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Green Synthesis of Stereodefined Tri- and
Tetrasubstituted Alkenes via 100% Atom-
economic and Regio-, and Stereoselective
Halo-chalcogenation and Sulfonylation of
Alkynes
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Abstract: Achieving 100% atom economy in an organic transformation is a challenging task but it is always de-
sirable in the context of green chemistry. Difunctionalization of alkynes using a bifunctional reagent is a useful
strategy to achieve 100% atom economy, however, the challenge is to control the regio- and stereoselectivity
of the reaction. In this article, we discuss the recent advances in developing 100% atom economic, highly re-
gio- and stereoselective halo-chalcogenation and chlorosulfonylation strategies with alkynes for the green and
sustainable synthesis of stereodefined tri- or tetrasubstituted alkenes, and its application in accessing valuable
molecules including a marketed drug in a green and sustainable manner. The green chemistry metrics are pre-
sented to highlight the greenness of some of these protocols.
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1. Introduction

The synthesis of stereodefined tri- or tetrasubstituted alkenes
poses a significant challenge in organic synthesis, however, they
have garnered considerable interest from organic chemists owing
to their crucial importance. This class of alkenes is frequently
found in life-saving pharmaceuticals, natural products, and bio-
logically active compounds, including tamoxifen, brasilenol,
isovirescenol A, and guadalupol, ezc. (Fig. 1).['l They also serve
as useful building blocks in materials chemistry.[?! While various
strategies exist for synthesizing stereodefined tetrasubstituted
alkenes,Bldifunctionalization of alkynes is recognized as the most
effective and widely employed approach owing to its high atom-
economic feature. One of these processes involves the cleavage of
a heteroatom-heteroatom bond in a species, followed by the addi-
tion of the two heteroatoms into a —-C=C- triple bond in a single
step, thus making it a 100% atom-economic and effective process
in the context of green chemistry.[ Among all the heteroatom-het-
eroatom difunctionalizations of alkynes, the halo-chalcogenation
is particularly noteworthy, as it provides a straightforward strategy
for accessing stereodefined tetrasubstituted alkenes bearing use-
ful functional groups such as halogen and chalcogen, which could
be further utilized to install required functional groups via a cross-
coupling reaction for synthesizing potential organic molecules,
including drugs.PI Moreover, alkenylchalcogenides are found in
many biologically active molecules, including natural products
and they are also found in many useful materials.[®l Consequently,
several reports have been published on the synthesis of halochal-
cogenation of alkynes. However, they suffer from limitations such
as the requirement for transition metals, harsh reaction conditions,
selectivity issues, poor atom economy, generation of hazardous
organic wastes, and the requirement for specially designed chal-
cogen precursors.[7-10]
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Fig. 1. Valuable stereodefined tetrasubstituted alkenes.

In the realm of environmental sustainability, the 12 principles
of green chemistry highlight the significance of a reaction that
achieves a 100% atom economy.

These reactions are particularly important in modern organic
synthesis because they effectively reduce or sometimes elimi-
nate the generation of hazardous wastes, which is the ultimate
goal of green chemistry. Additionally, these practices promote
sustainability, enhance resource efficiency, and improve cost-
effectiveness.!'!In this review article, we present the recently de-
veloped 100% atom-economic, halo-chalcogenations and chloro-
sulfonylations of alkynes or ynamides for the synthesis of stereo-
defined tri- or tetrasubstituted alkenes.

1.1 Chlorosulfenylation of Alkynes

In 2014, Welch and coworkers!!2l developed a triethyl boron
(BEt,) catalyzed direct radical addition of chlorotetrafluorosulf-
anyl arenes to terminal alkynes in a short reaction time with 100%
atom-economy (Scheme 1). This protocol was efficient and fur-
nished the desired products in a moderate to excellent yield. How-
ever, it was limited to the insertion of chloro and aryltetrafluoro-
sulfanyl groups to the terminal alkynes only.

F
F\éigl g L8 %) cw
I
X

DEE (O 38 M) X

H 1 (1 equiv) 1 5 equiv) rt, 5- 10 min

: F cl rE Cl cl FE cl
H ! A SEO
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: cl

¢ 3a,22% 3b, 90% 3c, 78% 3d, 80%

Scheme 1. Et,B-catalyzed, 100% atom-economic addition of chloro-
tetrafluorosulfanylarenes to alkynes.

In 2014, Nishihara and coworkers!!3! reported an Fe-induced
100% atom-economic anti-addition of sulfenyl chlorides to al-
kynes (Scheme 2). The S-CI bond in the sulfenyl chlorides was
effectively added to various —C=C- triple bonds with impressive
regio- and stereoselectivity, aided by a catalytic amount of FeCl,.

This reaction is compatible with a wide range of function-
al groups and can be scaled up to gram quantities without any
decrease in yield. Both terminal and internal alkynes have un-
dergone stereospecific chlorosulfenylation, resulting in stereo-
defined tri- and tetrasubstituted alkenes in a 100% atom-econom-
ic fashion.
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Scheme 2. Fe-induced 100% atom-economic anti-chlorosulfenylation of
internal and terminal alkynes with sulfenyl chlorides.

Initial mechanistic studies suggested that the reaction likely fol-
lowed a radical pathway, involving a sulfur-centered radical inter-
mediate formed through the iron-mediated homolysis of the S-CI

CI-SR!
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FeC12
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.SRl
R- c C-H
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1
Cl-SR L< —_— >—< o
5

Scheme 3. Proposed reaction mechanism.
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bond (Scheme 3). The synthesized product was successfully con-
verted into other useful compounds via cross-coupling reactions.

In 2014, the same group!!#! reported the syn-addition of sulfenyl
chlorides to terminal alkynes in the presence of a catalytic amount
of Pd(tfa), (tfa = trifluoroacetate) at room temperature, which af-
forded other stereoisomeric products, i.e. chloroalkenyl sulfides (Z-
isomer) as the major product in good to excellent yields along with
the formation of the E-isomer as a minor product (1-9%) (Scheme
4). However, the method was limited to terminal alkynes.
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Scheme 5. Reagentless and 100% atom-economic iodosulfenylation of
alkynes and multi-gram synthesis of 15a.

1.2 lodosulfenylation of Alkynes

Our group developed a reagentless and sustainable approach
to access (E)-P-iodoalkenyl sulfides in a 100% atom-economic
and highly regio- and stereoselective manner using commercially
available starting materials,[13] such as alkynes (1 equiv.), iodine
(0.5 equiv.), and disulfides (0.5 equiv.), in toluene at 60-120 °C
(Scheme 5). This protocol was effective for both internal and
terminal alkynes, yielding stereodefined tetra- and trisubstituted
alkenes, in particular, (E)-B-iodoalkenyl sulfides in moderate to
excellent yields with a broad substrate scope (Scheme 5A). Most
reactions were clean and yielded the pure product from a simple
cold pentane wash of the crude reaction mixture. The developed
protocol was scalable up to a 10-gram scale without compro-
mising the outcome and furnished the desired product in 96%
yield (Scheme 5B). It exhibited high regio- and stereoselectiv-
ity, producing the anti-addition products, i.e. the E-isomer exclu-
sively. (E)-(2-Iodo-1,2-diphenylvinyl)(phenyl)sulfane 15a was
synthetically diversified into other potential stereodefined tetra-
substituted alkenes (Scheme 6). Significantly, 15a was converted
to a marketed breast-cancer drug, Z-tamoxifen, in just three steps
via cross-coupling reactions (overall three-step synthesis starting
from commercially available feedstock materials, i.e. diphenyl
acetylene, diphenyl disulfide, and iodine), with a good overall
yield (51%) (Scheme 7). Our strategy for the synthesis of (Z)-
tamoxifen could be considered as step-economic, sustainable, and
practical as compared to several previously developed multi-step
strategies.[!61 These results demonstrated the practical application
of the developed protocol. Significantly, this protocol achieved
outstanding green metrics, such as 100% atom economy, 96%
atom efficiency, 95.9% carbon efficiency, 95.93% reaction mass
efficiency, and a low E-factor of 0.19 g waste/g product formation.
Additionally, it attained an excellent EcoScale score of 84 (Fig. 2).
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Ph S—Ph
21 (86%)

Scheme 6. Synthetic diversification of 15a.
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Scheme 7. Synthesis of Z-tamoxifen.
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Fig. 2. Green chemistry metrics for the synthesis of 15a.
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Control experiments were conducted to demonstrate the un-
derlying mechanism, and an atom transfer radical addition
(ATRA) mechanism was proposed for both internal and terminal
alkynes based on the experimental results (Scheme 8). First, io-
dine reacted with the disulfide, affording the corresponding sulfe-
nyl-iodide 25 (R3SI), which, after the homolytic cleavage of the
S-I bond, generated a reactive thiyl radical (26). The addition of
the thiyl radical to an internal alkyne forms the corresponding
vinyl radical (27), which abstracts the iodine atom from 25 to
furnish the E-alkene along with the regeneration of the thiyl radi-
cal. Under these conditions, isomerization of the vinyl radical did
not occur; hence, the Z-olefin was not formed. Terminal alkynes
first reacted with iodine to produce (E)-(1,2-diiodovinylaryl (31).

3
RSS}I\ I SR
25 = 1
1 SR? RZ-olt-;fin
E-olefin minor
A I or1/21; ma]or I
25
' H
% it AR
27 1
R
I
R1 (stable) 4 (unstable)
|
[ SR3 + R“ = 1 = ~Z=—pn
1
Z-olefin Rigg | R 31 | 32

Scheme 8. Proposed reaction mechanism for the iodosulfenylation of
alkynes.

Next, when the in situ generated thiyl radical was added to 26,
it formed two diiodo aryl radicals, i.e. 33 (stable) and 34 (unstable
due to steric hindrance). Finally, these radicals reacted with 25 to
form the E-alkene as the major product from 33 and the Z-alkene
as the minor product from 34, along with the regeneration of thiyl
radical 26 and molecular iodine.

1.3 Halochalcogenation of Ynamides

Ynamides, a special kind of alkynes, represent a compelling
and rapidly advancing category of organic compounds that have
attracted considerable interest in contemporary organic synthesis.
Defined by a carbon—carbon triple bond adjacent to a nitrogen
atom with an electron-withdrawing group (such as a sulfonyl or
carbonyl), ynamides possess distinctive electronic properties that
set them apart from other alkynes.!!7] Their stability and versatile
reactivity have facilitated new pathways in the synthesis of com-
plex molecules, particularly in the fields of pharmaceutical de-
velopment, natural product synthesis, and materials science. Due
to the polarizability of the triple bond, ynamides readily undergo
reactions with electrophiles. Numerous electrophilic difunctional-
izations have been documented on ynamides, consistently yield-
ing anti-addition products with selectivity in most cases. In the
specific area of halochalcogenation of ynamides, two studies have
been published so far.

In 2021, Zeni’s groupl!8! and in 2024, our groupl!*! reported
the 100% atom-economic halochalogenation of ynamides, inde-
pendently, with completely opposite stereoselectivity (Scheme 9).
While Zeni and coworkers (Scheme 9A) reported an E-selective
anti-chloroselenylation of ynamides using only diaryl diselenide
(1 equiv.) and an over-stoichiometric amount of FeCl, (3 equiv.),
our group achieved a Z-selective syn- halochalcogenatlon of the
same class of substrates using chalcogenyl halides such as sele-
nyl chlorides, selenyl bromides, sulfenyl chlorides, and sulfenyl
bromides without using any other reagent at room temperature
(Scheme 9B). While Zeni’s protocol suffered from some seri-
ous limitations, such as the requirement of over-stoichiometric
amounts of a transition metal salt, limited substrate scope (only
chloroselenylation), poor atom economy, generation of metal-
based and organic wastes, efc., our reagentless protocol overcame
all these limitations.

Our protocol demonstrated a solvent-controlled, highly regio-
and stereoselective syn-halochalcogenation of ynamides using
only chalcogenyl halides in toluene within a short reaction time
(15-30 min) at room temperature. Our method consistently deliv-
ered a wide variety of stereodefined tetrasubstituted alkenes bear-
ing four different but useful functional groups in excellent yield
(average yield >96%). Remarkably, the protocol accomplished
a wide range of halochalcogenation, i.e. chlorosulfenylation,
bromosulfenylation, chloroselenylation, and bromoselenylation
of ynamides with good to excellent selectivity (Z/E = 90:10 to
>99:01) (Scheme 10). The transformation does not require any
transition metal, catalyst, oxidising reagent, reducing reagent, or
external energy.

The reaction was very clean, furnishing the pure products ob-
tained via a simple washing of the crude with cold ethanol or cold
pentane (column chromatography-free synthesis).

The solvent was recovered after the reaction via distillation
and reused for subsequent reactions, which makes the protocol

: Avg. yield = 46%
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Scheme 9. 100% Atom-economic (A) anti-chloroselenylation of ynamides (Zeni’s work); (B) Syn-halo-chalcogenation of ynamides (our work); (C)
Differential reactivity of an yne-carbamate under Zeni’s conditions and our conditions.
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Scheme 10. 100% atom economic halochalcogenation of ynamides.

highly sustainable. The protocol demonstrated efficient scalabili-
ty, achieving a 96% yield on a gram scale. Notably, the products
were synthetically diversified into novel classes of other stereo-
defined tetrasubstituted alkenes. Importantly, the green chemistry
metrics of the protocol (Fig. 3) were found to be excellent, such
as 100% atom economy, 96% atom efficiency, 93.1% carbon ef-
ficiency, 91.5% reaction mass efficiency, very low E-factor (0.31 g
waste/g product formation), and excellent EcoScale score (78).
In this study, the stereoselectivity of the product was con-
trolled by the polarity of the solvent, as illustrated in Fig. 4. Non-
polar solvents, such as toluene, xylene, CCl,, and cyclohexane,
demonstrated excellent (Z)-stereoselectivity, which gradually de-

Atom-efficiency

m

Atom-economy

100%

Reaction mass
efficiency

0.31gwaste/ g
product

Fig. 3. Green chemistry metrics for the synthesis of 410.

Carbon-efficiency

93.1%

Eco Scale score

o-Se
R 40 Cl  |toluene

Seperated ion-pair (B) intimate ion-pair intermediate

Path- A Path- A in the cage of solvent, toluene
R? anti-addition Syn-addition
|® disfavoured favoured
Sey
c=c R
/SN
R ( N
C@ EWG
R! R%Se
R?>Se N—-EWG —
— R N-EWG
R Cl R!

(E)-41 (minor) (2)-41 (major)

Scheme 11. Proposed reaction mechanism of halochalcogenation of
ynamides.

1.4 Chlorosulfonylation of Alkynes

Sulfones represent a crucial and dynamic class of compounds
in the realm of bioactive molecules, playing an integral role in the
design and effectiveness of many pharmaceutical compounds.[20-21]
This versatile functional group is prevalent in a wide array of sig-
nificant drugs, including apremilast, known for its innovative ap-
proach to treating inflammatory conditions; ceritinib, a targeted
therapy in the battle against cancer; and chlormezanone, which
aids in soothing the complexities of anxiety.



GREEN & SUSTAINABLE CHEMISTRY: TRENDS AND OUTLOOKS

627

CHIMIA 2025, 79, No. 9

Among various classes of sulfones, vinyl sulfone has garnered
significant interest in organic synthesis due to the presence of this
motif in various bioactive molecules, pharmaceuticals, pesticides,
and materials. For instance, rofecoxib is utilized to alleviate pain
and inflammation, especially in cases of arthritis. Furthermore,
oxycarboxin serves as a fungicide in agricultural applications.[2223]
Therefore, the development of sustainable synthetic methodolo-
gies is desirable for the synthesis of these classes of molecules.
Notably, $-halo vinyl sulfones are particularly appealing, as they
enable the synthetic creation of a variety of valuable bioactive
molecules. Various synthetic methodologies have been devel-
oped; however, here we focus primarily on 100% atom-economic
synthetic transformations.

1.5 Syn-Chlorosulfonylation of Alkynes

In 2005, Liu et al. developed a highly regio and stereoselec-
tive, metal-catalyzed, syn-selective chlorosulfonylation of termi-
nal alkynes. This process utilized inexpensive CuCl as a catalyst,
Me,S as an additive, and sulfonyl chloride as the sulfonyl reagent,
and the reactions were found to be efficient, furnishing the desired
products with moderate to good yields (53-91%) (Scheme 12).[24]
The reaction followed a radical mechanism, and Me,S stabilized
the intermediate to achieve the syn addition product.

10 mol% CuCl
Me,S (1.0 equiv)
_—

R—= + R's0,CI >—< 1
2 toluene, 110 °C () R
42 43 o \\o
' (2 equiv) 44 '
B Selected examples of syn-chlorosulfonylation ------------- !
R
Ph H R =-OMe (44d, 76%)

-Br (44e, 83%)
-No2 (44, 70%)
R .co,Me (44g, 60%)
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= R _PhSO, (44b, 88%)

c’ _s
03y Ms (44c, 52%) —

cl” s
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H H
cl O//S\(Ph cl’ 8! -Pn
. o %
i (44h, 76%) (44i, 68%)

Scheme 12. CuCl-catalyzed syn-chlorosulfonylation of terminal alkynes.

In 2023, Shen and colleagues reported a copper powder-
catalyzed 100% atom-economic syn-chlorosulfonylation of in-
ternal alkynes through an atom transfer radical addition (ATRA)
process.[51 This method demonstrated high regio- and stereoselec-
tivity. Radical quenching experiments confirmed that the reaction
proceeded via radical formation, while DFT studies supported and
corroborated the occurrence of syn-addition. Various functional
groups were tolerated under these optimized conditions (Scheme
13).

In the reaction mechanism (Scheme 14), first, Cu(0) reacted
with sulfonyl chloride to generate a sulfonyl radical (48) and Cu-
Cl. Subsequently, the radical was added to alkynes to produce a
vinyl radical (49), which was added to the Cu-center oxidatively,
leading to a five-membered ring transition state (50). Finally, the
chlorine atom was exchanged, regenerating Cu(0).

1.6 Anti-Chlorosulfonylation of Alkynes

In 2012, Nakamura and colleagues reported an Fe(Il), i.e.
Fe(acac), (acac = acetylacetonato)-catalyzed anti-chlorosulfonyl-
ation of alkynes, achieving 100% atom economy along with high
regio- and stereoselectivity.[20] The reaction conditions were com-

R
Cu-powder (3 mol%)

R—= + R'so,cl — PN MORL = R
MeCN, 100 °C,6h CI __S]
46 )
45 (2 equiv) 47
____________ Selected examples of syn-chlorosulfonylation ------------- H
! —N
: = -H (47a, 92%, Z/E = 99:01 ) :
: Me (47b, 92%, Z/E = 92:08) \ 7 4 :
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-Br (47d, 90%, Z/E = 98:02) cl Ts
Ts  NO2 (47e, 82%, ZIE = 99:01) 47§ 30%, Z/E = 97:03
Ts
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G
RS T
Ts H o] Ts

: 47g, 32%, ZIE = 98.02 47h, 52%, ZIE = 99:01 47i, 45%, ZIE = 99: O‘I

H g Ph. H
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N -

cl c’ s”
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Scheme 13. Cu-powder catalyzed syn-chlorosulfonylation of terminal
alkynes.

R'S0,CI

Cu(0)

Scheme 14. Plausible reaction mechanism for syn-chlorosulfonylation of
terminal alkynes.

patible with various functional groups, including halides, nitro
groups, and carbonyls (Scheme 15). However, this method was
limited to aromatic sulfonyl chlorides. The proposed mechanism
involved an initial electron transfer from iron to sulfonyl chloride,
generating a sulfonyl radical, which subsequently added to the
alkyne to form a vinyl radical. Finally, the vinyl radical abstracted
a chlorine atom from iron(II) chloride, yielding the final desired
product.

In 2018, Han and coworkers reported a visible-light-mediated,
photoredox-catalyzed process for the regio- and stereoselective
chlorosulfonylation of alkynes (Scheme 16).1271 The method was
successfully applied to both internal and terminal alkynes. Blue
LEDs served as the light source, while an iridium catalyst (fac-
Ir(ppy),), ppy = 2-phenylpyridine, was used as the photocatalyst,
producing P-chlorovinyl sulfones. The reaction was proposed
to be initiated by the excitation of the photocatalyst by the blue
LEDs. In its excited state, the photocatalyst acted as a reductant,
generating a sulfonyl radical, 57, through a reductive single-elec-
tron transfer (SET) process from the photocatalyst (Scheme 17).
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Scheme 15. Fe(ll)-catalyzed anti-chlorosulfonylation of alkkynes.
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Scheme 16. Visible-light-mediated photoredox-catalyzed anti-
chlorosulfonylation of alkynes.

The sulfonyl radical, 57, then reacted with the alkyne 54, forming
a vinyl radical 58, which underwent a SET process with the oxi-
dized catalyst, thus regenerating the catalyst and forming a vinyl
cation 59. The process concluded with the trapping of 59 by a
halide, leading to the synthesis of $-chlorovinyl sulfones.

In 2019, Hu and Alkan-Zambada developed a highly regio-
and stereoselective, copper-catalyzed photoredox chlorosulfo-
nylation of alkenes and alkynes (Scheme 18).1281 However, the
method was limited to terminal alkynes and yielded the desired
product with an average yield of only 39.76%. The photocatalyst
employed was specifically developed in their laboratory. In the
presence of a copper catalyst and a 40W LED (450 nm), commer-
cially available alkynes and sulfonyl chlorides reacted efficiently
under a nitrogen atmosphere, producing -chloro vinyl sulfones
with high regio- and stereoselectivity. However, a glove box was
required to conduct the reaction.

2. Conclusions

Developing completely atom-economic and highly regio- and
stereoselective difunctionalization processes is crucial for the
green synthesis of stereodefined tri- or tetrasubstituted alkenes,
which could be further utilized for the cost-effective and sustain-

F 62e, 33%

Photocatalyst (63)

e

Scheme 18. Visible-light-induced, copper-catalyzed chlorosulfonylation
for alkynes.

able synthesis of potential molecules, including a marketed drug
like tamoxifen. Various synthetic strategies are described that
achieved 100% atom-economic halo-chalcogenations and halo-
sulfonylation of alkynes, including ynamides, along with high
regio- and stereoselectivity. While most of the halo-chalcogena-
tion and halo-sulfonylation reactions of alkynes are found to fol-
low aradical pathway, this is not true for ynamides, which follow
an ionic reaction mechanism. It was also found that the stereo-
chemical outcome of the halochalcogenation of ynamides can
be modulated by altering the reaction conditions. Hence, with
a proper selection of reaction conditions, one can selectively
synthesize two isomeric stereodefined tetrasubstituted alkenes.
We believe that these synthetic strategies will be utilized further
for developing other difunctionalization reactions with alkynes
with 100% atom-economy to synthesize new classes of stereo-
defined tri- or tetrasubstituted alkenes bearing useful functional
groups. We hope that this review will be useful to the scientific
community working in the area of green organic synthesis.
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