phenyl-
selenosulfones in good yields.28

In 1999, a similar difunctionalization strategy was applied by
Billard and Langlois for the synthesis of b-selenyl-
triuoromethylsulfone derivatives.29 In this report they
demonstrated that the reaction between cyclic alkenes 4 and
strongly electrophilic phenyl triuoromethane-selenosulfonate
(CF3SO2SePh; 5) under catalyst-free conditions in DCM at
ambient temperature afforded the corresponding b-selenyl-
RSC Adv., 2022, 12, 30564–30576 | 30565
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Scheme 3 Synthesis of b-selenyl-trifluoromethylsulfones 6 developed by Billard.
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View Article Online
triuoromethylsulfones 6 in high yields and outstanding
regioselectivity, in which trans-Markovnikov adducts were sole
products obtained from unsymmetrical cyclic alkenes
(Scheme 3). The exclusive formation of trans-products indicates
that the reaction proceeds via an anti-addition involving sele-
niranium ions as intermediates A. However, when a terminal
alkene (i.e., 1-undecene) was subjected to this reaction,
a mixture of regioisomers was obtained. Concerning the addi-
tion to dienes, it was observed that the selenosulfonylation of
1,3-cyclohexadiene was completely regioselective (1,2-adduct)
and stereoselective (trans-adduct) whereas 1,4-addition product
Scheme 4 Visible-light promoted fluoroalkylselenolation of alkenes 7 w

Scheme 5 Proposed mechanism for the reaction in Scheme 4.

30566 | RSC Adv., 2022, 12, 30564–30576
was exclusively obtained from 2,3-dimethyl-l,3-butadiene, albeit
without any stereoselectivity (Z/E = 60/40).

Near two decades later, the same authors reported their results
on the visible-light promoted uoroalkylselenolation of various
terminal and internal alkenes 7 with uoroalkylselenotoluenesul-
fonates 8 (Scheme 4).30 Optimal conditions for this photoreaction
were the use of white LEDs as the light source, and DMSO as the
solvent. The reaction proceeded cleanly at room temperature and
the desired b-uoroalkylselenolated sulfones 9 were obtained in
fair to high yields within 16 h. In the case of both terminal and
internal aromatic alkenes, the reaction exhibited a high degree of
regioselectivity, in which the selenyl groups are predominantly
ith fluoroalkylselenotoluenesulfonates 8.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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placed on the carbon atom adjacent to the aryl group and sulfonyl
group added to the carbon atom near the alkyl group. Terminal
aliphatic and internal cyclic alkenes also provided the anti-
Markovnikoff adducts exclusively, whereas internal acyclic
alkenes provided amixture of regioisomers. Noteworthy, replacing
alkene substrates with alkynes gave the corresponding b-(seleno)-
vinyl sulfones in moderate to excellent yields. Regarding the
reaction mechanism, the authors proposed the following reaction
pathways (Scheme 5): (i) homolytic cleavage of the S–Se bond of
uoroalkylselenotoluenesulfonates 8 upon white LED irradiation
to form the selenyl radical and tosyl radical; (ii) addition of the
tosyl radical to the double bond of alkene 7 to produce the radical
intermediate A; (iii) reaction of radical species A with the dis-
elenide (formed via the dimerization of selenyl radicals) to afford
Scheme 6 (a) Organo-catalyzed enantioselective addition of Se-phenyl
structure of squaramide catalyst 12.

Scheme 7 Synthesis of b-phenylselenosulfones 17 via three-componen
diaryl diselenides 16.

© 2022 The Author(s). Published by the Royal Society of Chemistry
radical intermediate B; and (iv) release of a selenium radical from
intermediate B to give the target product 9.

Following these works, the group of Yan recently demon-
strated that a diverse range of chiral a-selenylated b-sulfonyl
ketones 13 could be obtained in good yields (up to 87%) and
high enantioselectivity (up to 89% ee) from the reaction of a,b-
unsaturated ketones 10 with Se-phenyl areneselenosulfonates
11 employing a chiral bifunctional squaramide 12 as efficient
organo-catalyst in DCM at room temperature (Scheme 6).31 The
examples showed that various aliphatic, aromatic, and hetero-
aromatic a,b-unsaturated ketones were compatible with this
methodology. A series of useful functional groups such as
methoxy, uoro, chloro, and bromo were tolerated under these
reaction conditions, thus promising further manipulation of
areneselenosulfonates 11 to a,b-unsaturated ketones 10; (b) chemical

t reaction between terminal alkenes 14, arylsulfonyl hydrazides 15 and

RSC Adv., 2022, 12, 30564–30576 | 30567

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04128f


Scheme 8 Mechanistic proposal for the formation of b-phenylselenosulfones 17.
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products. The authors also pointed out the synthetic utility of
their strategy by high yielding gram-scale synthesis of 1-(4-(tert-
butyl)phenyl)-2-(phenylselanyl)-3-tosylpropan-1-one (75% yield
on 10 mmol scale). However, beta-substituted enones were
incompatible in this reaction. Subsequently, Mao and Qin
elegantly solved this limitation by performing the process in
saturated NaCl solution, which afforded the expected a-selenyl
b-sulfonyl ketone derivatives with two contiguous stereogenic
centers in decent yields.32

In a signicant contribution in this research arena, Sun and
Zhang along with their co-workers developed an efficient three-
component synthesis of b-phenylselenosulfones 17 from
terminal alkenes 14, arylsulfonyl hydrazides 15 and diaryl dis-
elenides 16 under catalyst-free conditions (Scheme 7).33 By
employing styrene, 4-methyl benzene sulfonyl hydrazine, and
diphenyl diselenide as the model reactants, several oxidants
such as (NH4)2S2O8, K2S2O8, ozone, and tert-butyl hydroperoxide
(TBHP) were carefully screened. Among them, K2S2O8 displayed
the excellent result for this reaction, whereas KI was found to be
the most effective additive among the others tested (e.g.,
Na2CO3). MeCN was found to be the best solvent for this
transformation and, among several common solvents tested,
DCE was found to be less effective. Evaluation of the substrate
scope showed that the reaction was tolerant to both electron-
rich and electron-poor arylsulfonyl hydrazides and diaryl dis-
elenides. However, the scope of alkenes was restricted to the use
of styrene and (allyloxy)benzene derivatives. Based on literature
report and some control experiments, the authors postulated
a plausible pathway for this reaction as shown in Scheme 8.
3. Selenosulfonylation of alkynes

In the present section, we describe the most important devel-
opments on the direct selenosulfonylation of alkynes to give the
corresponding b-selenovinyl sulfones. For clarity, the section is
divided into three major subsections according to the type of
Scheme 9 AIBN-catalyzed addition of Se-phenyl p-tolueneselenosulfon

30568 | RSC Adv., 2022, 12, 30564–30576
reactions. Two-component reactions are covered rst. This is
followed by three-component reactions. Finally, the only re-
ported example of four-component reactions will be discussed
at the end of the section.
3.1. Two-component reactions

Aer their seminal work on the synthesis of a small library of b-
selenovinyl sulfones though the simple heating of the corre-
sponding alkynes and Se-phenyl p-tolueneselenosulfonate in
common organic solvents (i.e., DCM, C6H6, and CHCl3) under
catalyst- and additive-free conditions,34 the rst general and
practical methodology for the direct selenosulfonylation of
alkynes was published by Back and co-workers in 1983.35 In this
report they demonstrated that the radical-type reaction between
alkynes 18 and Se-phenyl p-tolueneselenosulfonate 19 in the
presence of azodiisobutyronitrile (AIBN) as a radical initiator
afforded the respective b-selenovinyl sulfones 20 in moderate to
excellent yields and outstanding regio- and stereo-selectivity in
which in all examples anti-Markovnikov (E)-isomers were ob-
tained as the sole products (Scheme 9). Mechanistically, this
selenosulfonylation reaction was speculated to be followed
analogous pathway to the one depicted for alkenes in Scheme 5.
Subsequently, the authors demonstrated that the prepared b-
selenovinyl sulfones were easily converted into various useful
organic chemicals such as selenoxides, acetylenic sulfones,
vinylic sulfones, allenic sulfones, enamines sulfones among
others.9–19 As early as in the beginning of the 2000s, Qian and
Huang utilized a conceptually similar strategy to fabrication of
a library of b-selenovinyl sulfone resins utilizing polystyrene-
supported selenosulfonates as selenosulfonylating reagents
and successfully converted them to the corresponding acety-
lenic sulfones through stereospecic selenoxide syn-elimina-
tion using hydrogen peroxide as the oxidant.36

In 2019, Qin's research group disclosed a related seleno-
sulfonylation of 1-ethynylnaphthalen-2-ol derivatives 21with Se-
aryl areneselenosulfonates 22 under mild conditions which
ate 19 to alkynes 18.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Catalyst-free regioselective selenosulfonylation of 1-ethynylnaphthalen-2-ols 21 with Se-aryl areneselenosulfonates 22.
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exhibited considerably better substrate scope for selenosulfo-
nylating agents when compared to the previous works.37 The
transformation was performed under 1,2-dichloroethane (DCE)
in the absence of any catalysts or additives under an inert
atmosphere, which afforded the 1-(2-(arylselanyl)-1-
(arylsulfonyl)vinyl)naphthalen-2-ol products 23 in moderate to
high yields with excellent E-selectivity (Scheme 10). However, 2-
ethynylphenol was inert under the standard conditions. The
authors solved this limitation by performing the process in the
presence of triethyl amine in reuxing toluene. Furthermore,
they elegantly applied the prepared tetrasubstituted olens as
starting materials to the fabrication of useful naphtho[2,1-b]
furan and benzofuran scaffolds through oxidation with 3-
chloroperoxybenzoic acid (m-CPBA) and then treatment with aq.
KOH. Although the detailed mechanistic picture remains
unclear, the authors suggest that vinylidene ortho-quinone
methide (VQM) intermediate might be the key intermediate for
this selenosulfonylation reaction (Scheme 11).

In the same year, Wang-Ji and co-workers extended the
substrate scope of this chemistry to 2-alkynoates.38 Thus,
a library of alkyl/benzyl 2-alkynoates 24 were reacted with alkyl/
aryl selenosulfonates 25 in the presence of a catalytic amount of
CoC2O4 under an inert atmosphere and blue light irradiation at
Scheme 11 Proposed mechanism for the formation of 1-(2-(arylselanyl)

© 2022 The Author(s). Published by the Royal Society of Chemistry
room temperature leading to the respective b-selenovinyl
sulfones 26 in moderate to high yields and good stereo-
selectivities in favor of the (E)-products (Scheme 12). The results
showed that alkyl 2-alkynoates afforded signicantly better
yields compared to the benzyl-substituted ones and sterically
less hindered alkyl-substituted 2-alkynoates (e.g., ethyl 2-alky-
noates) provided higher stereoselectivities than more sterically
hindered alkyl 2-alkynoates (e.g., phenethyl 2-alkynoates). It is
worthy of note that the presence of both catalyst and light were
crucial for the success of this transformation. No product was
obtained in the absence of either of them. According to the
authors, the presence of light source was crucial for cleavage of
Se–S bond and the metal catalyst had a fundamental inuence
on the addition of free radicals to alkyne. Under the slightly
modied conditions [Cu(0) (2 mol%), MeCN, Ar, blue LEDs, r. t.,
4 h], they also executed the direct selenosulfonylation of a panel
of alkynamides, offering a decent yield of the corresponding b-
selenovinyl sulfones.
3.2. Three-component reactions

In 2002, the Huang group developed an interesting three-
component method for the preparation of b-selenovinyl
-1-(arylsulfonyl)vinyl)naphthalen-2-ols 23.

RSC Adv., 2022, 12, 30564–30576 | 30569
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Scheme 12 Visible light-induced Co-catalyzed selenosulfonylation of alkynes 24 with alkyl/aryl selenosulfonates 25.

Scheme 13 Catalyst-free three-component reaction between alkynes 27, sodium arenesulfinates 28, and diphenyl diselenide 29.
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sulfones 30 through the reaction between alkynes 27, sodium
arenesulnates 28, and diphenyl diselenide 29 in the absence of
any catalyst or additive in aqueous acetic acid at 80 °C (Scheme
13).39 Although the reactions of terminal alkynes are regio- (anti-
Markovnikov) and stereoselective, (anti), internal alkynes were
unsuitable substrates under the optimal reaction. Furthermore,
the applicability of aliphatic sodium sulfonates or aliphatic
diselenides were not investigated under the conditions
employed.

Fieen years later, Liu and colleagues developed a similar
selenosulfonylation of alkynes 31 using arylesulfonyl hydra-
zides 32 and diaryl diselenides 33 as the sources of sulfonyl and
selenyl groups, respectively, under catalyst-free conditions by
simply mixing of the substrates in reuxing THF (Scheme
14a).40 The procedure was shown to be general and a diverse
range of terminal and internal alkynes participated in the
reaction. Moreover, either electron-rich or electron-poor deriv-
atives of both arylesulfonyl hydrazides and diaryl diselenides
exhibited good applications under standard conditions and
provided the expected b-selenovinyl sulfones 34 in reasonable
yields. In addition, the reaction could be performed efficiently
on gram scale (e.g., (E)-(2-((4-methoxyphenyl)sulfonyl)-1-
phenylvinyl)(phenyl))selane was obtained in 1.0 g scale in
high yield of 80%). To gainmechanistic insights, several control
experiments were performed. The possibility of a radical
pathway was neglected since the reaction with radical scaven-
gers such as TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl))
and BHT (butylated hydroxytoluene) did not prevent the
30570 | RSC Adv., 2022, 12, 30564–30576
product formation. Based on these results, it was conrmed
that this reaction most likely proceeds via a cationic-species-
induced pathway. Initially formed Se-aryl areneselenosulfo-
nate intermediate A (via the reaction of arylesulfonyl hydrazides
32 and diaryl diselenides 33) undergoes heterolysis on alkynes
31 to generate seleniranium cation B that aer SN2

-type reaction
with benzenesulfonyl anion leads to the desired product 34
(Scheme 14b).

Concurrently, Li and Zhang along with their co-workers
investigated the catalytic version of this transformation
employing Cu(MeCN)4PF6 as the catalyst and K2S2O8 as the
oxidant.41 The reactions were carried out in MeCN at room
temperature, tolerated various terminal and internal alkynes 35,
both aromatic and aliphatic diselenides 37, as well as several
arylesulfonyl hydrazides 36 with either electron-donating or
electron-withdrawing substituents, and provided moderate to
almost quantitative yields of the desired products 38within 12 h
(Scheme 15a). The results indicated that this protocol selectively
gave higher yields of (E)-b-selenovinyl sulfone products
compared to Liu's methodology. To gain mechanistic insights,
some preliminary control experiments were performed. No
products were obtained by treatment of prop-1-yn-1-ylbenzene
with Se-phenyl p-tolueneselenosulfonate under the optimized
conditions. Therefore, the possibility of existence of selenosul-
fonate intermediate in the mechanism of this reaction was
neglected. In parallel, the radical trapping experiments with
TEMPO and BHT pointed toward a radical reaction mechanism.
Based on these results and literature, it was suggested that this
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 14 (a) Catalyst-free three-component synthesis of b-selenovinyl sulfones 34 from alkynes 31, arylesulfonyl hydrazides 32 and diaryl
diselenides 33; (b) possible mechanism for the generation of b-selenovinyl sulfones 34.

Scheme 15 (a) Cu-catalyzed selenosulfonation of alkynes 35 with arylesulfonyl hydrazides 36 and di-aryl/alkyl diselenides 37; (b) mechanism
proposed to explain the formation of b-selenovinyl sulfones 38.
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transformationmost likely proceeds via a pathway similar to the
one depicted in Scheme 15b.

Recently, Chen and Xu along with their colleagues developed
an efficient electrochemical approach for regioslective seleno-
sulfonylation of both terminal and internal alkynes 39
© 2022 The Author(s). Published by the Royal Society of Chemistry
employing sulfonyl hydrazines 40 and diphenyl diselenide 29.42

The optimal system was identied using nBu4NBF4 (tetrabuty-
lammonium tetrauoroborate) as a supporting electrolyte with
an undivided graphite/Pt-cell in MeCN under an inert atmo-
sphere and constant current of 12 mA at room temperature.
RSC Adv., 2022, 12, 30564–30576 | 30571
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This electrochemical protocol efficiently provided the expected
b-selenovinyl sulfones 41 in good yields under catalyst-free
conditions and without assistance of any oxidizing agent or
additive (Scheme 16). Although the reported examples in this
study are generally limited to the use of only diphenyl dis-
elenide as selenenylating agent, the scope of sulfonyl hydra-
zines that underwent reaction was broad enough to include
alkyl, aryl, heteroaryl and naphthyl derivatives. Importantly, the
process can also be scaled up to provide multi-gram quantities
of b-selenovinyl sulfone products without further optimization
and without loss in the yield or outcome. To gain mechanistic
insights, several control experiments were performed. No
products were obtained by treatment of phenylacetylene with
PhSeSO2Ph under standard conditions. Therefore, selenosul-
fonates might not be the real reactive intermediates in this
transformation. The TEMPO experiment conrmed the
Scheme 16 Electrochemical selenosulfonylation of alkynes 39 employin

Scheme 17 Plausible mechanism for electrosynthesis of b-selenovinyl s

30572 | RSC Adv., 2022, 12, 30564–30576
possibility of radical species since the reaction with TEMPO
completely prevent the product formation. Furthermore, cyclic
voltammetric measurements revealed a reversal reduction peak
at 0.13 V assigned to phenyl selenol radical to phenyl selenol
cation. Based on the above results, the authors speculated that
the plausible mechanism for the formation of b-selenovinyl
sulfones 41 includes the generation of sulfonyl radical A
through the electrooxidation of sulfonyl hydrazine 40 along
with deprotonation and release of a molecular nitrogen, its
reaction with the alkyne 39 to give relatively stable b-sulfonyl
vinyl radical B, and the atom transfer reaction of B with
diphenyl diselenide 29 (Scheme 17, path (a)). In another
possibility, anodic oxidation of diphenyl diselenide 29 affords
cationic radical intermediate C, which dissociates into phenyl-
selenium radical and phenyl selenium cation D. Finally, the
phenyl selenol radical couples with b-sulfonyl vinyl radical B to
g sulfonyl hydrazines 40 and diphenyl diselenide 29.

ulfones 41.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04128f


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
oc

tu
br

e 
20

22
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

25
 1

0:
46

:1
3 

p.
m

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
form the target product 41. At the same time, cathodic reduc-
tion of the radical cation of diphenyl diselenide C regenerates
diphenyl diselenide 29 and completes the catalytic cycle
(Scheme 17, path (b)).
3.3. Four-component reactions

In 2018, Sun's research group studied the possibility of regio-
and stereospecic synthesizing (E)-b-selenovinyl sulfones 45
through the catalyst-free four-component reaction between
alkynes 42, aryldiazonium tetrauoroborates 43, di(hetero)aryl
diselenides 44, and 1,4-diazabicyclo[2.2.2]octane bis(sulfur
dioxide) (DABCO$(SO2)2) via the insertion of sulfur dioxide.43

Thus, the scrupulous analysis of the optimized reactions
revealed that performing the process in the presence of over-
stoichiometric amounts of K2S2O8 as an oxidant in reuxing
THF under an inert atmosphere was the optimum condition,
giving the desired (E)-b-selenovinyl sulfones 45 in moderate to
high yield, ranging from 46% to 89% (Scheme 18). Interestingly,
the authors further demonstrated that b-sulfonyl-vinyl tellanes
could also be achieved in good yields when diaryl diselenides
were replaced with diarylditellanes. The results showed that the
outcome of reaction was independent of the electronic nature of
Scheme 18 Sun's synthesis of (E)-b-selenovinyl sulfones 45.

Scheme 19 Mechanistic proposal for the reaction in Scheme 18.

© 2022 The Author(s). Published by the Royal Society of Chemistry
aryldiazonium tetrauoroborates and di(hetero)aryl dis-
elenides. Therefore, either electron-donating or electron-
decient functionalities on both partners were well tolerated
by this protocol. Concerning the substrate scope of alkynes, the
decreasing order of reactivity is terminal aromatic alkynes $

internal aryl-alkyl alkynes z internal aryl–aryl alkynes >
terminal aliphatic alkynes. The mechanistic studies suggested
that this transformation presumably proceeds through a radical
pathway as shown in Scheme 19. It is noteworthy to mention
that during a model reaction between 4-methyl-
phenyldiazonium tetrauoroborate, DABSO, and diphenyl dis-
elenide, and in the absence of alkyne, the adduct PhSeSO2Ph
was detected and isolated. Then, the reaction of this adduct
with phenylacetylene was performed under optimized condi-
tions. Interestingly, no reaction was occurred and the
PhSeSO2Ph was recovered completely. This result indicated that
the selenosulfonate intermediates were formed in situ but were
not involved in the selenosulfonation process. Recently, He and
Wu along with their co-workers utilized a conceptually similar
strategy to fabrication of cyanoalkylsulfonylated selenoallenes44

and 3-((arylselanyl)methylene)pyrrolidines45 in acceptable
yields through selenosulfonylation of 1,3-enynes and 1,6-
RSC Adv., 2022, 12, 30564–30576 | 30573
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Scheme 20 Kice's synthesis of phenyl(2-(tolylsulfonyl)allyl)selanes 48.
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enynes, respectively, employing cycloketone oxime esters as the
cyanoalkyl sources.
4. Selenosulfonylation of allenes

Compared with the relatively well-developed selenosulfonyla-
tion of alkenes and alkynes, the direct selenosulfonylation of
allenes is still uncommon. In fact, only one preliminary report
of such a reaction was published in the literature till date.

In 1982, Kang and Kice published the rst and only example
of the direct conversion of allenes 46 into the corresponding b-
(sulfonyl)allylselanes 48 using Se-phenyl 4-methyl-
benzenesulfonoselenoate 47 as selenosulfonylating agent in
Rayonet photoreactor.46,47 Five phenyl(2-(tolylsulfonyl)allyl)
selanes 48 were synthesized and then converted in good to
excellent yields to the corresponding 2-(tolylsulfonyl)prop-2-en-
1-ols 49 by oxidative elimination of the phenylselanyl group
using H2O2 as the oxidant (Scheme 20). Regarding the regiose-
lectivity of this transformation, in all examples the sulfonyl
group selectively attacked the central carbon of the allenic
system and selanyl group was attached to the less highly
substituted of the two terminal carbons.
5. Conclusion

Difunctionalization reactions of unsaturated compounds, the
incorporation of two functional groups onto a carbon–carbon p-
double bond in a single operation, have emerged as a powerful
methodology to generate complex molecules from simple
starting materials that would otherwise be difficult to prepare.
In this regard, 1,2-selenosulfonylation reactions which provide
a robust approach for the synthesis of b-selenosulfones deriv-
atives have gained a great deal of attention. As illustrated,
various unsaturated compounds such as alkenes, alkynes, and
allenes were successfully applied in this procedure. Most of the
reactions covered in this review have been carried out under
catalyst-free and mild conditions and can be easily scaled up to
gram levels without further optimization. However, there are
still a number of challenges to be addressed in this method-
ology. Some of these are listed below: (i) majority of methods for
selenosulfonylation of alkenes rely on the use of pre-prepared
Se-aryl selenosulfonates. Thus, development of new and effi-
cient approaches that use simple and commercially available
reagents is highly desirable; (ii) the stereoselectivity of
30574 | RSC Adv., 2022, 12, 30564–30576
selenosulfonylation reactions of alkynes is dominated by the
(E)-products. Therefore, additional studies are needed to
develop efficient processes that also allow these reactions to
occur in (Z)-selective manner; and (iii) the number of reported
examples in selenosulfonylation of allenes are too narrow and
certainly much more work must be done to study the scope and
limitations of this double functionalization reaction.
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