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This review summarizes the major advances in the past
decade on the synthesis of alkynyl sulfones and chalcogen
derivatives, highlighting sustainable catalytic methods,
improved selectivity, functional-group tolerance, and

the expanding synthetic utility of sulfur-, selenium-, and
tellurium-substituted alkynes.
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Over the past decade, the synthesis of alkynyl sulfones and alkynyl chalcogen derivatives has witnessed
significant advances. Modern methodologies have increasingly focused on sustainable protocols, catalytic
efficiency, milder reaction conditions, and atom-economical processes. Traditional approaches relying on
harsh reagents or stoichiometric activators have increasingly been replaced by transition-metal-catalyzed
couplings, photoredox transformations, electrochemical processes, and metal-free oxidative strategies.
These innovations have enabled access to structurally diverse alkynyl sulfones, sulfides, selenides, tellur-
ides, and their trifluoromethylated counterparts. This review highlights the progress made during the last
ten years, emphasizing mechanistic innovations, improvements in selectivity and functional group toler-
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1 Introduction

Organochalcogens (selenides, tellurides, sulfides, sulfoxides
and sulfones) are of great interest across multiple fields; they
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ance, and the expanding chemical space accessible through chalcogen-substituted alkynes.

represent an attractive molecular class in synthetic chemistry,
materials science, and medicinal chemistry.' Among them,
organosulfur and organoselenium compounds have garnered
considerable attention in recent years due to their unique reac-
tivity and diverse applications.” In this context, compounds
containing C-S bonds are found in various sources, such as
natural products, and are key structural components of many
commercial drugs, including the antibiotics nelfinavir, esome-
prazole, and cephalosporins. Sulfur-containing compounds
exhibit a broad spectrum of biological activities, including
antibacterial, antiviral, antitumor, and anti-inflammatory
effects. Notably, organosulfur derivatives represent nearly 20%
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of FDA-approved drugs, underscoring their central role in drug
discovery and development.® Moreover, sulfur-based functional
groups are consistently among the most frequently encoun-
tered motifs in bioactive molecules, further highlighting their
importance in medicinal chemistry.*

In parallel, organoselenium compounds have also advanced
significantly in both chemistry and biochemistry.” Recent
studies have demonstrated that selenium derivatives have
therapeutic properties, with potential as anticancer, antiviral,
and anti-Alzheimer’s agents, among others.® Beyond biome-
dicine, organoselenium compounds find wide applications as
fluorescent probes,” catalysts in organic synthesis,® and func-
tional components of advanced materials.’

On the other hand, tellurium (Te), a rare chalcogen
(~0.027 ppm), is less studied than sulfur and selenium due to
its scarcity and limited biological roles.'® Its large size, low
electronegativity, and high polarizability endow organotellur-
ium compounds with unique reactivity and broad appli-
cations."" Although their pharmacological and toxicological
profiles are not yet fully understood, several organotellurium
derivatives have demonstrated promising bioactivities."> From
a synthetic perspective, their utility has expanded considerably
in recent decades, as the weak C-Te and Te-Te bonds facilitate
radical pathways and enable efficient carbon-carbon bond for-
mation as well as functional group interconversions.'*®
Furthermore, tellurium-centered radicals and Te’s propensity
to engage in o-hole-induced chalcogen bonds highlight their
emerging role in noncovalent catalysis,"® and this class of
organotellurium compounds has also been shown to promote
oxidation reactions."*

Consequently, the efficient and selective formation of C-S,
C-Se and C-Te bonds has been a longstanding focus of meth-
odological research, driving innovative advances in the art of
synthetic organic chemistry. In particular, transition-metal cat-
alysis continues to offer valuable tools for the construction of
C-S, C-Se, and C-Te bonds under milder conditions, and
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remains one of the most established approaches for their for-
mation."® In addition, radical chemistry is opening avenues
for highly targeted functionalization, providing direct and
atom-economical routes to the synthesis of chalcogen com-
pounds.’® Furthermore, metal-free methods are being devel-
oped to meet the demand for accessible and environmentally
friendly synthetic protocols."”

Within this context, chalcogen-substituted alkynes have
emerged as a particularly intriguing class of compounds. The
incorporation of sulfur, selenium, or tellurium atoms directly
onto an alkyne is crucial, as these compounds have proven to
be versatile building blocks for constructing complex mole-
cular architectures and high-value structures.'® Sustainable
protocols, photoredox strategies, and electrochemical methods
have profoundly transformed the preparation of organochalco-
gen compounds, replacing traditional harsh conditions with
greener and more selective alternatives. These advances not
only enable access to increasingly complex molecular architec-
tures but also respond to pressing global demands for environ-
mentally responsible and efficient synthetic chemistry.

While several reviews have addressed specific aspects of
organosulfur or organoselenium chemistry, and others have
focused on photoredox or electrochemical bond-forming strat-
egies, no comprehensive account has yet covered the full scope
of synthetic advances in chalcogen-substituted alkynes. The
distinctive contribution of the present review lies in its inte-
grated analysis of sulfones, sulfides, selenides, tellurides, and
their trifluoromethylated analogues, examined across all major
synthetic paradigms—including metal-catalyzed, radical,
photochemical, electrochemical, and metal-free method-
ologies (Fig. 1). This broad and unified perspective makes the
review both timely and unique in its coverage.

This review provides a comprehensive overview of the sub-
stantial progress achieved over the past decade in the synthesis
of chalcogen-containing alkynes. The discussion is organized
as follows: we first examine the development of (i) alkynyl sul-
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Fig. 1 A general diagram of alkynyl sulfone and alkynyl chalcogenide
synthesis.

fones, which are considered synthetic workhorses and crucial
precursors, and therefore receive special attention; (ii) next,
highlight the applications of alkynyl sulfides, which play vital
roles ranging from medicine to materials science; (iii) we sub-
sequently discuss alkynyl selenides and tellurides, offering
insights into this comparatively less explored field; and (iv)
finally, we analyze the scarce yet intriguing class of trifluoro-
methyl-substituted alkynyl sulfides and selenides. Specifically,
the articles were classified according to their chemical class
and organized in chronological order, allowing readers to
clearly follow the evolution of methodologies over time. This
systematic classification facilitates direct comparison between
methodologies and highlights the main advances achieved in
each category. Our goal is to connect synthetic progress with
potential applications, thereby providing a pathway to stimu-
late further exploration into this dynamic and impactful area
of synthetic chemistry.

Alex Fabiani Claro Flores,
received his B.S. (1989), Master
(1994), and PhD (1997) degrees
from the Federal University of
Santa Maria (Brazil) under the
supervision of Prof. Marcos
Anténio Pinto Martins. He
worked as a research professor at
the UFSM until 2013. He is cur-
rently an associate professor at
the Federal University of Rio
Grande and a researcher/advisor
in the PPGQTA-FURG. He has
experience in Organic Synthesis,
working mainly with heterocycles, NMR spectroscopy, organic syn-
thesis, structural analysis, and organic analysis.

Alex F. C. Flores

260 | Org. Chem. Front, 2026, 13, 258-313

View Article Online

Organic Chemistry Frontiers

2 Advances in the preparation of
alkynyl sulfones

In this section, we focus on the reports concerning the syn-
thesis of alkynyl sulfones. These compounds have emerged as
valuable building blocks in organic chemistry, owing to the
unique combination of the sulfone moiety with alkyne func-
tionality. Their structural features confer remarkable stability
while maintaining a high degree of reactivity, enabling their
use as versatile intermediates in a wide range of synthetic
transformations, including cross-coupling reactions, radical
processes, and cyclizations. Over the years, a variety of strat-
egies have been developed for their preparation, ranging from
classical approaches involving sulfonylation of alkynes to more
recent methods that emphasize catalytic efficiency, atom
economy, and sustainability.” The following section high-
lights the main advances and methodologies reported in the
last 10 years for the synthesis of alkynyl sulfones, with particu-
lar attention to both traditional and modern catalytic
protocols.

In 2015, Chen and Waser®® reported an elegant approach
for the synthesis of organyl alkynyl sulfones 4 through two dis-
tinct pathways. The first pathway involves a three-component
reaction of an alkyl bromide 1, 1,4-diazabicyclo[2.2.2]octane
bis(sulfur dioxide) (DABSO) 2 as the sulfone source, and
ethynyl-1,2-benziodoxol-3(1H)-one (EBX) 3 as the alkynylating
reagent (Scheme 1). The process proceeds via the in situ gene-
ration of an organomagnesium intermediate, using mag-
nesium (1 equiv.) in the presence of iodine as a catalyst in
tetrahydrofuran (THF) at room temperature. Subsequently,
DABSO (1 equiv.) was added to the reaction medium at —40 °C
and the mixture was stirred for 1 h, followed by the addition of
EBX in dimethylformamide (DMF) at room temperature for
5 min. This protocol affords 13 examples of alkynyl sulfones 4,
in yields ranging from moderate to good (52%-85%). The
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Scheme 1 Synthesis of alkynyl sulfonyl compounds 4 described by
Chen and Waser in 2015.2°

approach was efficiently extended to aryl bromides substituted
with electron-donating (EDG) and electron-withdrawing groups
(EWG) on the aromatic ring, as well as alkyl (allyl) and hetero-
aryl (1-naphthyl, 2-Th and 2-Fu) bromide, which afforded the
target compounds 41, 4i, 4j and 4k in yields of 46%, 83%, 79%
and 70%, respectively (Scheme 1).

In another pathway, the author describes the use of palla-
dium acetate (Pd II), di(adamantyl)("butyl)phosphine (PAd,Bu),
DABSO 2 as a sulfone source and EBX as alkynyl donator, under
basic conditions. In this methodology, aryl iodides 1 were first
combined with palladium acetate (5 mol%), PAd,Bu (7.5 mol%)
and DABSO 2 (1 equiv.) in the presence of Et;N (3 equiv.) in
'PrOH at 75 °C for 18 h. In the next step EBX in DMF was added
at room temperature and after 5 min, the desired products 4a,d,
m-o were obtained, affording 5 examples in yields ranging from
39% to 82% (Scheme 2).

In 2015, Singh and co-workers> reported a metal-free dec-
arboxylative methodology for the synthesis of organyl alkynyl
sulfones 7 from 3-phenylpropiolic acid 5a and arylsulfonyl
hydrazines 6. In this procedure, 3-phenylpropiolic acid 5a was
reacted with arylsulfonyl hydrazine 6 (1 equiv.) in the presence
of iodine (I, 40 mol%) under catalyst. The reaction was per-
formed under basic conditions using 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU, 1.5 equiv.) and ‘butyl hydroperoxide (TBHP,
2.5 equiv.) as a radical initiator, with acetonitrile/water (in a
ratio of 3:1) as the solvent mixture at room temperature for
1 h. Using this methodology, two alkynyl sulfones 7a and 7b
were obtained in yields of 57% and 61%, respectively
(Scheme 3). In the same year, Wu and co-workers>> employed
the same starting materials under copper-catalyzed conditions

This journal is © the Partner Organisations 2026

View Article Online

Review
1) Pd(OAG), (5 mol%), .
PAd,BuU (7.5 mol%), Si'Prs
2 e} /
2 DABSO (1.0 equiv) 4 =
Et;N (3.0 equiv), ProH, O~
75°C, 18 h
K 2) 3 R-EBX, DMF,
1 rt., 5 min
R = Me, OMe, OH, R
CO,Me, COMe. 4a (R = Me, 82%)

4d (R = OMe, 68%)
4m (R = OH, 60%)
4n (R = CO,Me, 56%)
40 (R = COMe, 39%)

Scheme 2 Another pathway for the synthesis of aryl alkynyl sulfones 4
described by Chen and Waser in 2015.2°

Ph—==—CO,H 0. 0
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5a DBU (1.5 equiv.)
* TBHP (2.5 equiv.) /
SO,NHNH, — CH3CN:H,0 (3:1) py,
1h,rt. R

7a (R = OMe, 57%)
6 7b (R = Me, 61%)

R R =0OMe, Me.

Scheme 3 Descarboxylative synthesis of organyl alkynyl sulfones 7a—b
described by Singh and co-workers in 2015.%*

[Cul (10 mol%), 2,2"-bipyridine (10 mol%), DMF at 100 °C, air,
18 h], leading exclusively to the formation of vinyl sulfones via
a direct decarboxylative hydrosulfonylation reaction.

The authors proposed a mechanism for the described reac-
tion, in which a key step involves the formation of a radical
intermediate I and II via homolytic cleavage of the O-OH bond
of TBHP. The resulting ‘butoxyl radical I activates iodine, gen-
erating an iodine-centered radical III. This radical III abstracts
a hydrogen atom from the hydrazine 6 moiety, producing
hydroiodic acid (HI) and forming a diazo intermediate IV,
which rapidly releases N, as an excellent leaving group to gene-
rate the sulfonyl radical V. The sulfonyl radical V subsequently
reacts with 3-phenylpropiolic acid 5a under basic conditions
in the presence of DBU, affording the desired alkynyl sulfone 7
(Scheme 4).

In 2015, Wei and Sun®® developed a metal-free method
under mild conditions for the synthesis of organyl alkynyl sulf-
oxide (7¢'). The reaction employed ‘butyl sulfoxide (8a) as the
sulfinyl source and sodium phenylethynyl as the nucleophile,
with N-bromosuccinimide (NBS) and acetic acid as reagents, to
afford phenylethynyl sulfone (7¢’). The procedure involved
mixing ‘butyl sulfoxide (8a) with NBS (2 equiv.) in acetic acid
(1.2 equiv.) and dichloromethane (DCM) for 10 min under a
nitrogen atmosphere at room temperature. Subsequently, the
nucleophilic salt, sodium phenylethynyl (1.1 equiv.), was
added, and the reaction mixture was stirred for an additional
10 min at the same temperature. The target product 7c¢’ was
obtained in 25% yield upon completion of the reaction
(Scheme 5).

Org. Chem. Front,, 2026, 13, 258-313 | 261
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Scheme 4 Proposed mechanism for the I,/TBHP-promoted decarbox-
ylative coupling of alkynyl carboxylic acids 5.2
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Scheme 5 Synthesis of aryl alkynyl sulfoxide 7c’ described by Wei and
Sun in 2015.2%

In 2016, Kuhakarn and co-workers®* reported an iodine-
catalyzed metal-free protocol for the synthesis of organyl
alkynyl sulfones 7 derivatives from acetylenic acids 5 and
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sodium sulfinates 9. This methodology features simple and
readily available reagents, broad functional group tolerance,
and efficient access to a wide range of acetylenic sulfones
(organyl alkynyl sulfones). As shown in Scheme 6, a total of 19
examples of 7 were obtained, bearing diverse substituents:
aryl, alkyl, and heteroaryl groups on the acetylenic acid frag-
ment, and aryl or alkyl groups on the sulfone moiety. The opti-
mized reaction conditions consisted of acetylenic acid 5,
sodium sulfinate 9 (2 equiv.), iodine as the catalyst (0.5
equiv.), and ‘butyl hydroperoxide (TBHP, 3 equiv.) in THF at
room temperature for 16 h, affording the desired products 7 in
yields of 20-90% (Scheme 6).

Subsequently, the protocol was also extended to terminal
alkynes, as shown in Scheme 7, in this case, 10 examples of
alkynyl sulfones 7 were synthesised employing various substi-
tuents attached to the terminal alkynes 10, including aryl,
naphthyl, and heteroaryl groups, while the sulfone moiety
bore the same substituents as those described in Scheme 7.
The reactions were carried out using terminal alkynes 10,
sodium sulfinates 9 (2 equiv.), iodine as the catalyst (0.5
equiv.), and ‘butyl hydroperoxide (TBHP, 3 equiv.) in THF at
room temperature for 16 h. Under these conditions, several
alkynyl sulfones 7 were synthesised in yields ranging from low
to good (17-68%) (Scheme 7). The protocol was efficient for
electron-donating groups (EDG) and electron-withdrawing
groups (EWG) attached in both starting materials, with the
exception that when 1-ethynyl-4-nitrobenzene was used under

(0]
Il
R?-S—ONa
9 I, (0.5 equiv.)
TBHP (3 equiv.) RI_=— Q—R2
. THF, rt, 16 h — 5
R'—=—=—CO,H

7 (20-90%)
5 19 examples

R' = Aryl, naphthyl, heteroaryl;
R2 = Aryl, alkyl.

Ph '\ 7f (R = 4-Me, 90%)

i 79 (R=4-OMe, 80%)

' 7h (R =4-CF, 68%)

7b (R = Me, 86%) ; ’
7¢c (R=H, 83%) :
7a (R = OMe, 61%) :
7d (R = Cl, 82%) ;
7e (R = Br, 29%) :

7i (R = 4-F, 47%)
7j (R = 4-Br, 80%)
7k (R = 4-NO, 32%)
71 (R = 3-Me, 90%)
7m (R = 3-Cl, 69%)
7n (R = 2-Br, 35%

i
R%S@
8
70 (R = 2-Th, 63%)
7p (R = 2-Naphthyl, 53%)

I
Ph%ﬁ*Me
7q (20%)

Scheme 6 Synthesis of alkynyl sulfones 7 under 1,/TBHP oxidative con-
ditions described by Kuhakarn and co-workers in 2016.2*
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Scheme 7 Synthesis of alkynyl sulfones 7 under I,/TBHP oxidative con-
ditions using terminal alkynes 10, described by Kuhakarn and co-
workers in 2016.24

standard conditions, the desired product 7k was not formed
(Scheme 7).

The authors proposed a plausible mechanism for this trans-
formation. Initially, TBHP undergoes homolytic cleavage, gen-
erating radical intermediates that subsequently react with
iodine. The resulting ‘butoxyl radical can oxidize sodium sulfi-
nate 9, affording the corresponding sulfonyl radical (I). This
radical then adds to arylacetylenic acid 5, generating a vinyl
radical intermediate V, which undergoes decarboxylation to
form the desired alkynyl sulfone 7, by abstraction of a hydro-
gen atom by an iodine-derived radical (Scheme 8). Similar
pathways occur when the terminal alkynes 10 are used as start-
ing materials, in this case, the intermediate VI is formed.

In 2017, Wang and co-workers®® reported a one-pot, cata-
lyst-free, and additive-free approach for the synthesis of
alkynyl sulfones 7 through the direct cross-coupling of aryl or
heteroaryl alkynyl iodides 11 with aryl sulfinic acids 12. The
reaction, performed in dimethoxyethane (DME) at 100 °C for
12 h, furnished 24 examples of alkynyl sulfones 7 in yields
ranging from 53% to 90% (Scheme 9). The method is distin-
guished by readily available starting materials, simple oper-
ation, and the absence of catalysts or additives, making it oper-
ationally simple and eco-friendly. Substrate scope analysis
revealed broad functional group tolerance, though yields
varied with the electronic and steric nature of the substituents.
For instance, a 4-Me group on the aryl iodide delivered the
highest yield (7f, 90%), whereas other electron-donating substi-
tuents such as 4-OMe or 4-NHAc gave only moderate yields (7g,
64% and 7x, 56%, respectively). Electron-withdrawing groups
showed similarly variable outcomes, with 4-CF; affording 60%
(7y) and 2-CF; giving a higher yield (7z, 73%). The method
also demonstrated compatibility with polycyclic and heteroaryl
systems, such as 1-naphthyl (7aa, 71%) and 3-thienyl (7ab,

This journal is © the Partner Organisations 2026
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Scheme 8 Proposed mechanism for the synthesis of alkynyl sulfones
7.24

79%). Thus, in general this protocol offers a practical route to
alkynyl sulfones under mild conditions, with good functional
group tolerance.

Based on their experimental observations, the authors pro-
posed that the reaction proceeds through a radical pathway
initiated by the generation of a sulfonyl radical II from sulfinic
acid 12 in the presence of iodine radicals. These iodine rad-
icals are formed in situ via homocoupling of alkynyl iodide 11.
The sulfonyl radical II then undergoes selective addition to the
alkynyl iodide III, producing an alkenyl radical intermediate
IV. This species subsequently undergoes p-fragmentation to
release an iodine radical, which in turn abstracts a hydrogen
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Scheme 9 Synthesis of alkynyl sulfones 7 from sulfinic acids 12
described by Wang and co-workers in 2017.%°

atom from another molecule of sulfinic acid 12, thereby propa-
gating the radical chain and producing the alkynyl sulfone
product 7. An alternative pathway, involving the coupling of
the sulfonyl radical with an alkyne-derived radical generated
in situ from the alkynyl iodide, may also contribute to the
overall transformation (Scheme 10).

In 2017, Jiang and co-workers®® described a new method
for the synthesis of alkynyl sulfones 7 via a catalyst-free oxi-
dative radical sulfonylation of haloalkynes 11 with various sul-
fonyl hydrazides 6, representing the first example of C(sp)-S

1 . |
2l
o) _

I I o R'——I R?
S 2 I} Ox
R2™ SOH T’ R°-S¢ <0

I /*<
12 HI R |
v
/7 12
2 .
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7 O

Scheme 10 Proposed mechanism for the sulfinic acid-mediated syn-
thesis of alkynyl sulfones 7.2°

264 | Org. Chem. Front., 2026, 13, 258-313

View Article Online

Organic Chemistry Frontiers

bond formation using sulfonyl radicals derived from sulfonyl
hydrazides 6. A total of 15 examples 7 were synthesized in
moderate to good yields (42-80%) using 4 equiv. of MnO, in
dimethylacetamide (DMA) at 80 °C for 24 h (Scheme 11).
Importantly, the use of MnO, under these optimized con-
ditions, in addition to enabling C(sp)-S bond formation, also
effectively suppressed the competing self-coupling of haloalk-
ynes via C(sp)-C(sp) bond formation. This study highlights the
potential of catalyst-free oxidative radical sulfonylation as a
practical strategy for constructing C(sp)-S bonds from readily
available starting materials. The reaction displayed a broad
substrate scope, tolerating both electron-donating and elec-
tron-withdrawing substituents on the aromatic rings of either
coupling partner. In general, products were obtained in good
yields, independent of the electronic nature or position of the
substituents. The method was also applicable to heteroaryl
(70, 42%) and alkyl alkyne (7ah, 58%) derivatives, further
underscoring its versatility across different structural
frameworks.

In the proposed reaction mechanism, the authors
suggested that the sulfonyl radical I is generated from the
corresponding sulfonyl hydrazide 6 under oxidative con-
ditions. This radical then undergoes intermolecular addition
to the iodoalkyne 11, affording a vinyl radical intermediate II,
which is subsequently converted into the final alkynyl sulfone
product 7 with the concomitant release of an iodo radical
(Scheme 12). In addition, the authors observed that the purple
coloration of the reaction mixture indicated the formation of I,
in the reaction medium.

R'——
- , o)

1 . MnO; (4 equiv.) ) I R
o DVA 80°C,24h R —
I o

2_q__

R~ NHNH, 7 (42-80%)
O @ 15 examples

R' = Aryl, alkyl, heteroaryl;
RZ = Aryl.

X
N R

s 70 (R = 2-Th, 42%)
K 7ah (R = °Pr, 58%)
7f (R = 4-Me, 80%)
7ad (R = 4-"Pr, 75%) Q =R
71 (R = 3-Me, 77%) Ph%ﬁ \
7ae (R = 4-1Bu, 60%) o]

79 (R = 4-OMe, 72%)
7i (R = 4-F, 71%)

7af (R = 2-F, 72%)
7s (R = 4-Cl, 66%)
7m (R = 3-Cl, 60%)

7b (R = 4-Me, 80%)

7ag (R = 2,4,6-(Me)s, 57%
7d (R = 4-Cl, 51%)

7e (R = 4-Br, 51%)

Scheme 11 Synthesis of alkynyl sulfones 7 described by Jiang and co-
workers in 2017.2°
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Scheme 12 Proposed mechanism for the synthesis of alkynyl sulfones
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In 2017, Tang and co-workers®” reported a methodology for
the synthesis of 16 examples of alkynyl sulfones 7, obtained in
moderate to very good yields (53-87%) through the reaction of
arylethynyl bromides 13 with sodium arylsulfinates 9. The
transformation was acid-mediated, employing 1 equivalent of
1 M HCI and 20 mol% tetrabutylammonium iodide (TBAI) as a
phase-transfer catalyst in toluene at 60 °C for 12 h
(Scheme 13). Importantly, the choice of solvent strongly influ-
enced the product outcome: while toluene led to alkynyl sul-
fones, the use of dimethylsulfoxide (DMSO) produced (E)-1,2-
bis(arylsulfonyl)ethylenes instead (16 examples were also
obtained). More specially, for the synthesis of the alkynyl sul-
fones 7, the method proved to be versatile, tolerating a broad
range of substituents on both the arylethynyl bromide 13 and
sodium arylsulfinate components 9, including EDG and EWG.
In general, electron-rich arylethynyl bromides 9, such as those
bearing methyl or ethyl substituents, delivered products in

R'———8r
13 1M HCI (1 equiv.)
+ TBAI (20 mol%) PR— l 2
(@] — » R—S—R
[l toluene, 60 °C I
R27>ONa 12 h
7 (53-87%)
9 16 examples
R' RZ=Aryl
Selected Products ~ /R

7c (R=H, 79%)

7aj (R = 4-Bu, 56%)
7ak (R = 4-F, 77%)
7d (R = 4-Cl, 71%)
7e (R = 4-Br, 59%)
7al (R = 2-Me, 77%)
7am (R = 2-Cl, 59%)
7an (R = 2-Br, 53%)

7b (R = H, 84%)
7f (R = 4-Me, 86%)
R 7ai (R = 4-Et, 87%)
7i (R = 4-F, 76%)
7s (R = 4-Cl, 57%)
7j (R = 4-Br, 74%)
7a (R = 2-F, 77%)
7t (R = 2-Cl, 68%)

Scheme 13 Synthesis of alkynyl sulfones 7 described by Tang and co-
workers in 2017 using TBAI/HCL.*’
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higher yields (7f, 86% and 7ai, 87% respectively), while steri-
cally hindered or certain halogenated derivatives showed
diminished efficiency, for example 2-Br (7an, 53%), 4-Br (7e,
59%), and 4-Bu (7aj, 56%). Overall, the combination of mild
conditions, functional group tolerance, high selectivity, and
the avoidance of metal catalysts or strong oxidants makes this
protocol an efficient tool for the synthesis of alkynyl sulfones.

The mechanism proposed by the authors suggests two poss-
ible pathways for the formation of the desired alkynyl sulfones
7. In the first pathway (path a), a nucleophilic addition/elimin-
ation sequence is proposed. The sulfinate anion 9 initially
attacks the arylethynyl bromide 13, generating the intermedi-
ate I, which undergoes protonation to give II. This intermedi-
ate II then eliminates hydrogen bromide to afford the final
product 7. The alternative pathway (path b) involves a radical
process, initiated by the acid-promoted generation of the aryl-
sulfonyl radical V from sodium arylsulfinate 9. This radical
adds to the alkyne 13 to form the bromovinyl radical VI, which
subsequently eliminates a bromine radical to deliver the
product 7. The liberated bromine radical VII oxidizes another
molecule of sodium arylsulfinate 9, regenerating radical V and
completing the catalytic cycle (Scheme 14). It is important to
note that the polarity of the solvent plays a crucial role in
determining which pathway predominates and, consequently,
the final product.

In 2019, Waser and co-workers®® developed an efficient
method for the synthesis of alkynyl sulfoxides 4’ through the
reaction of p-alkynyl carboxylates 8 with hypervalent iodine
reagents of the EBX type 3. The transformation, performed in
toluene at —40 °C for 3-4 h in the presence of 1.05 equiv. of
KO'Bu and 0.9 equiv. of EBX 3, proceeded under mild and
metal-free conditions and tolerated a wide variety of aryl, alkyl,
and heteroaryl substrates, affording 17 examples of 4’ in yields
ranging from 37% to 91% (Scheme 15, eqn (1)). This strategy
relies on an inverse-polarity alkynylation, in which sulfenate
anions are generated in situ via retro-Michael elimination and
then efficiently captured by the EBX 3 reagent, serving as a soft
electrophilic alkynyl source. As a result, electron-neutral and
mildly electron-rich aryl substrates delivered some of the best
yields (R = H, 4b’, 84%; R = 4-Me, 4a’, 87%, and R = 4-OMe,
4d', 90%), while strongly electron-withdrawing substituent like
4-CF; tended to reduce the yields (62% of 4q’). Overall, the
method’s simplicity, along with the use of accessible
materials, and its broad substrate scope, make it a versatile
route to alkynyl sulfoxides with valuable applications in
different areas.

The authors proposed a plausible mechanism for the syn-
thesis of the target alkynyl sulfoxides 4’, which likely begins
with a base-promoted retro-Michael fragmentation, affording
the unstable sulfenate anion II (Scheme 15, eqn (2)).
Subsequently, two mechanistic alternatives may operate. In the
first scenario (path a), a direct, concerted attack through a
three-membered transition state (TSI) provides sulfoxide 4'.
Alternatively (path b), anion II can undergo a conjugate
addition via a four-centered transition state (TSII), generating
the vinyl benziodoxolone intermediate III. This intermediate
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Scheme 14 Proposed mechanism for the TBAI/HCl-mediated synthesis
of alkynyl sulfones 7.7

III can then evolve through a 1,2-migration—either of the sulf-
oxide fragment (path b,) or of the R* substituent (path b,)—
concomitant with a-elimination of iodine, ultimately yielding
sulfoxide 4'. This transformation may proceed in a fully con-
certed manner or, if a-elimination occurs first, through a
carbene-like species. The dominant route is expected to
depend strongly on the electronic and steric nature of the R
substituent attached to the alkyne (Scheme 15, eqn (2)).

In 2020, Tang and co-workers”® reported an electrochemical
oxidative cross-coupling method for the synthesis of alkynyl
sulfones 7 from terminal alkynes 10 and sulfonyl hydrazides 6
under constant potential electrolysis (1.2 V vs. Ag/AgCl) in an
RVC/Pt cell. The reaction was conducted in MeCN/H,O (8:1)
at 60 °C under an O, atmosphere, using 2 equiv. of n-Bu,NI as
both the supporting electrolyte and redox mediator, and 2
equiv. of K,COj as the base, affording 20 examples in yields of
56-87% (Scheme 16). The protocol requires no prefunctionali-
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Scheme 15 Synthesis of alkynyl sulfoxides 4’ described by Waser and
co-workers in 2019, along with the proposed reaction mechanism.?®

zation of the alkyne, generates only H, and N, as byproducts,
and operates under transition-metal-free and oxidant-free con-
ditions with high atom economy. In addition, the protocol
exhibited broad functional group tolerance, accommodating
aryl, heteroaryl, and alkyl sulfone partners, with electron-rich
and electron-deficient aryl alkynes reacting efficiently. On the
other hand, aliphatic sulfonyl groups lacking conjugative stabi-
lization, such as benzyl 7ba and pentyl, 7ax failed, both giving
0% yield. Beyond its synthetic utility, this method is note-
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Scheme 16 Electrochemical synthesis of alkynyl sulfones 7 described
by Tang and co-workers in 2020.2°

7av (R = 2-Naphthyl, 60%)
7aw (R = 2-Th, 72%)
7ax (R = "Pent, 0%)

worthy for the biological potential of its products, since most
compounds exhibited significant inhibitory activity against
tumor cell lines, and one derivative, 7az, was shown to inhibit
cell migration, increase reactive oxygen species levels, and
induce apoptosis in HeLa cells. Thus, in general this electro-
chemical strategy offers a sustainable, efficient, and biologi-
cally relevant route for the synthesis of alkynyl sulfones.

The authors proposed two plausible pathways for this
electrochemical transformation, as illustrated in Scheme 17.
In path A, iodide ions undergo anodic oxidation to generate
iodine radicals. Simultaneously, sulfonyl hydrazide 6 is oxi-
dized at the anode, first forming radical intermediate I, which
is further oxidized in the presence of iodine radicals to give
radical III. This species releases nitrogen to produce sulfonyl
radical IV, which adds to the terminal alkyne 10 along with an
iodine radical, affording vinyl radical V. Subsequently, rapid
conversion of V leads to intermediate VI, which, upon base-
assisted elimination of HI, yields the alkynyl sulfone product
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Scheme 17 Proposed mechanism for the electrochemical synthesis of
alkynyl sulfones 7.2°

7. The oxygen present in the reaction medium can also acceler-
ate the transformation of V into the final product 7. In path B,
the terminal alkyne 10 is deprotonated by the base to form
acetylide anion VII, which is then oxidized by an iodine radical
to generate alkyne radical VIII. Thus, the combination with
another iodine radical generates iodoalkyne IX, which sub-
sequently couples with sulfonyl radical IV to give radical inter-
mediate X. Finally, elimination of an iodine radical from X pro-
duces the desired product 7. At the cathode, proton reduction
produces hydrogen gas, completing the electrochemical cycle.
In 2020, Huang and co-workers®® reported a transition-
metal-free, external oxidant-free, and base-free protocol to syn-
thesize alkynyl sulfones 7 for the first time at room tempera-
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ture through the reaction of sodium sulfinates 9 and terminal
alkynes 10 in an electrochemical process (Scheme 18). This
direct sulfonylation of terminal alkynes 10 occurs in the pres-
ence of an undivided cell equipped with platinum electrodes
(both the anode and cathode) by platinum electrodes Pt(+)|Pt
(=), 1 equiv. of KI, and a solvent mixture of H,O/MeCN (1: 100
v/v) at room temperature (r.t.) for 7 h. The reactions were
carried out under electrolysis at a constant current of 10 mA (1)
(Scheme 18). Under these conditions, several alkynyl sulfones
7 (26 examples) were synthesized in yields ranging from low to
excellent (22-92%). This protocol was sensitive to the elec-
tronic nature of the substituents; electron-donating groups
(EDGs) on the aromatic ring of terminal alkynes afforded
target products in better yields (compound 7g, R = 4-OMe,
80%) compared with EWG, which gave the desired compounds
in poor yields, such as the compounds 7az (R = 4-CO,Me,
22%), 7u (R = CN, 35%) and 7k (R = NO,, 36%) (Scheme 18). A
similar result was observed for the steric effect, as ortho-substi-
tuted alkynes afforded the target compounds in poor yields
compared to the para-substituted. Additionally, heteroaryl
terminal alkyne and substituted aryl sulfinates were also
efficiently tolerated. This approach offers the advantage of
employing sodium sulfinates-commercially available, bench-

Pt(+)| Pt(-), | =10 mA
10 Kl (1 equiv.) i
R?2-S———R!
+ H,O (0.1 mL)/CH4CN (10 mL) I
R2S0O,Na r.t., 7 h, undivided cell
0 7 (22-92%)
2 I
R' = Aryl, heteroaryl; 6 examples

RZ = Aryl, heteroaryl, alkyl.
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Scheme 18 Synthesis of alkynyl sulfones 7 described by Huang and
co-workers in 2020 under electrochemical conditions.*°
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stable, and easy to handle-as a sustainable sulfonyl source for
the direct coupling reaction (Scheme 18).

The authors proposed a plausible mechanism for the syn-
thesis of alkynyl sulfones 7, which starts with the reaction of
iodide at the anode to afford molecular iodine through an oxi-
dation step. Next, the sodium sulfinate 9 reacts with the pre-
viously formed molecular iodine to yield a sulfur-centered
radical II through homolytic bond cleavage. Subsequently,
addition of radical II to alkyne 10 generates the vinyl sulfonyl
radical ITI, which, after oxidation, affords the vinyl cation inter-
mediate IV. Finally, the target product 7 can be formed by two
different pathways. In the first pathway, iodine adds to the
vinyl cation IV, followed by deprotonation of this intermediate
V and an elimination step. In the second pathway, the target
product 7 is formed directly by deprotonation of the vinyl
cation intermediate IV. In both cases, H,O is formed, which,
after cathodic reduction, produces hydrogen gas and a hydrox-
ide ion (Scheme 19).

In 2020, Chen and co-workers®' reported a metal-free and
external oxidant-free electro-oxidative protocol the synthesis of
alkynyl sulfones 7 from the reaction of arylacetylenic acids 5
with sodium arylsulfinates 9 using a simple, efficient, and
environmentally friendly decarboxylative method (Scheme 20).
Several substrates were reacted in the presence of 2 equiv. of
"Bu,PF, in a solvent mixture CH;CN/H,O (7: 1 v/v) in an undi-
vided cell [C(+)|Pt(-)], with a graphite rod as the anode and a
platinum plate (10 x 10 mm) as the cathode. At room tempera-
ture, the reaction mixture was electrolyzed at a constant
current of 20 mA (I). After 2 h, a wide range of alkynyl sulfones
7 (16 examples) were synthesized in yields ranging from
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Scheme 19 Proposed mechanism for the Kl-assisted electrochemical
oxidative coupling.*°
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Scheme 20 Electrochemical synthesis of alkynyl sulfones 7 using sul-
fonate salts 9 described by Chen and co-workers in 2020.%*

32-62% (Scheme 20). In this protocol, only aryl-substituted
starting materials 5 and 9 were evaluated, and the method was
not sensitive to the electronic effects of both EDG and EWG
substituents attached in the aromatic ring. When 1-naphthyl
substituted acetylenic acid was used, a lower yield was
obtained for the compound 7bq, which was isolated in only
32% (Scheme 20).

In 2021, Raghuvanshi and Verma®* developed a new proto-
col using the I,/K,CO; system for the regio- and stereoselective
sulfonylation of thiophenols and aromatic alkynes through
reaction with N-hydroxy sulfonamides. In this study, the
authors also applied the system in the reaction of 3-phenylpro-
piolic acid 5a with N-hydroxy sulfonamide 14, where the decar-
boxylative sulfonylation of acetylenic acid 5a was performed in
the presence of 1 equiv. of I,, 1 equiv. of K,COj3, and EtOH as
solvent at 60 °C for 6 h (Scheme 21). Under these conditions, 4
examples of alkynyl sulfones 7 were obtained in good yields

Ph—=———CO,H
5a I, (1 equiv.) o)
i Il
+ KoCO3 (1 equiv.) Ph——S-R
HO._ EtOH, 60 °C, 6 h I
NH o]
0=S=0 7b (R = 4-MeCgHy, 80%)
' 7¢ (R = Ph, 75%)
14 R

7br (R = 2-Naphthyl, 81%)

R = Aryl, naphthyl. 7bs (R = 4-Et-CgH,, 78%)

Scheme 21 Synthesis of alkynyl sulfones 7 from sulfinic acids and alky-
noic acids described by Raghuvanshi and Verma in 2021.32
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(75-80%). Only N-hydroxy sulfonamide 14 aryl-substituted
with EDG were evaluated, the presence of phenyl, 4-MeCsH,
and 4-Et-C¢H, groups in this starting material afforded the
target products 7¢, 7b and 7bs in 75%, 80% and 78%, respect-
ively. In addition, the N-hydroxynaphthalene-2-sulfonamide 14
was efficiently applied under standard conditions, which gave
the desired alkynyl sulfone 7br in good yield (81%)
(Scheme 21).

In 2020, Wu and co-workers® reported the synthesis of
alkylalkynyl sulfones 7 through a photoinduced three-com-
ponent reaction of potassium alkyltrifluoroborates, sodium
metabisulfite, and alkynyl bromides 13. Sodium metabisulfite
served as a sulfur dioxide source. The optimized reaction con-
ditions involved Mes-Acr" (2 mol%) as the photocatalyst, NH,F
(1.33 equiv.) as an additive, and MeCN as the solvent under
irradiation with a 36 W compact fluorescent lamp (CFL) for
48 h. Under these conditions, the desired alkylalkynyl sulfones
7 were obtained in yields ranging from low to good (24-81%)
across 18 examples (Scheme 22).

Fan and co-workers in 2023, developed a new and
efficient protocol to obtain alkynyl sulfones 7 by photocatalytic
reaction using Light Emitting Diode (LEDs) as an alternative
energy source, through the reaction of benzenesulfonyl hydra-
zides 6 with bromoacetylene 13 (Scheme 23). In this approach,
several benzenesulfonyl hydrazides 6 were reacted with a wide
range of bromoacetylene 13 in the presence of 2 mol% of
Eosin Y as a photocatalyst, 1 equiv. of KI, 1 equiv. of KHCO;3, 1
equiv. of TBHP in MeCN as solvent using blue LEDs as energy

R3BF,K
Na,S,05 (1.33 equiv.) 0
_ Mes Acr* (2 mol%) !

2 2 _R3
R——"Br —NH,F(1.33 equiv) R—5"R
13 MeCN, 36 W CFL o)

48 h
7 (24-81%)
18 examples

R2 = Aryl; R® = alkyl.

N

O MesAcr

> 3 X !

Y/ | :

7 | @ !

~ : N '

Selected Products

\ | cioy
y cIo,
Y Gt S ;
§ i
7¢I (R = 4-Me, 81%) Ph—=—=—5—R?®
7cm (R = 4-Et, 78%) 8

7cn (R = 4-CF5 63%)
7co (R = 4-"Bu, 75%)
7cp (R = 4-"Pent, 72%)
7¢q (R = 4-Ph, 60%)
7cr (R = 3-Me, 67%)
7cs (R = 4-F, 60%)

7ct (R = 4-Cl, 67%)
7cu (R = 4-Br, 52%)

7cd (R = °Pent, 80%)
7ce (R = °Hex, 64%)
7cf (R = Et, 61%)

7cg (R ='Bu, 78%)
7ch (R = Bu, 80%)
7ci (R = "Pr, 56%)

7¢j (R = CH,Bu, 70%)
7ck (R = CH,Bn, 24%)

Scheme 22 Visible-light mediated synthesis of alkynyl sulfones 7
reported by Wu and co-workers in 2020.%%
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7ai (R = 4-Et, 90%, 24 h)

~O=HT

7aq (R = 4-OMe, 80%, 17 h) /
7ar (R = 4-Bu, 98%, 17 h)

7as (R = 4-Ph, 85%, 27 h)

7at (R = 4-F, 75%, 36 h)

7bw (R = 4-Cl, 96%, 22 h)

7au (R = 4-Br, 85%, 22 h) 0
7bx (R = 4-CF, 80%, 22 h)

7by (R = 4-OCF3 90%, 27 h) :
7bz (R = 4-NO,, 50%, 12 h) —@—S%R
7ca (R = 4-CN, 60%, 12 h) 3

(
7cb (R =3-Me, 95%, 17 h)  7ap (R = 3-Th, 71%, 23 h)
7ap (R = 2-Me, 89%, 17 h)  7bv (R = (CH,),Ph, 42%, 27 h)

7aw (75%, 16 h)

Scheme 23 Visible-light mediated synthesis of alkynyl sulfones 7

reported by Fan and co-workers in 2023 .3

source. Under these conditions, 29 examples of alkynyl sul-
fones 7 were synthesized in yields ranging from low to excel-
lent (30-98%) after reaction times of 12-36 h (Scheme 23). The
protocol was slightly sensitive to the electronic effect when
starting materials containing inductive EDG and EWG on the
aromatic ring of bromo acetylenes were evaluated. In these
cases, starting materials 6 and 13 containing EDG afforded the
target products in yields slightly larger than EWG ones.
However, the same effect was not observed when starting
materials containing mesomeric EDG and EWG were tested,
the presence of EDG (such as R = OMe) attached to the aro-
matic ring of bromoacetylenes 13 afforded the target alkynyl
sulfone 7 in excellent yields. On the other hand, the presence
of EWG (R = CO,Me), gave the desired compound 7az in poor
yield (30%). The same effect was observed for EWG and EDG
attached to the aromatic ring of benzenesulfonyl hydrazide 6,
such as to the compounds 7aq (R = 4-OMe), which was syn-
thesized in better yield (80%) compared to the compounds 7bz
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(R =NO,) and 7ca (R = CN), which were formed in significantly
lower yields, 50% and 60%, respectively. Additionally, this
approach was efficiently extended to heteroaryl group (e.g. Th)
attached in both starting materials (sulfonyl hydrazides and
bromoalkynes), which gave the target compounds 7aw and 7ab
in good yields 75% and 71%, respectively. Finally, an alkyl bro-
moacetylene was also evaluated, affording the target product
7bv in moderate yield (42%) (Scheme 23).

The plausible mechanism for the formation of alkynyl sul-
fones 7 from the photocatalytic process begins with the iodide
anion-promoted decomposition of TBHP, generating inter-
mediates I and II. These tert-butoxyl II and tert-butylperoxy
radical I species react with benzenesulfonyl hydrazide 6 in an
oxidation step to form the sulfonylimide intermediate III
(Scheme 24). This intermediate III reacts with the photoexcited
catalyst to form the benzenesulfonyl radical IV, which sub-
sequently reacts with alkynyl bromide 13. Subsequently, the
vinyl radical V undergoes a single-electron transfer (SET) with
the excited photocatalyst, producing the vinyl anion, which
then eliminates bromide to afford the target alkynyl sulfone 7
and generating Eosin Y VI to a new catalytic cycle (Scheme 24).

In 2024, Li and co-workers®®> promoted the preparation of
alkynyl sulfones 7 through a method that uses mild con-
ditions, metal- and photocatalyst-free, promoted by visible-
light irradiation (Scheme 25). The best conditions were
achieved when terminal alkynes 10 were reacted with S-(p-
tolyl) 4-methylbenzenesulfonothioate 15 in the presence of 1
equiv. of sodium iodide, 'PrOH as a solvent, using visible light
irradiation as an alternative energy source under an air atmo-

OH ™ + 'BUOOH Bu0O
21" l2
<
h H
. ~ R'—S—N—NH,
BuO "+ OH ‘BuOOH I
O 6
I
’BuO \'BUOO

R2 KBr /\

+ EosmY "
x Eosin Y’ RI— H —N=NH
.0

_S” o 1}
07 o1
R
7 Base
o 1 Eosin Y o
. \\S/R -— R1_g .
27N\ 2 —— Il
R ﬂ/ o RR———8 [
Br 13 v
\"

Scheme 24 Proposed mechanism for the visible-light promoted syn-
thesis of alkynyl sulfones 7.3*
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7cv (R = 3-OMe, 77%)
7cw (R = 3,5-(OMe),, 75%)

Scheme 25 Blue LEDs mediated synthesis of alkynyl sulfones 7 devel-
oped by Li and co-workers in 2024.3°

sphere at room temperature for 48 h. Under these conditions,
different alkynyl sulfones 7 were synthesized in yields ranging
from moderate to good (66-81%) (Scheme 25). The reaction
was not sensitive to the electronic nature of substituents
(EWGs or EDGs) on the aromatic ring of terminal alkynes 10.
This approach tolerates several substituents on the aromatic
ring of the substrate 10, including Me, Et, OMe, Ph, affording
the target alkynyl sulfones 7 generally in good yields. When
halogen atoms were attached to this substrate, a slight
decrease in yield was observed. For instance, the para-bromo-
substituted substrate 10 formed the product 7j in poor lower
yield (66%) compared to the para-chloro analogue (compound
7s, 80%) (Scheme 25).

The mechanism proposed by the authors indicates the for-
mation of an EDA complex between S-(p-tolyl) 4-methyl-
benzenesulfonothioate 15 and sodium iodide, which under-
goes a single electron transfer (SET), to generate the sulfonyl
radical II, and sulfur anion PhS™ I along with the iodine
radical. The previously formed sulfonyl radical II reacts with
terminal alkyne 10, forming the vinyl radical IV, which under-
goes coupling with the iodine radical to generate species V.
Finally, this intermediate undergoes an elimination step,
releasing HI and forming the target alkynyl sulfone 7
(Scheme 26).

In 2024, Jia and co-workers®® reported an efficient synthesis
of organyl alkynyl sulfones 7 via a coupling reaction between
alkynyl iodides 13 and sodium sulfinates 9 under white-light
irradiation and in the presence of air. The reaction was per-
formed in an open flask using acetonitrile as solvent, where
alkynyl iodides 13 and sodium sulfinates 9 (2 equiv.) were
stirred under white LED illumination for 24 hours. Under
these mild and metal-free conditions, nineteen examples of
organyl alkynyl sulfones 7 were obtained in yields ranging
from 24% to 85% (Scheme 27).
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Scheme 26 Proposed mechanism for the Nal/blue LED promoted syn-
thesis of alkynyl sulfones 7.3°

This study demonstrated a practical and environmentally
benign methodology for the synthesis of alkynyl sulfones
under light and air conditions. The reaction efficiency was
strongly influenced by the electronic nature of the substituents
on the alkynyl iodides 13. Substrates bearing electron-donating
groups (EDGs) afforded higher yields, while no significant
electronic effect was observed for the sulfonyl reagents 9.
These observations are consistent with a radical pathway,
where the alkynyl iodide serves as a key precursor for radical
generation. Electron-donating substituents stabilize the result-
ing radical intermediates, thereby enhancing the reaction
efficiency. The proposed radical mechanism is illustrated in
Scheme 28.

The authors®® proposed a plausible mechanism for this
transformation (Scheme 28). Initially, the phenyl alkynyl
iodide 13 undergoes homolytic cleavage under white-light
irradiation, generating the alkynyl radical A and an iodine
radical. The iodine radical subsequently oxidizes sodium
p-toluenesulfinate 9 to form the corresponding sulfonyl iodide
B. Upon further irradiation, sulfonyl iodide B undergoes a
second homolytic cleavage, affording the sulfonyl radical C.
From this point, two possible reaction pathways were
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Scheme 27 Synthesis of alkynyl sulfones 7 reported by Jia and co-
workers in 2024.3¢
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Scheme 28 Proposed mechanism for the synthesis of alkynyl sulfones 7.5

suggested. In path 1, the sulfonyl radical C reacts with another
molecule of alkynyl iodide 13 to form the intermediate radical
D. The intermediate D then undergoes homolytic cleavage of
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the C-I bond, followed by C-C bond formation and re-estab-
lishment of the triple bond, ultimately yielding the desired
product 7. Alternatively, in path 2, the sulfonyl radical C
directly couples with the alkynyl radical A to produce the
target sulfonyl alkyne 7.

The construction of C(sp)-C bonds from alkynyl sulfones
has been extensively reported, particularly through
SOMOphilic alkynylation reactions, which employ acetylenic
sulfones as versatile functional reagents. This strategy enables
the incorporation of alkynyl units into surrogate C-centered
radical.’” Alkynyl sulfones have been employed as starting
materials for the synthesis of ynones via reaction with car-
boxylic acids under visible light-induced photoredox con-
ditions, as reported by Wan and co-workers.*®

3 Advances in the preparation of
alkynyl sulfides

In this section, we focus our attention on describing the
reports concerning the synthesis of alkynyl sulfides. The incor-
poration of a sulfide group into an alkyne framework provides
compounds of high synthetic value, as the C-S bond offers
both stability and functional versatility. Alkynyl sulfides serve
as useful precursors in diverse transformations, including
transition-metal-catalyzed cross-couplings, heterocycle con-
struction, and radical-based processes. Classical strategies typi-
cally involve nucleophilic substitution or thiolation reactions,
whereas more recent approaches highlight catalytic methods,
oxidative couplings, and sustainable protocols that expand the
structural diversity and applicability of these sulfur-containing
building blocks. The following section outlines the main meth-
odologies reported for their synthesis, ranging from traditional
routes to modern catalytic advances.

In 2015, Park and co-workers®® reported the use of copper
nanoparticles as an efficient catalyst for the synthesis of
alkynyl sulfides 17 by a cross coupling reaction (Scheme 29).
In this protocol, the authors treated diphenyl disulfide 16a
with several terminal alkynes 10 in the presence of a small
amount of Cu NPS catalyst (0.5 mol%), and 2.2 equiv. of
Na,CO; as the base, using DMSO as the solvent. The starting
materials were heated at 70 °C for 12 h under O, (2 atm) atmo-
sphere to afford the target alkynyl sulfides 17 (5 examples) in
moderate yields (54-77%). This new catalytic route uses
oxygen as a green oxidant and promotes the dual activation of
S-S and C-H bonds under ligand-free conditions leading to
the desired products by a new S-Cg, bond formation. In this
approach, the authors employed only alkyl terminal alkynes 10
as starting materials. On the other hand, the protocol was not
efficient when the 1-ethynylcyclohex-1-ene was used as a start-
ing material; in this case, the desired product 17 was not
detected. Additionally, the synthesis of alkynyl selenide and
telluride was also reported by the authors, as described in
section 4, Scheme 63.

In 2015, Zhao and co-workers*® described the synthesis of a
range of alkynyl sulfides through cross-dehydrogenative coup-
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Scheme 29 Synthesis of alkynyl sulfides 17 from diphenyl disulfide 16a
and alkynes 10 described by Park and co-workers in 2015.3°

ling of terminal alkynes 10 with thiols 18. The method
employs 5 mol% of a copper-based recyclable catalyst, the
MCM-41-supported bidentate nitrogen copper(i) complex
[MCM-41-2N-CuCl] (Scheme 30). This heterogeneous catalyst
can be prepared from inexpensive and commercially available
reagents and was developed based on the mesoporous material
MCM-41, known for its high surface area, uniform pores, and
modifiable silanol groups. It allows for the stable anchoring of
bidentate nitrogen ligands and copper salts, resulting in a
solid-supported complex that is both efficient and recyclable.
In addition, the methodology uses 10 mol% of K,CO; as the
base in DMSO at 70 °C under an oxygen atmosphere. In only
1 h, a series of alkynyl sulfides 17 were obtained in good to
excellent yields (74-95%). A wide range of substituents was
explored on both the thiol 18 and alkyne components 10,
including alkyl, aryl, halogen and ester groups (Scheme 30).
This structural diversity highlights the versatility of the system,
which consistently afforded high and uniform yields across
different substrates. These results suggest that the MCM-41-
2N-CuCl catalyst performs effectively under various electronic
and steric environments, reinforcing its potential for broader
synthetic applications. Moreover, the catalyst could be easily
recovered by simple filtration and reused up to ten times
without any significant loss of catalytic activity, further demon-
strating its practicality (Scheme 30).

The authors proposed a mechanistic pathway to explain the
course of this heterogeneous copper-catalyzed oxidative cross-
dehydrogenative coupling process, under aerobic conditions.
Initially, the MCM-41-2N-CuCl complex interacts with the thiol
18 in the presence of base, generating a copper(i) thiolate
species anchored on the MCM-41 support I (Scheme 31). This
species is then thought to undergo a transmetalation process
with the terminal alkyne 10, likely facilitated by molecular
oxygen, leading to the formation of a copper(u) intermediate II
(Scheme 31). Subsequent reductive elimination from this inter-
mediate II, in the presence of an excess of thiol, yields the
desired alkynyl sulfide 17 while regenerating the copper(i) thio-
late species I. Additionally, in this reaction sequence, mole-
cular oxygen is considered crucial for promoting the oxidation

This journal is © the Partner Organisations 2026
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Scheme 30 Synthesis of alkynyl sulfides 17 using MCM-41-2N-CuCl
heterogeneous catalyst developed by Zhao and co-workers in 2015.4°
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Scheme 31 Proposed mechanism for the MCM-41-2N-CuCl catalysed
synthesis of alkynyl sulfides 17.4°

of the copper center and facilitating the activation of the term-
inal alkyne’s C-H bond (Scheme 31).

In 2016, Witt and co-workers®' developed a protocol to
obtain unsymmetrical alkynyl sulfides 17 and 21 through the
reaction of 5,5-dimethyl-2-thioxo-1,3,2-dioxaphosphorinan-2-
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disulfanyl 20a derivatives with copper or lithium acetylides 20a
or 19'. In this protocol, mild conditions were employed to syn-
thesize unsymmetrical alkynyl sulfides 17 and 21 with a broad
tolerance for functional groups, using CHCI; as the solvent
under N, atmosphere at reflux temperature for 15 minutes
(Scheme 32). The authors carried out the reaction of phosphor-
odithioic acid disulfane 20a with copper acetylides 19 under

s
S
° L o.ll_s
a CHCl3, Ny, P \
+ reflux, 15 min__ C‘) X R

R————Cu
21 (30-67%)
3 examples
R = Aryl, alkyl.
selected products
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Scheme 32 Synthesis of alkynyl sulfides 21 reported by Witt and co-
workers in 2016.4
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these conditions, obtaining the target alkynyl sulfides 21a, 21b
and 21c in 67%, 40% and 30%, respectively. Additionally, the
same reaction conditions were applied to lithium acetylides
19° and non-symmetrical disulfanes 20 as organosulfur
sources (Scheme 32). This protocol tolerates aryl and alkyl
groups attached to both starting materials 19’ and 20,
affording a wide range (20 examples) of target alkynyl sulfides
17 and 21 in yields ranging from moderate to quantitative
(54-100%), containing several functional groups, such as
hydroxyl, carboxyl, or amino ones (Scheme 32).

In 2017, Collins and co-workers*” reported a novel method
for the synthesis of alkynyl sulfides 17 via flow photochemis-
try. In their protocol, a variety of thiols 18 were reacted with
differently substituted alkynyl bromides 13 using 2 mol% of
4CzIPN, a carbazole-based organic photoredox catalyst, along
with 10 mol% of NiCl,-dme and 2 equivalents of pyridine in a
MeCN/DMF (23:1) mixture (Scheme 33). The reaction was
carried out at room temperature under blue light irradiation,
with a residence time of 30 minutes. Under these conditions, a
total of 25 alkynyl sulfides 17 were synthesized in yields
ranging from moderate (50%) to excellent (96%) (Scheme 33).
The method showed broad functional group tolerance for both
the thiol and aryl the halide components. Thiols bearing elec-
tron-donating groups, such as methoxy and methyl substitu-
ents, gave high yields (up to 96%), likely due to the increased
nucleophilicity of the corresponding thiolate. Halogenated
thiols (F, Cl, Br) were also well tolerated. On the aryl alkynyl
bromide side, electron-withdrawing groups like 2-fluoro pro-
vided excellent yields (17ap, 95%), probably due to their
increased reactivity toward oxidative addition. In contrast, sub-
strates with aliphatic chains and more structurally complex
substituents, such as (CH,),Cl, showed reduced efficiency
(17au, 61%). Furthermore, a thioglucose derivative was suc-
cessfully coupled, affording the desired product 17ax in 50%
yield, the lowest among the examples tested, yet still demon-
strating the method’s remarkable tolerance to functional
group diversity. In general, the method proved to be versatile,
working well with a wide variety of starting materials and func-
tional groups. Additionally, the protocol exhibited high repro-
ducibility on the gram scale and was successfully applied to
macrocyclization, representing the first example of incorporat-
ing an alkynyl sulfide unit into a macrocyclic scaffold via dual
photoredox/nickel dual catalysis (Scheme 33).

The authors proposed a mechanistic pathway in which the
catalytic cycle begins with the excitation of the photocatalyst
4CzIPN under blue light, generating its excited state
(4CzIPN*), which undergoes single-electron transfer to reduce
the Ni(n) species to a Ni(i) intermediate (Scheme 34).
Simultaneously, the thiol 18 is deprotonated by a base,
forming a thiolate anion, which is then oxidized by the oxi-
dized form of 4CzIPN to generate a thiyl radical I. This radical
reacts with the Ni(1) species, forming a Ni(i)-S complex IL
Subsequently, oxidative addition of the alkynyl bromide 13 to
the nickel center affords a Ni(u) intermediate III. Finally,
reductive elimination from this high-valent species forms the
desired C(sp)-S bond, yielding the alkynyl sulfide product 17
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Scheme 33 Flow photochemistry for alkynyl sulfide 17 synthesis

described by Collins and co-workers in 2017.%2

and regenerating the Ni(i) species (IV) within the catalytic cycle
(Scheme 34).

In 2017, Fu and co-workers*® reported an efficient method-
ology for the synthesis of aromatic alkynyl sulfide 17 via the
sulfenylation of organozinc reagents 23 with arylsulfonyl chlor-
ides 22. The transformation proceeds under mild conditions,
employing 1 equiv. of Cul as the catalyst, 2 equiv. of 2,2"-bipyri-
dine asa ligand, 2 equiv. of triphenylphosphine (PPh;) as a
reducing agent, and a THF/DMF mixture as the solvent at
room temperature for 12 h (Scheme 35). A large scope of aro-
matic thioethers was reported. Among them, in particular, two
examples of alkynyl sulfides 17 were synthesized in yields of
53% and 76% (17az and 17ba, respectively). In the first
example, the arylsulfonyl chloride 22 bearing a para-chloro
substituent reacted with cyclopropylzinc bromide, leading to
the formation of the corresponding alkynyl sulfide 17az in
53% yield. This case highlights the reaction’s tolerance for aryl
halides, a valuable functionality in organic synthesis due to
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Scheme 35 Cu-catalyzed synthesis of alkynyl sulfides 17 from sulfonyl

chlorides 22 by Fu and co-workers in 2017.4*

their potential for further transformations, such as cross-coup-
ling reactions. In the second example, the arylsulfonyl chloride
22 lacking substituents was combined with an organozinc
reagent 23 containing a methoxymethyl group (CH,OMe),

Org. Chem. Front,, 2026, 13, 258-313 | 275


https://doi.org/10.1039/d5qo01359c

Published on 18 November 2025. Downloaded on 5/26/2026 3:39:51 PM.

Review

affording the corresponding alkynyl sulfide 17ba in a higher
yield (76%). This result underscores the reaction’s efficiency
even with aliphatic chains bearing heteroatoms, such as
oxygen. Therefore, the method demonstrated broad synthetic
versatility, being applicable to a wide range of products,
especially in the case of two examples of alkynyl sulfides,
making it a valuable tool for C-S bond formation in organic
synthesis.

With support from the experimental findings, the authors
proposed a plausible reaction mechanism, illustrated in
Scheme 35. In the initial step, the arylsulfonyl chloride 22
undergoes reduction by triphenylphosphine, yielding a diaryl
disulfide intermediate III. The organozinc reagent 23 then
engages in a transmetalation reaction with Cul, forming the
corresponding organocopper species I. This intermediate sub-
sequently undergoes homolytic bond cleavage to generate the
alkynyl radical II. Alternatively, this radical can be generated
directly from the organozinc precursor in the presence of trace
oxygen. The disulfide species III intercepts this radical II,
leading to the formation of the alkynyl sulfide 17, while simul-
taneously producing a thiyl radical IV, which may either dimer-
ize to regenerate the disulfide III or react with another alkynyl
radical II, thereby forming an additional equivalent of the
product 17 (Scheme 35).

In 2018, Alcarazo and co-workers*® demonstrated the
efficient electrophilic alkynylation of thiols 18 using 5-
(alkynyl)dibenzothiophenium triflates 24, obtaining 11
different alkynyl sulfides 17 in yields ranging from 49% to
98% (Scheme 36). The reactions were performed under mild
conditions using 1.1 equiv. of Cs,CO; as the base in DCM. The
method showed broad substrate compatibility, including aryl,
alkyl, and heteroaryl thiols. In general, aliphatic and electron-
rich aryl thiols provided high yields, while substrates with
higher steric hindrance or reduced nucleophilicity led to lower
conversions. For example, the 1-naphthyl-substituted thiol
gave the lowest yield at 49% (17bc), probably due to steric
effects. In contrast, heteroaryl thiols showed excellent reactiv-
ity, with yields reaching up to 98% (17bi). These observations
emphasize how electronic and steric factors influence reaction
outcome. In general, the main contribution of the article was
the synthesis and characterization of a new class of sulfur-
based electrophilic alkynylation reagents: 5-(alkynyl)diben-
zothiophenium triflates 24. These compounds were obtained
via oxidation of dibenzothiophene followed by reaction with
trimethylsilyl-protected alkynes, and their structures were con-
firmed by X-ray crystallography. Their broad substrate scope
and good functional group tolerance highlight their potential
as versatile alternatives to traditional EBX reagents in electro-
philic alkynylation (Scheme 36).

As described for the alkynyl selenides in section 4,
Scheme 81, Liu and Yi** also proposed a thiol-free, copper-
catalyzed decarboxylative cross-coupling method for the syn-
thesis of alkynyl sulfides 17 using alkynyl carboxylic acids 5
and sulfur-based Bunte salts 25 (Scheme 37). The reaction was
carried out under the same optimized conditions: Cul
(20 mol%), Ag,CO; (1 equiv.), and K3PO, (2 equiv.) in DMF at
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Scheme 36 Cs,COs-mediated synthesis of alkynyl sulfides 17
described by Alcarazo and co-workers in 2018.**

130 °C for 12 h under air. This strategy led to the formation of
38 alkynyl sulfides 17 in moderate to very good yields
(32-84%), highlighting the broad applicability and robustness
of the methodology. The reaction exhibited wide functional
group tolerance, efficiently accommodating a variety of aryl,
heteroaryl, and alkyl substituents on both coupling partners
with good to high efficiency. In contrast to some selenide
examples, alkyl-substituted Bunte salts 17bq, 17br, 17bs, and
17bt gave moderate to low yields (40-56%), which may be
attributed to the decreased stability or reactivity of the corres-
ponding alkylthiosulfonate intermediates. Furthermore, the
strategy demonstrates broad applicability and operational sim-
plicity, offering a clean and efficient route to a wide variety of
organosulfur compounds without depending on thiol reagents
(Scheme 37).

In 2019, Yang, Tian and Zhang"® reported an efficient strat-
egy for the synthesis of alkynyl sulfides 17 via the reaction
between alkyl thiocyanates 26 and terminal alkynes 10, using 2
equiv. of ‘BuOK as the base in DMF under a nitrogen atmo-
sphere. The transformation proceeded at room temperature
over 18 h, affording 11 products 17 in moderate to excellent
yields (40-96%) (Scheme 38). The reaction demonstrated
broad functional group tolerance, accommodating various sub-
stituents on the thiocyanate moiety, including linear,
branched, and cyclic alkyl chains. Likewise, the substituents
on the aromatic alkyne included both electron-donating and
electron-withdrawing groups. Particularly, halogenated substi-

This journal is © the Partner Organisations 2026


https://doi.org/10.1039/d5qo01359c

Published on 18 November 2025. Downloaded on 5/26/2026 3:39:51 PM.

Organic Chemistry Frontiers

e}
>;R2
- Cul (20 mol%)
HO 5 Ag,CO3 (1 equiv.) g—— R2
K3POy4 (2 equiv.) Rg
_ «_ o1 DMF, 130°C, air, 12 h
NaGsS—S—R 17 (32-84%)
25 38 examples
R', RZ= Aryl, heteroaryl, alkyl.
selected products S

Ph
17bk (R = H, 80%)
17bl (R = 4-Me, 68%)
17bm (R = 4-F, 65%)
17an (R = 4-C, 73%)
17bn (R = 4-Br, 75%)
17bo (R = 4-CN, 81%)
17bp (R = 4-NO,, 82%)

17q (R = 4-Me, 71%)
17bx (R = 4-F, 75%)
17t (R = 4-Cl, 82%)

17bq (R = Me, 53%)

17br (R = Et, 56%)

17bs (R = "Oct, 46%)

17bt (R = “Hept, 40%)

17bu (R = Ph, 82%)

17bv (R = 2-Naphth, 66%)
17bc (R = 1-Naphth, 61%)
17bw (R = 3-Quinolinyl, 70%)

S._Ph
_ é N
R I
NN

17¢i (R = 4-Me, 73%)
17¢j (R = 4-OMe, 75%)
17ck (R = 4-Cl, 68%)
17cl (R = 4-CF3, 72%)

17by (R = 4-Br, 84%) 17cm (R = 4-NO,, 67%)

17bz (R = 4-CF,, 79%) 17cn (R = 4-CO,Et, 59%)
17ca (R = 3-OMe, 74%) 17co (R = 4-CH,0H, 61%)
17¢cb (R = 2,4,6-(Me)3, 76%) 17cp (R = 4-F, 65%)
17s (R = 2-Me, 5-F, 70%) 17¢q (R = 3-F, 62%)
Br
L
S
R1/
S
17cc (R' = 2-Th, R2 = H, 64%) /
17cd (R' = "Bu, R2 = H, 50%) /

17ce (R! = °Pr, R2 = Cl, 52%)
17¢f (R' = Me, R? = NO,, 42%)
17cg (R' = Vynyl, R? = Br, 32%)

17ch (68%)

Scheme 37 Cu/Ag-catalyzed synthesis of alkynyl sulfides 17 from
sodium sulfinates 25 described by Liu and Yi in 2018.%°

tuents on the aromatic alkyne, such as fluoro and chloro
groups led to excellent yields in just 1 h (17ex and 17cz),
thereby demonstrating the high reactivity of these substrates.
Thus, this protocol stands out for its operational simplicity,
broad substrate scope, and high efficiency under mild con-
ditions (Scheme 38). The protocol was also extended to syn-
thesis of alkynyl selenides (section 4, Scheme 83).

In the same work, the authors further demonstrated the
generality of their approach by applying it to a broader set of
aryl and alkyl thiocyanates 26 and a diverse range of terminal
alkynes 10, including aryl and heteroaryl derivatives. This
extended protocol also employed 2 equiv. of ‘BuOK as the base
in a THF solution under nitrogen, with temperatures ranging
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Scheme 38 Synthesis of alkynyl sulfides 17 from thiocyanates 26 using
DMEF as solvent described by Yang, Tian and Zhang in 2019.4¢

from —78 °C to room temperature over 18 h. The reaction
yielded 15 alkynyl sulfides 17 in moderate to excellent yields
(34-96%) (Scheme 39). The methodology showed good toler-
ance for electron-rich, electron-deficient, and sterically hin-
dered substituents on both the thiocyanate and alkyne part-
ners. Moreover, for more challenging substrates, such as ortho-
substituted alkynes, the authors successfully employed n-BuLi
as the base at low temperature, achieving satisfactory yields
after just 1.5 h (17t, 17q and 17bb). These results support the
robustness and adaptability of the method for constructing C-
S bonds across a wide substrate scope (Scheme 39).
Furthermore, the authors proposed a mechanism in which
the reaction begins with the deprotonation of a terminal
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1_ 2 —— » R N
RUSCN + R— 3\, 18h \RZ
26 10 -78°Ctort.
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Scheme 39 Synthesis of alkynyl sulfides 17 from thiocyanates 26 using
THF as solvent described by Yang, Tian and Zhang in 2019.4¢
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alkyne 10 by the base, leading to the formation of a nucleophi-
lic acetylide anion I. This intermediate then attacks the electro-
philic sulfur atom of the thiocyanate 26, resulting in the dis-
placement of the cyano group (-CN) and the formation of the
corresponding alkynyl sulfide 17 (Scheme 40). The efficiency of
this step is attributed to the excellent leaving group ability of
the cyano moiety, which facilitates rapid nucleophilic substi-
tution (Scheme 40).

In 2019, Kanemoto, Yoshida e Hosoya"” described a proto-
col for the synthesis of a diverse scope of alkynyl sulfides
using a copper catalyzed method. A total of 30 products 17
were synthesized in yields ranging from 47% to 98% from the
reaction of thiosulfonates 15 with terminal alkynes 10
(Scheme 41). Under the reaction conditions, 5 mol% of Cul
was used as the catalyst, 6 mol% of Xantphos as the ligand,
and 1.5 equiv. of K,CO; as the catalyst. The reaction was per-
formed in a DMSO solution at room temperature in a reaction
time of 24 h. In general, when present on the alkyne com-
ponent, EDG groups, such as methyl, methoxy, amino and di-
methylamino led to high yields. This suggests that electron-
rich arylacetylenes may help stabilize copper intermediates or
enhance reactivity during the coupling process. EWG and
halogen substituents on the alkyne, such as CO,Me, Cl, and
Br, were also well tolerated, giving moderate to high yields
depending on their position and electronic nature. On the
thiosulfonate 15 side, a broad range of substituents was com-
patible, including alkyl and aryl groups such as substituted
phenyl rings and thiophenes. Interestingly, even sterically hin-
dered or potentially coordinating groups did not strongly inter-
fere with the reaction, though a few cases showed slightly
lower yields (e.g., 17ee, 47%). Overall, the method proved to be
quite versatile, handling a wide range of functional groups
with consistently good results (Scheme 41).

Based on control experiments, the authors described a cata-
lytic mechanism (Scheme 42). They proposed that the process
is initiated by the generation of a copper acetylide species II
via ligand substitution between the terminal alkyne 10 and the
Cu(1) complex bound to Xantphos, with the aid of a base. From
there, two potential routes are considered. In route (a), the
copper acetylide reacts with the thiosulfonate 15 through a o-
bond metathesis, producing the alkynyl sulfide 17 and restor-
ing the catalyst. In route (b), the mechanism involves an oxi-
dative addition of the thiosulfonate 15 to the copper complex,

R*’SQN
)
RI= 22 =0l N . g
1 o\
N
S en Base s © R130 CN RVS(\,S/W
2 M n

T |

Scheme 40 Proposed mechanism for the synthesis of alkynyl sulfides
17_46
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Scheme 41 Cu-catalyzed synthesis of alkynyl sulfides 17 by Kanemoto,
Yoshida and Hosoya in 2019.%”

forming a Cu(m) intermediate III, which subsequently under-
goes reductive elimination to yield the product 17 and reestab-
lish the catalytic cycle (Scheme 42).

As described for selenium and tellurium derivatives
(section 4, Scheme 88), Godoi and co-workers*® also explored
the cross-coupling reaction of the propynylbenzamide 27a with
bis(4-chlorophenyl) disulfide 16b, using Cul as the catalyst
(10 mol%) and 1 equiv. of NaHCO; as the base in DMSO at
room temperature under an air atmosphere for 24 h. Under
these conditions, the corresponding organosulfur compound
28a was satisfactorily obtained in 75% yield, further demon-
strating the method’s broad applicability across different chal-
cogen sources (Scheme 43).

In 2020, Yang and co-workers*® developed a method for the
synthesis of new heterogeneous catalysts based on ultrafine
Ni,P nanoparticles, dispersed on N,P-codoped biomass-
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Scheme 43 Cul-catalyzed cross-coupling of propynylbenzamide 27a
and bis(4-chlorophenyl) disulfide 16b described by Godoi and co-
workers in 2019.4%

derived porous carbon. This efficient catalyst contains pyridi-
nic units, which play a key role in reactions that involve hydro-
gen bonding interactions (Scheme 44). Based on these charac-
teristics, this catalyst was applied to synthesize alkynyl sulfides
17 through a base- and ligand-free cross-dehydrogenative
coupling reaction, providing a cost-effective and environmen-
tally friendly method to obtain the target alkynyl sulfides 17
under mild conditions, using atmospheric air as the oxidant.
The authors established the best conditions when terminal
alkynes 10 and thiols 18 were reacted in the presence of
8 mol% Ni,P@NCP-800 (heterogeneous catalyst), DMF as the
solvent, at 50 °C for 4 h under an air atmosphere (Scheme 44).
Under these conditions, several alkynyl sulfides 17 (26
examples) were obtained in yields ranging from moderate to
excellent (52-97%). This approach tolerates both starting
materials substituted with alkyl and heteroaryl groups, as well
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Scheme 44 Ni-catalyzed synthesis of alkynyl sulfides 17 described by
Yang and co-workers in 2020.4°

as aryl substrates containing EDG and EWG groups. However,
the protocol was less effective when alkyl thiols 18 were
reacted under standard conditions, affording poor yields of
the target products 17fa, 17cw and 17fb. To the best of our
knowledge, this represents the first protocol for the synthesis
of alkynyl sulfides (17) using a stable, heterogeneous Ni-based
catalyst (Scheme 44).

In 2020, Collins and co-workers>® developed a Cu-catalyzed
protocol for the synthesis of alkynyl sulfides 17 via the cross-
coupling of thiols 18 and bromoalkynes 13 through Cg,-S
bond formation. This approach tolerated a wide range of func-
tional groups attached to the alkyne substrate 13. The standard
conditions identified by the authors involved reacting thiols 18
were reacted with bromoalkynes 13 in the presence of
10 mol% of Cu(MeCN),PFs, 20 mol% of dtbbpy, 2 equiv. of
2,6-lutidine, in MeCN at r.t. for 10 min (Scheme 45). A total of
37 examples of fully decorated alkynyl sulfides 17 were syn-
thesized under these conditions, in yields ranging from mod-
erate to excellent (50-99%). This protocol was efficiently
extended to both thiols 18 and bromoalkynes 13 containing
fully functionalized aryl and alkyl groups. In addition, the pro-
tocol was applied to cysteine derivatives, as well as to obtain
bis-heteroatom-substituted alkynes (S,S-, S,P- and S,N-). This
method exhibited broad functional group tolerance, chemo-
selectivity, high reactivity, while employing commercially avail-
able catalysts and reagents. Overall, it represents an efficient
strategy under mild conditions for accessing target alkynyl sul-
fides (17), which have broad potential as synthons
(Scheme 45).

In 2021, Guo and co-workers®" reported a continuous-flow
approach for the selective S-alkynylation of cysteine-containing
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Scheme 45 Cu-catalyzed alkynyl sulfides 17 synthesis described by
Collins and co-workers in 2020.5°

peptides 29 and 1-thioglycoside residues 31, carried out under
mild, metal-free, and oxidant-free conditions. Through the use
of novel electrophilic alkynylation reagents, the reaction was
completed in just 3-5 minutes, achieving high efficiency,
broad substrate compatibility, and excellent functional group
tolerance (Schemes 46 and 47). Compared to conventional
batch processes, which can take several hours, the continuous-
flow strategy significantly improved productivity while lowering
costs and enhancing sustainability. In total, the research
group reported over 50 examples, including structurally
complex and biologically important derivatives, demonstrating
the method’s strong potential for peptide modification and
bioconjugation applications. The continuous-flow
S-alkynylation methodology was first evaluated with a broad
range of cysteine-containing dipeptides and tripeptides 29,
demonstrating high efficiency, chemoselectivity, and func-
tional group tolerance (Scheme 46). Using 1.5 equiv. of Et;N in
a DMSO flow of 0.2 mL min™", 37 alkynylated peptides 30 were
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Scheme 46 Flow synthesis of amino acid-derived alkynyl sulfides 30
by Guo and co-workers in 2021.%

obtained in yields ranging from 34% to 92% in only
3.5 minutes of residence time. The reaction proved compatible
with various N-protecting groups (Boc, Cbz, Fmoc, Ts) and tol-
erated both polar and hydrophobic amino acid side chains.
Even sterically hindered or less reactive substrates underwent
successful alkynylation. In addition, a variation of the electro-
philic alkynyl sulfonium reagent 24 revealed that electron-
withdrawing, electron-donating, and neutral aromatic substitu-
ents all performed well, including hindered groups such as
TIPS (30w). In contrast, alkyl-substituted reagents delivered
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Scheme 47 Flow synthesis of glycosyl alkynyl sulfides 32 by Guo and
co-workers in 20213

lower yields (Ex: 30x), though still producing the desired
S-alkynylated products efficiently (Scheme 46).

Based on the performance of the reaction procedure with
peptide substrates, the scope of the methodology was extended
to the S-alkynylation of 1-thioglycosides 31 (Scheme 47), com-
pounds of significant interest in pharmaceutical applications.
A total of 15 phenylethynyl(diphenyl)sulfonium reagents 24,
bearing diverse electronic and steric profiles, were tested, deli-
vering the corresponding alkynylated thioglycosides 32 in
yields ranging from 23% to 80%. The reaction worked well
with both electron-rich and electron-poor aryl groups was also
able to modify hindered thioglycosides 31 in a residence time
of only 3.5 minutes, demonstrating how versatile the continu-
ous-flow system can be for quickly producing a wide variety of
structures. Overall, these findings show that the method can
be applied to different types of biologically relevant thiol com-
pounds (Scheme 47).

In 2021, Wang and co-workers®? reported a visible-light-pro-
moted coupling reaction to obtain the alkynyl sulfides 33 by
reaction of bromoalkynes 13 with 2,2’-diaminodiaryldisulfides
16¢ (Scheme 48). In this approach, the amino group present in
the disulfides is essential to promote the reaction. Moreover,
this method featured several advances, being metal-, additive-,
and photocatalyst-free. The starting materials, bromoalkynes
13 with 2,2-diaminodiaryldisulfides 16c were reacted in the
presence of blue LED’s (450-455 nm) in DCM as solvent under

This journal is © the Partner Organisations 2026

View Article Online

Review
] H,N
s Blue LEDs S
‘ | . ~g (450-455 nm) NH,
DCM, Ny, 12 h \ |
Br NH,  16¢ R
13 33 (40-83%)
R = Aryl, alkyl, heteroaryl 21 examples

selected products

S
)
AN
/©/ ‘ HoN
[
R

33a (R=H, 83%) 33n (R = 2-Me, 63%)
33b (R = OMe, 78%) 330 (R = 2-Cl, 54%)

33c (R = Me, 82%) 33p (R = 3-OMe, 75%)
33d (R = Et, 74%) 33q (R = 3-Cl, 63%)

33e (R = l’lPrY 76%) 33r (R 3, 5 OMe)Z, 72%

33f (R ="Bu, 75%) / j@

33g (R = Bu, 72%)
33s (R = 2-Th, 54%)

33h (R = F, 60%)
33t (R = "Pent, 64%)

33i (R = CI, 70%)
33j (R = Br, 64%)
33u (R = "Pr, 53%)

33k (R = CN, 62%)
331 (R = NO,, 40%)
33m (R = Ph, 57%)

Scheme 48 Visible-light synthesis of thioalkynes 33 described by

Wang and co-workers in 2021.52

an N, atmosphere for 12 h (Scheme 48). Under these con-
ditions, several target alkynyl sulfide 33 (21 examples) were
synthesized in yields ranging from moderate to good (40-83%)
influenced by electronic effects. For example, aryl alkynes (13)
substituted with EDGs at the para position of the aromatic
ring gave the target products (33c and 33b) in higher yields (R
= Me, 82%; R = OMe, 78%) compared to those bearing EWGs.
In these cases, the products 33k and 331 were obtained in
slightly poor yields (R = CN, 62% and R = NO,, 40%, respect-
ively) (Scheme 48). Additionally, the method was also sensitive
to steric effects: when ortho-substituted aryl alkynes were used,
the desired products 33n and 330 were obtained in educed
yields (R = 2-Me, 63% and R = 2-Cl, 54%, respectively) com-
pared to their para-substituted analogues, which afforded the
compounds 33c and 33i in 82% (R = 4-Me) and 70% (R = 4-Cl),
respectively. Still, the influence of heteroaryl (2-Th) and alkyl
("Pent and "Pr) alkynes in this method was checked, the
alkynyl sulfides 33s, 33t and 33u were obtained in 54%, 64%
and 53%, respectively (Scheme 48).

The mechanism proposed by the authors to synthesize
alkynyl sulfides 33 starts with the homolytic cleavage of 2,2"-
diaminodiphenyl disulfide 16c induced by visible light,
affording intermediate I. Additionally, the authors noted that
this free-radical intermediate I may be stabilized through a
weak H-bond. Subsequently, the formation of a vinylic inter-
mediate II, occurs after the addition of intermediate I to bro-
moalkyne 13. Finally, the alkynyl sulfides 33 are formed after
the elimination step of intermediate II (Scheme 49).
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Scheme 49 Proposed mechanism for light-assisted thioalkyne 33
synthesis.>?

In 2021, Maulide and co-workers>® reported a protocol for
the synthesis of thiocyanates via the dealkylative cyanation of
sulfoxides. Among the various products obtained, the for-
mation of the alkynyl sulfide, 2-(methylsulfinyl)naphthalene
hex-1-yne 17fs was particularly noteworthy, achieving 80%
yield under mild conditions (Scheme 50). The reaction process
involves three steps, beginning with the electrophilic activation
of the sulfoxide by trifluoromethanesulfonic anhydride (Tf,0)
in DCM at —78 °C, followed by the addition of trimethylsilyl
cyanide (TMSCN) as the temperature gradually rises to room
temperature. Simultaneously, a solution of hex-1-yne 10a in
THF is cooled and treated with n-butyllithium to generate the
corresponding alkynyl lithium species. This nucleophile then
reacts with the activated sulfonium intermediate, forming a
new C-S bond. Finally, dealkylation promoted by the triflate
anion furnishes the thiolated product 17fs, with methyl triflate
as a byproduct (Scheme 50). Thus, the method is operationally
simple and provides access to structurally diverse thiocyanates,
including the highlighted alkynyl sulfide (Scheme 50).

Cheng and co-workers, in 2021,>* reported a metal-free pro-
tocol for the synthesis of alkynyl sulfides 17 using
B-sulfinylesters 8 and terminal alkynes 10 by direct Cs,)-H
thiolation reaction (Scheme 51). In this approach, sulfinyles-
ters 8 are used as a versatile sulfur source, affording sulfonium
salts in situ after reaction with terminal alkynes 10. The target
products 17 are then formed through chemoselective C-S
bond cleavage of the sulfonium salts, this being a key step in
the formation of the desired product 17 (Scheme 51).
Additionally, mechanistic studies revealed that the acrylate
byproduct was captured, supporting a retro-Michael reaction
mechanism. In this protocol, a wide range of both starting
materials f-sulfinylesters 8 and terminal alkynes 10 were
reacted in a two-step protocol, first, 1.5 equiv. of Tf,0 were
added to the reaction medium in DCM as solvent at 0 °C,
under N, atmosphere (Scheme 51). After 12 h of reaction, 5
equiv. of Et;N are added to the reaction at r.t., and the reaction
was stirred for an additional 1 h. Under these reactional con-
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Scheme 50 Synthesis of the alkynyl sulfide 17fs via triflate activation by
Maulide and co-workers in 2021.%*

ditions, several organyl alkynyl sulfides 17 (20 examples) were
synthesized in yields ranging from lower to excellent yields
(15-97%). This approach was efficient to a wide range of both
starting materials substituted 8 and 10 with EDG and EWG
attached in the aromatic ring, however, lower yields were
obtained when the 3-ethynylaniline, 4-ethynylbenzaldehyde
and hex-1-yne were reacted under standard conditions
(Scheme 51). In these cases, the products 17ge, 17fy and 17ga
were obtained in only 24%, 15% and 17% of yield, respectively.
A similar result was observed when methyl 3-(p-tolylsulfinyl)
propanoate was reacted with phenylacetylene under standard
conditions, giving the target alkynyl sulfide 17q in 24% yield
(Scheme 51).

The protocol described by Godoi and co-workers™ in 2021
for the synthesis of alkynyl selenides (section 4, Scheme 94)
was also tested with other dichalcogenide starting material,
when 34a was reacted with diaryl disulfide 16a-b instead of
diaryl diselenides or ditellurides, the protocol proved ineffi-
cient under the standard conditions, as the compounds 35a
and 35b were not obtained (Scheme 52).

In 2022, Zhao and co-workers®® reported the synthesis of
alkynyl sulfides 17 from the reaction of terminal alkynes 10
with N-thiosuccinimides 36 in a Cu-catalyzed protocol. This
efficient protocol offers the advantages of using odorless and
bench-stable thiolating reagents and enables the synthesis of a
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broad scope of products 17 tolerating a wide range of func-
tional groups (Scheme 53). The best conditions were estab-
lished by the authors when several terminal alkynes 10 and
N-thiosuccinimides 36 were reacted in the presence of
2.6 mol% Cul, 5.2 mol% Bpy, and 2 equiv. Et;N in DMSO at
100 °C for 10 h. In general, this approach was not sensitive to
the electronic effects of EDG and EWG attached to the aro-
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matic ring of terminal alkynes 10, with the exception of
1-ethynyl-4-nitrobenzene, which afforded the target product 17
in low yield (43%). Under these conditions, the method gave
the target alkynyl sulfides 17 (containing both EWG and EDG)
in comparable yields (76-92%) (Scheme 53). Similarly, the
method was also not sensitive to steric effects: when substi-
tuted terminal alkyne 10 with a methoxy group attached at the
ortho, meta and para positions of the aromatic ring were evalu-
ated under standard conditions, the target products 17gl,
17gm and 17gn were obtained in yields of 88%, 85% and 93%,
respectively. Additionally, when terminal alkynes containing
1-naphthyl and heteroaryl (2-pyridinyl and 3-thienyl) were eval-
uated, the method was also efficient giving the alkynyl sulfides
17di, 17go and 17dj in yields of 76%, 77% and 84%, respect-
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ively. Alkyl terminal alkynes were also tested, affording com-
pounds (17gq and 17gr) in 41% and 81% yield, respectively
(Scheme 53). On the other hand, when ethynylcyclopropane
was used, the desired product 17gp was not formed.
Gratifyingly, the authors extended the protocol to aryl and
alkyl N-thiosuccinimides 36, affording the alkynyl sulfides pro-
ducts S-Bn (17gs), S-Cy (17gt), S-Me (17gu) and S-Bu (17gv) in
50%, 79%, 66% and 79% yield, respectively, (Scheme 53).

The plausible mechanism proposed by the authors starts
with the formation of an active copper acetylide II through the
reaction of the Cu(1)X I catalyst with an alkyne 10 in the pres-
ence of a base via a ligand exchange step. Subsequently, this
Cu-intermediate II undergoes an oxidative addition with
N-thiosuccinimide 36, forming to form the copper(u) inter-
mediate III, which then undergoes reductive elimination to
afford the target alkynyl sulfides 17 and the copper catalyst I is
regenerated, initiating a new catalytic cycle (Scheme 54).

In 2022, Shao and co-workers®’ reported the thiolation reac-
tion by Cs,)-S bond formation between N-thiophthalimides 3a
with organic halides. In this protocol, the synthesis and appli-
cation of efficient electrophilic sulfur transfer reagents were
described, with the N-thiophthalimides 36 serving as direct
thiolating surrogates (Scheme 52). In this method, a wide
range of diorganyl sulfides were synthesized using organyl
halides. For instance, when (iodoethynyl)benzene 1la was
reacted  with  2-(phenylthio)isoindoline-1,3-dione ~ 36a
(Scheme 52). Using 0.5 mol% of NiCl,(PPh;), as the catalyst,
1 mol% of 1,10-phen as the ligand, 2.5 equiv. of Zn, DMF, at
22 °C under N, atmosphere for 2 h. The reductive cross-coup-
ling product (17h) was obtained in low yield (29%)
(Scheme 52). The plausible mechanism for the formation of
alkynyl sulfide 17h in the nickel-catalyzed reductive thiolation
process was proposed by the authors. It starts with the
reduction of LnNi(i) I to form the active catalyst species LnNi
(0) II. Subsequently, this species II reacts with the (iodoethy-
nyl)benzene 11a, undergoing oxidative addition to give inter-

— 2
/s/{R cu(hX — R
) —

R 17 | + 10
reductive Base
elimination ligand

o exchange

1

RN 5 (hCu———rR?

S—Cu(lll) M
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Scheme 54 Proposed mechanism for the Cu-catalyzed synthesis of
alkynyl sulfide 17.5¢
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mediate III, which, in the presence of Zn, is reduced to afford
intermediate  IV. In  parallel, the corresponding
N-thiophthalimides 36a generate diphenyl disulfide V, which
reacts with the previously formed intermediate IV to yield
intermediate VI. Next, this intermediate VI generates the
adduct intermediate VII which, after reductive elimination,
produces the target alkynyl sulfide 17h and regenerates the
LnNi(1) VIII species. Finally, this species VIII is reduced in the
presence of Zn to regenerate the active catalyst species II, com-
pleting a new catalytic cycle (Scheme 55).

In 2023, Saito and Euteneuer’® reported the synthesis of
alkynyl sulfides 17 in a one-pot, three-component protocol,
starting from 2-((4-chlorobenzyl)sulfinyl)pyridine 8¢, two
Grignard reagents and trimethylsilyl chloride 37a (Scheme 56).
This approach uses the 2-((4-chlorobenzyl)sulfinyl)pyridine 8c
as the sulfur source, which reacts with (3-methoxyphenyl)mag-
nesium bromide 37a in THF for 15 min. Subsequently, 1.5
equiv. of TMSCI is added to the reaction, which is maintained
at —78 °C for 30 min. Finally, the (organylethynyl)lithium
species 19’ is added at —78 °C and stirred for 1 h to give the
target alkynyl sulfides 17 (Scheme 56). When the (phenylethy-
nyl)lithium and (cyclopropylethynyl)lithium were used as start-
ing materials under standard conditions, the target com-
pounds 17ca and 17gy were synthesized in yields of 71% and
68%, respectively (Scheme 56).

In 2023, Rong and co-workers®® reported a metal-free proto-
col for the direct thiolation of terminal alkynes 10 using

o)
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/
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Scheme 55 Ni-catalyzed alkynyl sulfide 17h synthesis and mechanism
described by Shao and co-workers in 2022.%7
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route by Saito and Euteneuer in 2023.58

phenylacetylene derivatives 10 and either methyl sulfoxides 38,
affording alkynyl sulfides 17. The transformation was carried
out by reacting phenylacetylenes 10 with methyl sulfoxides 38
(1.2 equiv.) and trifluoromethanesulfonic anhydride (Tf,0, 1.2
equiv.) in the presence of triethylamine (Et;N, 2.5 equiv.). The
reaction mixture was stirred at 40 °C, furnishing 30 target com-
pounds 17 in isolated yields ranging from 65% to 95%
(Scheme 57). The method also was extended to obtain alkynyl
selenide using methyl phenyl selenoxides, which are described
in section 4, Scheme 104.

The proposed mechanism in this study involves a direct reac-
tion between methyl sulfoxides 38 and alkynes 10, leading to the
formation of a vinyl intermediate II. Subsequently, deprotonation
of the vinyl moiety by triethylamine (Et;N) occurs, followed by the
elimination of the triflate group (TfO) from the substrate. This
sequence regenerates the carbon-carbon triple bond, affording
the desired product 17 (Scheme 58).

In 2023, Xie and Liu®® developed a new metal-free protocol to
obtain alkynyl sulfides 17 using hexafluoroisopropanol (HFIP) a
promoter for the reaction between N-thiosuccinimides 36 and
silyl alkynes 39a. This straightforward protocol to access alkynyl
sulfides 17 involves reacting trimethyl( phenylethynyl)silane 39a
with N-arylthiosuccinimides 36 in the presence of 0.5 mL of HFIP
per 0.1 mmol of alkyne, at 100 °C for 12 h (Scheme 59). A total of
3 examples of desired compound 17 were synthesized using these
conditions, in which the target compounds (4-chlorophenyl)(phe-
nylethynyl)sulfide 17t, 1-(4-((phenylethynyl)thio)phenyl)ethan-1-
one 17ho and (2-fluorophenyl)(phenylethynyl)sulfide 17hp were
obtained in yields of 66%, 73% and 70%, respectively. It is impor-
tant to emphasise that the silyl group is crucial for the success of
the transformation (Scheme 59). Additionally, the authors
extended the protocol to obtain (alkynyl)(trifluoromethyl)sulfides
which are described in section 5.1, Scheme 110.

The proposed mechanism for the synthesis of alkynyl sul-
fides 17 promoted by HFIP, begins with the interaction of
HFIP with the N-thiosuccinimides 36, forming intermediate I,
which is in resonance with the intermediate II. Subsequently,
the active sulfenyl cation (RS+) III and hexafluoro alkoxy anion
IV were formed. The hexafluoro alkoxy anion IV interacts with
the silyl atom of the silyl alkynyl starting material 39a to form
the intermediate V, which reacts with the sulfenyl cation (RS+)
III to afford the intermediate VII after the electrophilic cycliza-
tion step. Finally, the target product 17 is formed after desilici-
fication of intermediate VI (Scheme 60).
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Scheme 57 Tf,O-mediated alkynyl sulfide 17 synthesis developed by
Rong and co-workers in 2023.%°
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Scheme 58 Proposed mechanism for Tf,O-mediated process.*®

In 2024, Wen and co-workers®' reported a practical and
efficient strategy for the selective synthesis of alkynyl sulfides 17
through the cleavage of C-S bonds in alkynyl sulfonium salts.
This one-pot, two-step process begins with the electrophilic acti-
vation of the alkyne 10 using 1.1 equiv. of trifluoromethane-
sulfonic anhydride (Tf,0) in dichloromethane at low tempera-

tures (—50 to —15 °C) to form the corresponding sulfonium salt,
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Scheme 59 HFIP-promoted alkynyl sulfides (17t, 17ho and 17hp) syn-
thesis described by Xie and Liu in 2023.%°
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Scheme 60 Proposed mechanism for the HFIP-promoted alkynyl
sulfides 17 synthesis.®®

followed by base-promoted C-S bond cleavage with 6 equiv. of
NaOH in THF at 80 °C under air for 12 h. The method exhibits
broad functional group tolerance, applying alkyl, aryl, and hetero-
aryl substituents, as well as different nucleophiles. A large scope
of 62 products 17 were synthesized in yields ranging from 35% to
79% (Scheme 61). The methodology also proved suitable for the
incorporation of more complex nucleophiles 40, enabling the
late-stage functionalization of bioactive molecules and pharma-
ceuticals, such as natural product derivatives, nitrogen-contain-
ing heterocycles, and drug-like scaffolds. These examples demon-
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Scheme 61 Tf,O-mediated synthesis of thioalkynes 17 with different
nucleophiles 40 described by Wen and co-workers in 2024.%*

strate the method’s range and its value for bioactive and complex
molecule modification, highlighting its versatility and practicality
(Scheme 61).

In 2025, Chen, Yu and Chen® developed a visible-light
phosphine-mediated  deoxyfunctionalization protocol of
sodium arylsulfinates 9 in reaction with several iodoalkynes
11, affording the target alkynyl sulfides 17 (Scheme 62). This
protocol is the first example of directly obtaining to obtain
directly the target alkynyl sulfide 17 through the reaction of
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Scheme 62 Visible-light Ru-catalyzed alkynyl sulfide 17 synthesis by
Chen, Yu and Chen in 2025.5?

sulfinate salts 9 as starting materials. It is important to
emphasize that the use of acidic additives (such as HCI) facili-
tates the generation of arylthiyl radicals thereby favoring thioe-
sters while disfavoring the formation of alkynyl sulfides 17
(Scheme 62). The best conditions identified by the authors
involved the reaction of sodium arylsulfinates 9 with iodoalk-
ynes 11 in the presence of 2.5 equiv. of P(4-FC¢H,)3, 2 mol%
Ru(bpy);Cl,-6H,0, in dichloroethane (DCE, 0.05 M) under
blue LED’s irradiation at 40 °C for 12 h. Under these con-
ditions, several alkynyl sulfides 17 (11 examples) were syn-
thesized in yields ranging from low to good (34-65%). This
protocol was not sensitive to electronic and steric effects of
EWG and EDG attached to the aromatic ring of aryl iodoalk-
ynes 11; in these cases, the target compounds 17 were
obtained in moderate yields (Scheme 62). On the other hand,
the same effect was not observed when substituents bonded in
the sulfinate salts 9 were evaluated. In this case, the presence
of EWG attached to the aromatic ring of sulfinates salts
afforded the desired alkynyl sulfides 17by and 17iv in moder-
ate yields (R = Br, 40% and R = CN, 45%, respectively), while
the presence of EDG ones no reaction was observed.
Additionally, the protocol was extended to alkynyl substituted
with heteroaryl groups under standard conditions, affording
the desired alkynyl sulfide 17it in low yield (34%) (Scheme 62).

4 Alkynyl selenides and tellurides:
emerging chalcogen-containing
alkyne

In contrast to the more extensively explored sulfur analogues,
alkynyl selenides and tellurides represent a less common yet
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highly intriguing class of chalcogen-containing compounds.
The presence of organic selenium or tellurium groups bonded
with an alkyne unit imparts distinctive electronic and chemi-
cal properties, often translating into unique reactivity profiles.
These features make them attractive intermediates in synthetic
organic chemistry, particularly in the development of functio-
nalized heterocycles, organometallic transformations, and
materials-oriented applications. Although their synthesis has
been historically less developed, recent years have witnessed
significant advances, including transition-metal-catalyzed pro-
cedures and innovative coupling strategies that enable the
efficient construction of these motifs. In this section, we sum-
marize the principal methodologies reported for the prepa-
ration of alkynyl selenides and tellurides, with emphasis on
their synthetic potential and emerging relevance.

In addition to the synthesis of alkynyl sulfides 17 (section
3, Scheme 29), Park and co-workers®® also reported the syn-
thesis of alkynylphenyl selenide 42 and telluride 44. When the
authors performed the reaction of diphenyl diselenide 41a
with 1-dodecyne 10b under similar conditions, the
target alkynyl selenide 42a was obtained in excellent yield
(94%) after a shorter reaction time (6 h) and under an air
atmosphere, which served as the oxidant (Scheme 63). On the
other hand, for the alkynyl telluride 44a, the use of copper
nanoparticles as a catalyst was not necessary. Diphenyl ditel-
luride 43a reacted with 1-dodecyne 10b in the presence of only
10 mol% Cs,CO; as the base and N-methyl-2-pyrrolidone
(NMP) as the solvent at room temperature. Under these mild
conditions, the alkynyl telluride 44a was formed in 65% yield
after a reaction time of 1 day (Scheme 63).

The proposed mechanism described by the authors starts
with the formation of intermediate II through the oxidative
addition of Cu(0) II to diphenyl dichalcogenide 41 or 43 (Y =S,
Se). In parallel, alkyne 10 reacts with the base to afford ionic
intermediate IV, which then reacts with previously formed
intermediate II to give intermediate III. Subsequently, the
target alkynyl chalcogenide 42 or 44 is obtained via the reduc-
tive elimination step of intermediate III, regenerating catalyst I
for a new catalytic cycle. In addition, the ionic species V

o g P P Se oy
#a Na,COs (2.2 equiv.) \M/
DMSO, 70 °C 9
6 h, air

42a (94%)

. Te
Ph Te .
43a Cs,CO; (10 mol%) \/ Ph
+ NMP, r.t., air, 24 h 9
\M/// 44a (65%)
9 { |
10b

Large scale, no ligand, no catalyst, room}
temperature, high yield i

Scheme 63 Base-mediated synthesis of alkynyl selenides 42a and 44a
and tellurides by Park and co-workers in 2015.3°
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Scheme 64 Proposed mechanism for the synthesis of alkynyl chalco-
genides 42 or 44.3°

formed undergoes an oxidation step to regenerate the diphenyl
dichalcogenide 41 or 43 within the reaction system
(Scheme 64).

In 2015, Park and co-workers®® reported the synthesis of
organyl alkynyl selenides 42 and tellurides 44 from alkynyl-
boronic acid 45a derivatives and diorganyl dichalcogenides 41
or 43, using copper nanoparticles as the catalyst. In their
study, diaryl diselenide 41 and diphenyl ditelluride 41a-b or
43a were employed as selenium and tellurium sources, respect-
ively (Scheme 65). The synthesis of organyl alkynyl selenides
42 was achieved through the reaction of diphenyl or dibenzyl
diselenide 41a-b with 2-phenyl-1-ethynylboronic acid pinacol
ester 45a (2.2 equiv.), catalyzed by supported copper nano-
particles (CuNPs/AC, 4 mol%) in DMSO at 100 °C for 6 h.
Under these conditions, the desired products 42b and 42c
were obtained in excellent yields (99% and 100%, respectively).
For the synthesis of alkynyl tellurides 44b, a similar protocol
was employed (Scheme 65). The reaction between diphenyl
ditelluride 43a and 2-phenyl-1-ethynylboronic acid pinacol
ester 45a (2.2 equiv.), using CuNPs/AC (4 mol%) in DMSO at
room temperature for 18 h, resulted in a moderate yield of the

R'.__Se
e R!
41a (R = phenyl)
41b (R" = benzyl) Se.
/
Cu NPs/AC (4 mol%) =
O\B/O Ph
DMSO, 100 °C, 6 h a2b (R = Ph, 99%)
‘ ’ 42¢ (R = Bn, 100%)
— Ph._ .Te.
T Ph
Ph 43a P Te\Ph
45a Cu NPs/AC (4 mol%) o /
DMSO, 44b (a: 30%,
a)rt, 18 h b: 100%)
b) 100 °C, 6 h :

Scheme 65 Alkynyl chalcogenides (42b, 42c and 44b) synthesis
described by Park and co-workers in 2015.5®
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target compound 44b (30%). However, when the temperature
was increased to 100 °C and the reaction time reduced to 6 h,
the yield improved dramatically, reaching 100%. This study
highlights an efficient and sustainable approach for the prepa-
ration of alkynyl chalcogenides 42 or 44 from alkynylboronic
acids 45, employing copper nanoparticles as a reusable catalyst
under mild and friendly conditions
(Scheme 65).

Park and co-workers® reported in 2016 the synthesis and
application of magnetite (Fe;0,) nanoparticles supported on
charcoal as a heterogeneous catalyst for the formation of new
C-Se bonds (Scheme 66). This catalyst was efficiently employed
to promote C-H and Se-Se bond activation in the cross-coup-
ling reaction of several terminal alkynes 10 with diaryl disele-
nide 41 (Scheme 66). The optimal conditions involved small
amounts of Fe;0,/C catalyst (0.5% with respect to diaryl disele-
nide 41), 1 equiv. of ‘BuOK in EtOH as solvent at 80 °C for
12 h to synthesize the desired alkynyl selenide 42 (10
examples) in yields ranging from moderate to quantitative
(54-100%) (Scheme 66). This method proved efficient for
several aryl terminal alkynes 10, which provided the desired
compounds 42 in generally good yields (73-91%).
Furthermore, heteroaryl and alkyl terminal alkynes 10 were
also tested, giving alkynyl selenide 42i, 42j and 42m in yields
of 68%, 81% and 67%, respectively (Scheme 66). The approach
was found to be sensitive to the electronic effect of substitu-
ents attached to the aromatic ring of diaryl diselenides 41. For
example, when phenylacetylene was reacted under standard
conditions with 1,2-bis(2-methoxyphenyl) diselenide (contain-
ing the EDG), the target product 42k was obtained quantitative
yield (100%, compound 42k), compared with the reaction
using 1,2-bis(3-(trifluoromethyl)phenyl) diselenide, which
afforded alkynyl selenide 421 in 54% yield (Scheme 66).
Additionally, the authors evaluated the recyclability of the cata-

environmentally

se Rz Fes04C (05 % with
RZ " "se respect to diaryl Se.
i i gz R?
M diselenide) 7
+ BUOK (1 equiv.) R
RI— EtOH, 80 °C, 12 h 42 (54-100%)
10 10 examples

R = Aryl, alkyl; R? = Aryl.

selected products

Ph
</ \> — < 42i (R = 2-Th, 68%)
R — ‘oh 42j (R = "Bu, 81%)
42d (R = 4-Me, 81%) (78%)?
——Se
\
Ph

42b (R =H, 91%) (89%)?
42e (R = 4-OMe, 76%)
42f (R = 2-OMe, 79%) 42m (67%)(61%)*
429 (R = 4-Ph, 86%) Se
42h (R = 4-Cl, 73%)
Ph =
Yield determined by GC-MS. 4ok (R = 2-OMe, 100%)(96%)?
2Yield of isolated product. 42| (R = 3-CF3, 54%)

Scheme 66 Fe;O,/C-catalyzed synthesis of alkynyl selenides 42 devel-
oped by Park and co-workers in 2016.54

This journal is © the Partner Organisations 2026


https://doi.org/10.1039/d5qo01359c

Published on 18 November 2025. Downloaded on 5/26/2026 3:39:51 PM.

Organic Chemistry Frontiers

lyst, which retained excellent activity and could be reused up
to five times without significant loss of efficiency.

Focused on the synthesis of water-soluble organochalcogen
compounds, Perin and co-workers®® reported in 2016 the
preparation of alkynyl and vinyl chalcogenides. The reaction
between terminal alkynes 10 and glycerol-derived dichalcogen-
ides 46 or 47 is solvent-dependent and highly selective. When
polyethylene glycol-400 (PEG-400) was used as the solvent, the
reaction produces vinyl chalcogenides, whereas in EtOH the
target glycerol-derived alkynyl selenide 48 was formed. The
best conditions were established by the authors when several
terminal alkynes 10 reacted with glycerol-derived diselenides
46 in the presence of 0.6 equiv. NaBH,, with EtOH as the
solvent at 30 °C under N, atmosphere (Scheme 67). After reac-
tional times of 5-26 h, 7 examples of alkynyl selenides 48 were
obtained in yields ranging from moderate to good (50-85%)
(Scheme 67). This protocol was efficient for both aryl and alkyl
terminal alkynes 10. When 1-hexyne was employed as the start-
ing material under standard conditions, the target product 48g
was obtained in a moderate yields (58%), after 26 h.
Additionally, when glycerol-derived diselenides 46 were
replaced by glycerol-derived ditelluride 47 in the reaction with
phenylacetylene, the target alkynyl telluride 49a was obtained
in modest yield (55%) after a longer reaction time (20 h), com-
pared with the corresponding alkynyl selenide 48a (6 h, 85%)
(Scheme 67). Finally, the authors perform the deprotection of
the ketal unit of in alkynyl selenide 48a, using the acidic

Fr G

/ NaBH, (0.6 equiv.) v

Y EtOH, 30 °C, N,
o 5-26 h \

R
#\O
48 (Y = Se, 50-85%)

46 (Y = Se) 7 examples
47 (Y =Te) 49 (Y = Te, 55%)
1 example
Y = Se, Te; R = Alkyl, aryl.
selected products
>< 48a (R=H, 6 h, 85%)
Q o 48b (R = 4-OMe, 5 h, 61%)
48c (R = 4-Me, 14 h, 61%)
Se 48d (R = 2-Me, 20 h, 75%)
\\ 48e (R =4-F, 5h, 64%)

48f (R = 3,4-(Cl),, 22 h, 50%)

n
B
489 (26 h, 58%) ! 49a (20 h, 55%)

Scheme 67 NaBH,;-mediated alkynyl seleinides 48 and telluride 49
synthesis described by Perin and co-workers in 2016.%°
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cation-exchange resin Dowex-(H'), afforded the water-soluble
organochalcogen  compounds  (3-((phenylethynyl)selanyl)
propane-1,2-diol) in moderate yield (60%).

In 2017, Ranu and co-workers®® described the first silver-
catalyzed phenylselenylation using N-(phenylseleno)phthali-
mide 50a as the selenium source (Scheme 68). Compared to
the commonly used selenylating reagents (PhSeSePh, PhSeCl,
PhSeBr, PhSeCN), this reagent represents an alternative and
less explored selenium source. The optimal conditions con-
sisted of refluxing a mixture of the terminal alkynes 10 and N-
(phenylseleno)phthalimide 50a in the presence of AgNOj;
(20 mol%) as the Lewis acid catalyst, using dry THF as the
solvent for 12 h to afford the target compounds 42 (9
examples) in good yields (75-95%). This method was not sensi-
tive to electronic effects, and was successfully to several aryl
terminal alkynes 10 bearing different EDG and EWG substitu-
ents on the aromatic ring, affording the target alkynyl sele-
nides 42 in excellent yields (89-95%). Alkynes 10 substituted
with heteroaryl (thienyl), alkyl (cyclohexyl and ethyl carboxy-
late) and polyaromatic (5-acenaphthene) groups were also eval-
uated as starting materials; in these cases, compounds 42r,
42s, 42t and 42u were obtained in yields of 75%, 92%, 90%
and 95%, respectively (Scheme 68).

The proposed mechanism reported by authors starts with
the coordination of Ag" to the selenium atom of N-(phenylse-
leno)phthalimide 50a, thereby increasing the electrophilicity
of the -SePh fragment (intermediate I). In parallel, Ag" also
coordinates with terminal alkyne 10, which subsequently
reacts with intermediate I, to afford alkynyl selenide 42, along
with N-H phthalimide II as a side product (Scheme 69).

Organic selenocyanates represent a versatile and syntheti-
cally valuable class of organoselenium compounds. Numerous
methodologies have been developed for their efficient prepa-
ration, and they serve as key intermediates in diverse organic
transformations.®” In 2017, Ranu and co-workers®® reported
the silver-catalyzed decyanative, non-conventional cross-coup-

o)
\ | % AgNO; (10 mol%) Ph/se
— (]
+ N—Se 3 x
R THF, reflux, 12 h 42 R
_QRO,
10 s0a © (75-95%)

9 examples
R = Aryl, naphthyl, alkynyl, heteroaryl.

selected products

—_R _Se 42r (R = 3-Th, 75%)
X ph :
Se%@ X 42s (R = Cy, 92%)
pH R 42t (R = CO,Et, 90%)

_Se
42e (R = 4-OMe, 95%) Ph™
42n (R = 2-OMe, 90%)
420 (R = 3-F, 92%) Oo
42p (R = 2-CF3, 90%) 42u (95%) o~
(

42q (R = 4-OPh, 89%)

Scheme 68 Ag-catalyzed alkynyl selenides 42 synthesis by Ranu and
co-workers in 2017.5¢
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Scheme 69 Proposed mechanism for the Ag-catalyzed process for the
synthesis of alkynyl selenide 42.%¢

ling of terminal alkynes 10 with phenyl selenocyanates 51a to
afford alkynyl selenides 42 (Scheme 70, eqn (1)). The optimal
conditions involved the reaction of a broad range of terminal
alkynes 10 with phenylselenocyanate 51a in the presence of
5 mol% of Cu(OAc), as the catalyst, 20 mol% Ag,COs, and 1.0
equiv. Cs,CO;z in N-methylpyrrolidinone (NMP) at 100 °C for

(eq. 1)
Cu(OAc); (5 mol%)
W e oy A%C0;Omol%) e
Cs,CO;5 (1 equiv) U
51a NMP, 100 °C R
10 8-10 h, Ar 42 (65-93%)
17 examples
Selected products Se————R
/
_ —\ R Ph 42t (R = COLEt, 77%)
Se——"\ / 42y (R = 2-Py, 69%)
Ph 42s (R = Cy, 80%)

42r (R = 3-Th, 80%)

Se
xPh

42v (R = 4-"Pent, 88%)
42b (R = H, 93%)
42w (R = 4-N(Me),, 81%)

420 (R = 3-F, 83%) NO: 4y ot
42p (R = 2-CF4, 72%) e z (65%)
42x (R = 4-OCF3, 80%) | Ph” N
429 (R = 4-Ph, 90%)
42q (R = 4-OPh, 84%)

o
42u (82%) |

(eq. 2) R

Cu(OAc), (5 mol%)  Ph_
e . | | Ag,CO5 (20 mol%) Se
Ph™ CN Cs,CO; (1 equiv)
2CO3 | |
51a o/B\o NMP, 100 °C, Ar

R
% 42aa (R = OMe, 75%)

45b (R = OMe) 42ab (R = Et, 72%)
45¢ (R = Et)

Scheme 70 Cu/Ag-catalyzed synthesis of alkynyl selenides 42 reported
by Ranu and co-workers in 2017.6®
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8-10 h. The alkynyl phenyl selenide 42 (17 examples) were
obtained in good to excellent yield (65-93%) (Scheme 70, eqn
(1)). This approach tolerated aryl alkynes bearing EDG and
EWG substituents on the aromatic ring, as well as polyaro-
matic compounds; for example, naphthalene derivative
product 42u was obtained in 82% of yield. Additionally,
alkynes containing heteroaryl groups (thiophene and pyri-
dine), were also examined, affording compounds 42r and 42y
in 80% and 69% yield, respectively (Scheme 70, eqn (1)). The
use of an alkynyl pinacol ester 45b-c instead of a terminal
alkyne 10 was also evaluated under the standard conditions.
In these cases, the target alkynyl phenyl selenides 42aa and
42ab were obtained in good yields (75% and 72%, respectively)
(Scheme 70, eqn (2)).

The mechanism proposed by the authors starts with the for-
mation of intermediate II upon reaction of terminal alkyne 10
with Cu(u) species I. Posteriorly, PhSe-CN activated by Ag()
51a, reacts with intermediate II, to form the intermediate III.
Thereafter, a cyanide dissociation, promoted by silver, affords
intermediate IV, which, after regeneration of the catalytic Cu(u)
species I for a new cycle, leads to the formation of the
target alkynyl phenyl selenide 42 (Scheme 71).

In 2017, Ogawa and co-workers,*® developed a metal-free
protocol based on binary systems composed of benzoyl per-
oxide (BPO) and diorganyl diselenide 41a to promote the for-
mation of C-Se bonds using alkynes. When internal alkynes
were used, benzoyloxyselenation of the alkyne unit was
observed. In contrast, when terminal alkynes 10 were used, the
reaction was selective, affording the target alkynyl phenyl sele-
nide 42 (Scheme 72). This approach involves the reaction of
diphenyl diselenide 51a with terminal alkynes 10 in the pres-
ence of 3 equiv. of BPO and 10 equiv. of NaHCOj;, in a
toluene : H,O solvent mixture at 100 °C for 16 h, in the dark.
Under these conditions, several alkynyl phenyl selenides 42
(14 examples) were obtained in yields ranging from low to
excellent (16-80%). The protocol was sensitive to electronic
effects; when aryl terminal alkynes 10 bearing EWG substitu-
ents were used, the target products were formed in lower

RN )/CI“ \c 10

R————

R——Se |

Se-cu'

——cu'
/ ] Se
Ph Ph”" CN
IV\ cul 51a Ad'
~._ _Ph
/\v Se

R |
NG
A

m o
g

Scheme 71 Proposed mechanism of Cu/Ag dual catalysis for the syn-
thesis of alkynyl selenide 42.%8
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_Se_ _Ph
Ph” " "sé _
BPO (3 equiv.) Se.
41a NaHCO; (10 equiv.) / Ph
+ toluene:H,O R
R——— 100 °C, 16 h 42 (16-80%)
F dark 14 examples
R=Awlalkyl. .
42b (R = H, 55%)
selected products 42d (R = 4-Me, 71%)
Se_ 42e (R = 4-OMe, 80%)
" PN 42bb (R = 4-F, 29%)
R—E | 42g (R = 4-Ph, 40%)

“ 42bc (R = 3-OMe, 34%)
42bd (R = 4-CF5, 16%)
42be (R = "Hex, 58%)
42bf (R = (CH,),Cl, 48%)
42bg (R = (CHy)3Ph, 57%)
R 42bh (R = (CH,);CO,Et, 51%)
42bi (R = TMS, 34%)

42bj (56%) 42bk (63%)

Scheme 72 Alkynyl selenide 42 synthesis developed by Ogawa and co-
workers in 2017.%°

yields compared to those with EDG substituents. For example,
the compounds 42bb and 42bd were formed in 29% (R = 4-F)
and 16% (R = 4-CFj3) yields, respectively, whereas compounds
42d (R = 4-Me) and 42e (R = 4-OMe) were synthesized in 71%
and 80% yield, respectively (Scheme 72). Additionally, this
approach was efficiently extended to alkyl alkynes 10 under the
standard conditions, where the target alkynyl selenides 42be-
bk were generally obtained in moderate yields (48-63%).
Ethynyltrimethylsilane was also used as starting material; in
this case, trimethyl(( phenylselanyl)ethynyl)silane 42bi was iso-
lated in 34% yield (Scheme 72).

A plausible mechanism proposed by the authors begins
with the formation of benzoyloxy radicals I through thermal
decomposition of BPO. Subsequently, this radical intermediate
I reacts with diphenyl diselenide 41a to generate the key inter-
mediate benzoyloxy phenyl selenide III. Next, the seleniranium
ion IV is formed after the reaction terminal alkyne 10 with the
intermediate III. This intermediate gives the intermediate VI
after attack of benzoyloxy anion V. Finally, elimination of
benzoic acid VII from the vinylic intermediate VI affords the
target alkynyl selenide 42 (Scheme 73). The electrophilic sel-
enium species is benzoyloxy selenide III (PhC(O)O-SeAr),
which is the key intermediate in the reaction. It was isolated in
95% yield and characterized by ’Se nuclear magnetic reso-
nance (NMR) after several control experiments.

In 2017, Alves and co-workers”® described the direct C-H
functionalization of terminal alkynes using silver nitrate as a
catalyst, to promote the new C-Se bond formation
(Scheme 74). In this approach, a wide range of alkynyl sele-
nides 42 (15 examples) were synthesized in yields ranging from
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Scheme 73 Proposed mechanism of BPO-initiated selenylation for the
synthesis of alkynyl selenide 42.%°

Se R
R' “se

4“1 AgNO; (10 mol%) R— se

v CH,Cl,, 25 °C, - \R‘
R o 2-12 h, air 42 (70-96%)

1 |

R, R' = Aryl, alkyl. 5 examples
selected products

42b (R=H, 3 h, 96%)
SePh 426 (R = OMe, 4 h, 90%)
// 42d (R = Me, 4 h, 92%)
42h (R=Cl, 6 h, 92%)
42bb (R=F, 5h, 78%)
42bd (R = CF3, 5 h, 79%)
42bl (R = CN, 12 h, 79%)

Se Ph——
=z @
Ph
R 42bq (3 h, 74%)

42bm (R = OMe, 2 h, 72%)
42bn (R = Me, 4 h, 75%) Se

( 3
42bo (R = CI, 4 h, 94%) = Ph
42bp (R =F, 4 h, 85%)
R—=—=—se
Ph 42br (4 h, 75%)

42t (R = CO,Et, 3 h, 89%)
42be (R = "Hexyl, 4 h, 70%)

Scheme 74 Ag-catalyzed diselenide coupling with alkynes described
by Alves and co-workers in 2017.7°

good to excellent (70-96%), with short reaction times. The
optimal conditions were established by reacting several term-
inal alkynes 10 and diorganyl diselenides 41 in the presence of
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10 mol% of AgNO; as the catalyst, in DCM at 25 °C. This cross-
coupling protocol was sensitive to the electronic effects of sub-
stituents attached to the arylalkynes 10, the presence of EWG
afforded products in lower yields (42bb, R = 4-F, 78%-5 h;
42bl, R = 4-CN, 79%-5 h; 42bd, R = 4-CF;, 79%-12 h and 42h,
R = 4-Cl, 92%-6 h) when compared with EDG ones (42e, R =
4-OMe and 42d, R = 4-Me, 90%-4 h and 92%-4 h, respectively).
On the other hand, when diaryl diselenides bearing substitu-
ents 41 were evaluated, an opposite effect was observed. This
approach was efficient for alkyl substituent in both starting
materials, which yielded the products 42be (R = "Hexyl) and
42bq (R = "Bu) in 70% (4 h) and 74% (3 h), respectively
(Scheme 74).

The mechanism proposed by the authors starts with an oxi-
dative addition step, in which diorganyl diselenide 41a reacts
with the silver catalyst I (AgNO3) to generate intermediate II
(Scheme 75). Subsequently, intermediate II undergoes com-
plexation with arylacetylene 10, forming intermediate III. This
species then evolves to generate intermediates IV and V.
Intermediate IV is oxidized, regenerating the diorganyl disele-
nide 41a for a new cycle, while silver nitrate I is also regener-
ated for the next catalytic cycle following the reductive elimin-
ation step of V, which yields the target alkynyl selenide 42
(Scheme 75). Additionally, further studies were conducted by
the authors to gain deep insight into the reaction pathway.
Intermediate V was identified by high-resolution mass spec-
trometry (HRMS) in ESI(+)-MS mode and confirmed by "’Se
NMR analysis.

Focused on obtaining water-soluble organochalcogen, in
the following year (2017), the same research group”* developed
an alternative protocol to synthesize alkynyl tellurides 49, over-
coming the limitations of the previous study, in which only
one example of an alkynyl telluride was synthesized 49
(Scheme 67, compound 49a). This efficient protocol is based
on the in situ formation of lithium alkynylchalcogenolate inter-
mediates, which affords the target glycerol-derived alkynyl sele-
nide 48 and telluride 49 via nucleophilic substitution on tosy-
lated solketal 53a (Scheme 76). The optimal conditions identi-

S
/ “ph AgNO;
I
Ph" 4n
PhSeSePh
Agh NO5 4
~
SePh 0 ]
/ [0} n NO5
/Ag\
Ph PhSeH PhSe SePh
v v "
_ =
Ph—=—=—H Ph” 70
3 1]} NO3-
Ag
Phse” SePh

Scheme 75 Ag-mediated mechanism for Se-alkyne bond formation.”®

292 | Org. Chem. Front., 2026, 13, 258-313

View Article Online

Organic Chemistry Frontiers

o)
_ o}
1. BuLi (1 equiv.) yu
’ | THF, N, ‘ | 53a
2.Y% (2 equiv.) rt, 3h, Ny Y

R 0°Ctort. R or | |
1.5 h, reflux, N,

10 27 (Y = Se)

52(Y=Te) ; R
: O | 48 (Y = Se, 52-80%)
B _ ‘ o 8 examples
Y = Se, Te; ! ' 49 (Y =Te, 55-85%)
R = Alkyl, aryl. ! ' 5 examples
' OTs
. 53a :
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\/\Vse N 48D (R = 4-OMe, 60%)

X 48h (R=2-OMe, 60%)
| 48e (R = 4-F, 67%)

489 (Y = Se, 63%)
49d (Y = Te, 63%)

49a (R = H, 85%)
49b (R = 4-Me, 55%)
49c (R = 4-'Bu, 63%)

48i (Y = Se, 52%)
49e (Y = Te, 61%)

Scheme 76 Synthesis of alkynyl selenides 48 and tellurides 49
described by Perin and co-workers in 2017.7*

fied by the authors involved reacting aryl or alkyl terminal
alkynyl with 1 equiv. of "BuLi in THF under a N, atmosphere,
followed by the addition of 2 equiv. of elemental chalcogen
(Y°) at 0 °C to form the reactive alkynylchalcogenolate anion
intermediates. Subsequently, the tosylated solketal 53a was
added to the reactional mixture to undergo nucleophilic sub-
stitution, promoting the synthesis of alkynyl chalcogenides 48
or 49 (13 examples) in good yields (52-85%) (Scheme 76).
When elemental selenium 27 was used, 8 examples of alkynyl
selenides 48 were formed in yields ranging from 52% to 80%.
Additionally, the authors extended the protocol to elemental
tellurium 52, which afforded the target alkynyl tellurides 49 (5
examples) in comparable yields (55-85%) to those of the sele-
nides. This protocol was not sensitive to the nature of the chal-
cogen atom, as both alkynyl selenides 48 and tellurides 49
were obtained in similar yields (Scheme 76).

In 2017, Pefiéfiory and co-workers’” reported a practical
and efficient approach to the synthesis of alkynyl selenides
through a one-pot, three-step process. A key aspect of the
method is that it avoids the need for diorganyl diselenides,
organoselanyl halides, or selenolate anions as starting
materials, using instead commercially available potassium

This journal is © the Partner Organisations 2026


https://doi.org/10.1039/d5qo01359c

Published on 18 November 2025. Downloaded on 5/26/2026 3:39:51 PM.

Organic Chemistry Frontiers

selenocyanate 54a and alkyl halides 1. The reaction is carried
out in polyethylene glycol-200 (PEG-200) under an oxygen
atmosphere in the presence of 1 equiv. of K;PO, and 2 equiv.
of -BuOK. Under these conditions, diorganyl diselenides are
generated in situ via nucleophilic substitution of alkyl halides,
followed by their reaction with terminal alkynes 10 to afford
the desired alkynyl selenides 42. The method allowed the syn-
thesis of 14 different compounds 42 with yields ranging from
5% to 81% (Scheme 77). The yields of the alkynyl selenide pro-
ducts vary significantly depending on the substituents present
on the aryl ring 42, for instance, para-substituted electron-
donating groups such as 4-methyl (81%) 42bw and 4-chloro
(64%) 42by lead to relatively good yields, indicating compat-
ibility with the reaction conditions. Substituents in the ortho
position, like 2-bromo (61%) 42bz and 2-methoxy (51%) 42cc,
showed moderately reduced yields, likely due to steric hin-
drance affecting the reactivity of the arylacetylene 10. On the
other hand, strongly electron-donating groups like 2-dimethyl-
amino (42cb) and electron-withdrawing groups like 4-nitro
(42ca) afforded very low or undetectable yields, suggesting that
both pronounced electronic effects and steric bulk can hinder
the formation of the desired products. These results highlight
the importance of considering both electronic and steric
factors in determining the efficiency of the reaction
(Scheme 77).

To account for the results obtained, the authors proposed a
reaction mechanism for the formation of alkynyl selenides 42
(Scheme 78). The sequence begins with a nucleophilic substi-

KSeCN PEG 200, 100 °C, O,
54a 1) 10 min, Sy2 ,
2) K;P0 i RI— %S¢
+ ) K3PO, (1 equiv.), 1h \R1
1 3) lBUOK (2 equiv.), 2 h
R-X 42 (<5-81%)
1 RZ—— 14 examples
10
R' = Alkyl, Bn; R? = Alkyl, aryl.
selected products R v
Ph—=——se N\ /T — %
\R Oct

42bw (R = 4-Me, 81%)
42bx (R = 4-OMe, 52%)
42by (R = 4-Cl, 64%)
42bz (R = 2-Br, 61%)
42ca (R = 4-NO,, n.d.)
42cb (R = 2-N(Me),, <5%)
42cc (R = 2-OMe, 51%)

42bs (R = Oct, 78%)
42bt (R = Me, 77%)

42bq (R = Bu, 79%)
42bu (R = Cy, n.d.)

42bv (R = Bu, nd.)

42c (R=Bn, n.d.)

Se Oct—
*Oct Se
/\/ C
Ph™ ™\

42cd (53%) \\

N
= A ¢ )
/ o
42cf (41%)
42ce (n.d.)

Ph

Scheme 77 Synthesis of alkynyl selenides 42 from KSeCN 54a devel-
oped by Pefiéfiory and co-workers in 2017.72
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Scheme 78 Radical pathway leading to alkynyl selenides 42.72

tution between an alkyl halide 1 and potassium selenocyanate
54a, generating an alkyl selenocyanate I. Upon addition of
K3;PO,, this intermediate is efficiently converted to a dialkyl
diselenide III. Next, the introduction of an arylacetylene 10
and ‘BuOK leads to the formation of the corresponding aryla-
cetylide anion II, which then attacks the dialkyl diselenide III,
yielding the target selenide and an alkyl selenolate species IV.
Importantly, since the reaction is carried out under an oxygen
atmosphere, molecular oxygen reoxidizes the selenolate IV
back into the corresponding diselenide III, enabling a regen-
erative cycle that continues until complete consumption of the
selenolate species IV (Scheme 78).

In 2018, Wu and co-workers”>
friendly approach for the synthesis of alkynyl alkyl selenides
57 or 58 through a metal-free three-component coupling reac-
tion involving epoxides 55, elemental selenium 56, and term-
inal alkynes 10 (Scheme 79). A key feature of the methodology
relies on the dual role of elemental selenium. Initially, sel-
enium acts as an oxidant, facilitating the formation of selenide
anions. These intermediates subsequently react with epoxides
55 to generate active dialkyl diselenide species, which then
undergo coupling with terminal alkynes 10 to yield the desired
selenides 57 or 58. This tandem process highlights the oper-
ational simplicity of the transformation. Thus, using 2 equiv.
of KOH as the base, 1 equiv. of TBAI as a phase transfer cata-
lyst, H,O as the solvent, at 45 °C for 12 h, total of 37 different
molecules were synthesized (57 and 58), with yields ranging
from 25% to 98%, by varying both the alkyne 10 and epoxide
components 55. The study also demonstrated the applicability
of the methodology across a broad substrate scope, including
the late-stage functionalization of bioactive compounds such
as pargyline. Furthermore, gram-scale reactions confirmed the
robustness and scalability of the process, key factors for future
applications in organic synthesis and pharmaceutical develop-
ment. From a green chemistry perspective, the method stands
out for its use of water as a solvent, operational simplicity, low-
cost reagents, and broad functional group tolerance. It offers a
promising alternative to traditional methods by avoiding heavy
metals or harsh conditions, representing a sustainable and
versatile route for the integration of selenium-based units into
organic molecules (Scheme 79).

introduced a novel and eco-
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Scheme 79 Synthesis of alkynyl selenides 57 and 58 reported by Wu
and co-workers in 2018.7

With support from both experimental data and previous lit-
erature, the authors proposed a plausible mechanism for the
double C-Se bond formation observed in this transformation
(Scheme 80). According to the proposed pathway (Scheme 80)
elemental selenium 56 first undergoes disproportionation
under basic conditions, generating a selenide anion I. This
reactive species then attacks epoxide 55, resulting in a ring-
opening process that yields an alkylselenide anion II.
Subsequent oxidative homo-coupling of this intermediate
leads to the formation of diselenide III. Finally, in the presence
of a base, the terminal alkyne 10 undergoes alkylselenation
with diselenide to afford the desired alkynyl alkyl selenide
product 57 (Scheme 80).

In 2018, Liu and Yi*® reported a selenol-free, copper-cata-
lyzed method for the synthesis of alkynyl selenides 42 by dec-
arboxylative cross-coupling of alkynyl carboxylic acids 5 with
selenium-based Bunte salts 59. The reaction was performed
using Cul (20 mol%) as the catalyst, Ag,CO; (1 equiv.) as the
oxidant, and K3;PO, (2 equiv.) as the base in DMF at 130 °C for
12 h under air, affording 14 alkynyl selenides 42 in yields
ranging from64% to 87% yields (Scheme 81). A key strength of

294 | Org. Chem. Front., 2026, 13, 258-313

View Article Online

Organic Chemistry Frontiers

38e + 6HO "—= 252 "+ Se0z2 "+ 3H,0

Ao G

HO

Competent
|ntermed|ate

J KOH
OH o
=
Se
57

Scheme 80 Mechanism for oxidative hydrolysis toward alkynyl sele-
nides 57.7%

Cul (20 mol%)

0}
\>%RZ

Ag,CO3 (1 equiv.) Rvse
HO K3POy (2 equiv.)
5 3 —4 NS
DMF, 130 °C N
+ ) 2
N2O-S—Se—R air, 12 h R
abzomoe 42 (64-87%)
59 14 examples

R' = Aryl, alky; R2= Aryl.

R Ph———s
=/ >
Se I R
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42ch (R = 4-CI, 78%) ph/
42ci (R = 4-Br, 74%)
42¢j (R = 4-CN, 81%)
42¢k (R = 4-NO,, 81%)

Ph  42co (R = Me, 80%)
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42cq (R =Cl, 87%)
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42cs (R = CF,, 82%)
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R

Scheme 81 Alkynyl selenides 42 synthesized by Cu/Ag dual catalysis
developed by Liu and Yi in 2018.%°

the method is its broad tolerance toward electronic and struc-
tural diversity in both coupling partners. The electronic effect
was examined by the authors, who evaluated several EDG and
EWG attached in the aromatic ring. In this regard, the reaction
proceeded smoothly with electron-donating groups such as
methyl (80%) 42co and methoxy (78%) 42cp, as well as with
halogenated substituents like fluoro (75%) 42cn, chloro (87%)
42¢cq and bromo (86%) 42cr. Similar results were observed for

This journal is © the Partner Organisations 2026


https://doi.org/10.1039/d5qo01359c

Published on 18 November 2025. Downloaded on 5/26/2026 3:39:51 PM.

Organic Chemistry Frontiers

strongly EWG substituents such as trifluoromethyl (82%) 42cs,
cyano (81%) 42¢j, and nitro (81%) 42ck. This highlights the
robustness of the method across different electronic con-
ditions, likely due to the resilience of the copper intermediate
and the stable generation of the selenide nucleophile under
oxidative conditions. Overall, the method stands out by
enabling the construction of diverse organoselenium com-
pounds using air-stable, inexpensive, and easily handled pre-
cursors, without relying on air-sensitive and malodorous
selenol reagents (Scheme 81). These features make it a highly
practical approach for the synthesis of bioactive organochalco-
genides. In addition, this methodology was also applied to the
synthesis of organosulfides, which are described in section 3,
Scheme 37.

In the mechanism proposed by the authors, and supported
bycontrol experiments showing that Ag,CO; is essential for the
oxidative step, that Cul is required for the reaction to proceed,
and that a (phenylethynyl)copper species is likely generated
during decarboxylation, the Bunte salt 59 initially reacts with a
copper(u) intermediate to form a copper chalcogenide species
111, releasing SO; from the Bunte salts, which is converted to a
sulfate anion under basic conditions. This intermediate III
then undergoes ligand exchange with the metal phenylacety-
lide VI, forming an alkynyl copper complex IV. A subsequent
reductive elimination from this complex IV yields the desired
alkynyl chalcogenide product 42 or 17 and regenerates the Cu
(1) species. Finally, Cu(1) V is oxidized back to Cu(u) I by a silver
species, thus completing the catalytic cycle (Scheme 82).

As a complementary extension of the work reported in 2019
by Yang, Tian, and Zhang®® (discussed in section 3,
Scheme 38), the authors expanded their methodology to the
synthesis of alkynyl selenides 42. In the first example, octyl
selenocyanate 51b was reacted with phenylacetylene 10c under

RZ——V
\R‘
42 or 17 cul Ag°
\"
0, Ag!
RZ———cu'-Y [
v R 1] S‘O3Na
Y
cu R! 59
‘ ’ Base
) cu''—YR! 3042_
R
Vi mn
/ CO,
cu'
(e}
R2%<
OH
5

Scheme 82 Proposed mechanism for the copper-mediated synthesis
of alkynyl chalcogenides 42 or 17.%°
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conditions analogous to those used for alkynyl sulfide for-
mation, with ‘BuOK (2 equiv.) as the base in DMF under a
nitrogen atmosphere at room temperature for 1 h. Using this
protocol, the desired alkynyl selenide 42bs was obtained in
76% yield after just 1 h (Scheme 83A). In a second approach,
they employed "BuLi (1.25 equiv.) in THF at —78 °C to room
temperature to promote the coupling between phenyl seleno-
cyanate 51a and the 4-chlorophenylacetylene 10d, achieving
the corresponding product 42h in 87% yield in 1.5 h
(Scheme 83B). Together, these results show the adaptability of
the protocol to selenocyanates and the efficiency of both base-
mediated and lithium-mediated strategies for C-Se bond for-
mation (Scheme 83).

In 2019, Schneider and co-workers” developed a mild, and
efficient synthetic protocol for the preparation of chalcogenoa-
cetylenes via copper-selanylpyrazole catalysis (Scheme 84). The
reaction involves the coupling of acetylenes 10 with diorganyl
dichalcogenides 41 or 43, using an equimolar mixture
(5 mol%) of Cul and an arylselanylpyrazole A ligand as the
catalytic system. The transformation proceeds smoothly at
room temperature under aerobic conditions, employing 1
equiv. of Cs,CO; as the base and DMSO as the solvent, with a
short reaction time of just 25 minutes. A total of 13 selanylalk-
ynes 42 were obtained, with yields ranging from low (14%,
compound 42ct) to very good (88%, compound 42cv), demon-
strating the catalyst’s broad functional group tolerance. The
scope was also extended to include a tellurium-substituted
alkyne (44b, 38% yield) and a sulfur-containing alkyne (17h,
84% yield), using diphenyl ditelluride and thiophenol as the
respective chalcogen sources (Scheme 84).

The authors proposed a mechanism in which the catalytic
cycle begins with the oxidative addition of diaryl dichalcogen-
ide 41 or 43 to the copper center, forming an intermediate
complex II. The formation of this intermediate II was corrobo-
rated by ESI-HRMS and "’Se NMR analyses. These results also
support the behavior of the arylselanylpyrazole ligand, which
plays a key role in facilitating the oxidative addition step by
enabling flexible coordination to the metal center. In the next

Oct—SeCN _se
+ 51b ‘BuOK (2 equiv.) _ Oct X
Ph——=— DMF, Ny, rt, 1h Ph

T 0,
10c 42bs (76%)
Ph
“Se
Ph—SeCN
51a "BuLi (1.25 equiv.) ‘ ’
+ 2 THF, N, 1.5h
/@// 78°Ctort.
o]
10d 42h (87%)

Scheme 83 Synthesis of alkynyl selenides 42bs (A) and 42h (B)
reported by Yang, Tian, and Zhang in 2019.4¢
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42bn (R = 4-Me, 82%)
42bm (R = 4-OMe, 76%)
421 (R = 3-CF,, 48%)
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42d (R = 4-Me, 42%)
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42bq (51%)  BY Fh
17h (Y = S, 88%)
Hept—=——se 42b (Y = Se, 84%)
b 44b (Y = Te, 38%)
42cw (70%)

Scheme 84 Synthesis of alkynyl chalcogenides (17, 42 and 44) via Cu-
catalysis described by Schneider and co-workers in 2019.74

step, the terminal alkyne 10 coordinates to the copper complex
II through a n-complex, forming another intermediate V and
the selenochalcogenol IV (Scheme 85). This specie IV generates
the diaryl dichalcogenide 41 or 43. Finally, the intermediate V
undergoes reductive elimination to yield the desired chalco-
genoacetylene products 42 or 44 and regenerate the active cata-
lyst (Scheme 85).

2
N R
CU“I
SeAr R2
1 -
R—= 10
| 2
N | R
Culll
#Mora3  [O] seA YR?
m
Npz~_ |
/Cu v

42 or 44

Scheme 85 Proposed mechanism for Cu-catalyzed chalcogen-alkyne
42 or 44 formation.”*
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In 2019, Alves and co-workers’> reported a metal-free syn-
thetic protocol for the synthesis of alkynyl tellurides 44 by
reacting terminal alkynes 10 with diorganyl ditellurides 43,
using K;PO, (5 mol%) as a base/catalyst in DMSO at room
temperature under an air atmosphere. This methodology
stands out for its mild conditions not requiring transition
metal catalysts, which are commonly required in previous pro-
tocols (Scheme 86). A broad scope of 19 alkynyl telluride
derivatives 43 were successfully synthesized, with isolated
yields ranging from 30% to 93% and reaction times varying
between 3 and 24 h depending on the substrate combination
(Scheme 86). When dibutyl ditelluride was used as a starting
material, the reaction had to be conducted under a nitrogen
atmosphere, likely due to the air sensitivity of the product 44s,
which may undergo decomposition in the presence of oxygen.
The method tolerated a variety of functional groups, including
aryl, alkyl, alkenyl, and ester substituents, demonstrating both
robustness and versatility under ambient conditions
(Scheme 86).

Although the authors mention that the mechanistic
pathway for the base-mediated synthesis of alkynyl tellurides

_Te R2
R? T
Te
43 KaPO4 (5 mol%) / “R?
. v DMSO,25°C Rt
10_ 3-24h 44 (30-93%)
1 I
R, R? = Aryl, alkyl. 9 examples
selected products
L 44b (R =H, 3 h, 93%)
Ph———Te 44c (R = 4-Me, 6 h, 93%)

R =4-OMe, 8 h, 86%)
R =4-Cl, 4 h, 89%)

(\\/ \> 4o
R/i

-Ph 441 (R = 2-OMe, 22 h, 89%)
44m (R = 3-Me, 21 h, 81%)
‘ ‘ 44n (R = 4-Me, 8 h, 90%)
440 (R = 4-Et, 6 h, 86%)
44p (R = 4-Bu, 6 h, 73%)
- | 44q (R = 4-Cl, 6 h, 86%)
X

44f (R = 2-Naphthyl, 8 h, 89%)
Te 44g (R = "Bu, 24 h, 71%)
44h (R = 'Bu, 24 h, 30%)
| | 44i (R = CO,Et, 10 h, 80%)
44j (R = CH,OH, 7 h, 64%)
44k (R = C(Me),OH, 10 h, 54%)

Ph—=—Te 44r(R=2-Th, 22 h, 62%)
'R 44s (R ="Bu, 24 h, 40%)?

QTTE
\
Ph

44t (24 h, 63%)

aUnder a nitrogen
atmosphere

Scheme 86 Alkynyl tellurides 44 obtained through base-mediated
coupling developed by Alves and co-workers in 2019.7°
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Scheme 87 Proposed mechanism for base-promoted the-alkynyl tell-
uride 44 formation.”®

in DMSO has not been fully elucidated, they propose a plaus-
ible anionic mechanism based on experimental evidence. In
this mechanism, as shown in Scheme 87, the terminal alkyne
10 is reversibly deprotonated to form an acetylide intermediate
I, which then attacks the tellurium atom of the diorganyl ditel-
luride 43. This yields the corresponding alkynyl telluride 44
and a tellurolate species II. The tellurolate species II then
undergoes proton exchange with the conjugate acid of the
base to form the tellurol III, which is readily oxidized in the
presence of air and DMSO, thus regenerating the ditelluride 43
and sustaining the catalytic cycle (Scheme 87). The necessity of
an oxidizing atmosphere is supported by the diminished yield
observed under nitrogen. Moreover, the reaction’s insensitivity
to the radical inhibitor TEMPO suggests that the transform-
ation proceeds through an anionic rather than a radical
pathway.

In 2019, Godoi and co-workers*® proposed a method to syn-
thesize a series of 17 N-(3-(organoselanyl)prop-2-yn-1-yl)
amides 60 via a copper-catalyzed C,,-Se bond formation. The
products 60 were obtained in moderate to very good yields
(42-87%) through cross-coupling reactions of propynylbenza-
mides 27 with diorganyl diselenides 41. The reaction was
carried out using Cul (10 mol%) as the catalyst and NaHCO; (1
equiv.) as the base in DMSO at room temperature under an air
atmosphere (Scheme 88, eqn (1)). In general, the reactions
were completed within 24 h. However, in the cases of 60j and
60k, where dibutyl diselenide was used as the selenium
source, a reaction time of 48 h was required (Scheme 88). This
methodology exhibited good functional group tolerance,
accommodating both electron-donating and electron-with-
drawing substituents on the phenylselanyl ring. Additionally,
the amide moiety was compatible with various substituents
such as -H, -Me, -OMe, and -F attached to the aromatic ring,
as well as with styryl and pyridinyl groups. The best yields were
achieved for compounds 60a, 60d and 60i, which were
obtained in 87%, 80%, and 80% yields, respectively
(Scheme 88, eqn (1)). Moreover, the synthetic utility of the
resulting selanyl derivatives was further explored, employing a
synthesized molecule as a precursor in palladium-catalyzed
Suzuki and Sonogashira reactions, demonstrating the versati-
lity of the C,,-Se bond as a reactive site for functionalizations,
including the synthesis of unsymmetrical diynes and other
n-conjugated systems with potential applications in medicinal
chemistry. Finally, to reinforce the applicability and versatility
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60n (R' = 2-OMe, R? = 4-F, 74%)?
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H/\\\ Tek
27a 61a (45%)

Scheme 88 Synthesis of alkynyl selenides 60 and telluride 61a from
amides 27 reported by Godoi and co-workers in 2019.48

of the method, an example of an organotellurium benzamide
derivative was also described. The compound 61a was obtained
in 45% yield using dibutyl ditelluride 43b as the tellurium
source under the same reaction conditions employed for the
selenium derivatives (Scheme 88, eqn (2)). This result high-
lights the potential extension of the protocol to other chalco-
gen elements, broadening its synthetic scope.

The authors also proposed a plausible reaction mechanism
based on previous reports and their experimental trials
(Scheme 89). Initially, the copper(1) salt I interacts with the
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Scheme 89 Proposed mechanism for Cu-mediated alkynyl selenides
60 formation.*®

diorganyl diselenide 41 to form a tetracoordinated Cu(m)
complex II. This complex subsequently reacts with the term-
inal alkyne portion of the propynylbenzamide 27, generating
an intermediate IV and an organoselenol species III. The latter
is easily reoxidized in situ to produce the corresponding dior-
ganyl diselenide 41, thus regenerating the copper catalyst (I).
Finally, reductive elimination from the intermediate IV leads
to the formation of the carbon-chalcogen (Cy,-Se) bond,
affording the desired organoselanylbenzamide 60 and regener-
ating the Cu(i) I catalyst to complete the catalytic cycle
(Scheme 89).

In 2020, Ji and co-workers’® introduced a straightforward
and efficient method to synthesize bis(arylethynyl)selenides 62
through the silver-mediated C-H activation of terminal
alkynes 10, using elemental selenium powder 56 as the sel-
enium source. The reaction proceeds with 2 equiv. of AgF in
DMSO at 50 °C for 10 h, yielding a wide variety of bis(arylethy-
nyl)selenium compounds 62 in yields ranging from 13% to
95% (Scheme 90). This method stands out for its excellent
chemoselectivity, broad substrate scope, and high atom
economy, offering a valuable and sustainable alternative to
existing strategies that often rely on prefunctionalized sel-
enium reagents and require harsher conditions. Its versatility
was demonstrated across a wide range of arylacetylenes
bearing both electron-donating and electron-withdrawing
groups. Moreover, the system tolerated heteroaryl alkynes 10
and even some aliphatic substrates, such as cyclopropyl-
acetylene, although with slightly diminished efficiency.
Furthermore, despite the decrease in yields with strongly elec-
tron-deficient alkynes, the method demonstrated good robust-
ness and functional group tolerance. The scope was further
expanded by replacing selenium powder with tellurium
powder 52, enabling access to bis(arylethynyl)tellurides 63
under the same conditions. However, these tellurium-based

298 | Org. Chem. Front.,, 2026, 13, 258-313
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62m (R = 4-Me, 88%)
62n (R = 4-"Pr, 85%)
620 (R = 4-Bu, 42%)
62p (R = 4-CN, 64%)
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62v (R =2-Py. N.D.) 63c (R = 4-MeCgHy, 9%)
62w (R = "Hex, N.D.) 63d (R = 4-CNCgHy, 26%)
62x (R = °Pr, 70%) 63e (R = 3-Th, 12%)
62y (R = "Bu, N.D.)
62z (R = 2-Naphthyl, 56%)

Scheme 90 AgF-mediated synthesis of symmetrical bis-alkynyl sele-
nides 62 and tellurides 63 described by Ji and co-workers in 2020.7®

reactions generally afforded lower yields, with maximum iso-
lated values around 40%, reflecting the lower reactivity of tell-
urium in this system. In general, this silver-mediated approach
offers a valuable synthetic route to structurally diverse bis
(alkynyl) selenium and tellurium compounds 62 and 63 from
simple terminal alkynes 10 and elemental chalcogen sources
53 or 52 (Scheme 90).

The authors propose the following mechanism for the for-
mation of the alkynylselenide 62: the reaction begins with ary-
lacetylene 10 interacting with the silver salt, leading to the for-
mation of intermediate I. Subsequently, a selenium atom 56
inserts into the carbon-silver bond, giving rise to intermediate
II. This step is followed by the generation of a selenium-cen-
tered radical III, which reacts with a second molecule of aryla-
cetylene to form intermediate 10. After undergoing dehydro-
genation, this intermediate IV ultimately leads to the for-
mation of the final product 62 (Scheme 91).

In 2021, Alves and co-workers”” reported the synthesis of a
set of bis-alkynylselanyl benzo[c][1,2,5]thiadiazoles (BTDs)
65a-d through a silver-catalyzed direct selenylation approach.
Using 4,7-diethynylbenzo[c][1,2,5]thiadiazole as the starting
material 64, they reacted it with various diaryl diselenides 41
under mild conditions (Scheme 92). Initial efforts employing
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Scheme 91 Proposed mechanism for Ag-mediated synthesis of bis-
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Scheme 92 Bis-selenylated pyridines 65 synthesized via Ag-catalysis
reported by Alves and co-workers in 2021.”7

copper catalysis led predominantly to unwanted homocou-
pling side products. In contrast, the use of AgNO; (10 mol%)
in DCM at room temperature successfully yielded the desired
compound 65a in 72% yield (Scheme 92). This strategy was
further applied to diaryl diselenides substituted 41 with both
electron-donating (OMe) and electron-withdrawing (CFj)
groups attached in the aromatic ring, delivering the corres-
ponding products 65b and 65¢ from moderate to good yields
(70% and 49%, respectively). However, attempts with specific
aryl substituents such as 4-methyl, 4-fluoro, and 4-chloro
resulted in complex reaction mixtures, suggesting a limitation
in the substrate tolerance for these variants. Overall, the work
showcases an efficient route to functionalized BTD derivatives
using readily available reagents and mild reaction conditions
(Scheme 92).

In a study conducted by Ogawa and co-workers,”® a coup-
ling reaction between p-tolylacetylene 10e, diphenyl diselenide
41a, and 3 equiv. of benzoyl peroxide (BPO) as an oxidant was
carried out in benzene at 80 °C under atmospheric conditions.
This reaction selectively produced the alkynyl selenide 42d in a
48% yield, representing a direct C(sp)-H functionalization of
the terminal alkyne 10 with a phenylselanyl group
(Scheme 93). Based on a simple oxidizing system and avoiding
the use of metal catalysts, the transformation stands out for its
mild conditions and high selectivity. Overall, this study intro-
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Ph Se
41a

Scheme 93 Synthesis of the alkynyl selenide 42d described by Ogawa
and co-workers in 2021.78

duces an innovative and practical approach to the conversion
of terminal alkynes 10 into geminal diorganoselanyl-substi-
tuted alkenes through a BPO/(PhSe),-mediated oxidative multi-
component reaction, offering an efficient route to synthetically
valuable organochalcogen compounds (Scheme 93).

In 2021, Godoi and co-workers> reported a base-free strat-
egy for the synthesis of organochalcogen compounds via
copper-catalyzed cross-coupling of diorganyl diselenide 41
with a series of prop-2-yn-1-yl esters 34 (Scheme 94). The trans-
formation afforded alkynyl selenides 66 through selective Se-
Se bond activation under ligand- and base-free conditions. The
coupling reactions were conducted using 0.6 equivalent of
diorganyl diselenide 41 with prop-2-yn-1-yl aryl esters 34, Cul
(10 mol%), under mild conditions (DMSO at 25 °C) under air
atmosphere (Scheme 94). Under these conditions, the products

o
R 07 R2
Cul (10mol%) .

M, DMSO Set— o
Se R 25°C, 20-48 h O%
RZ \Se R1
66 (32-92%)
M 16 examples
X =N, CH;R'=aryl, stytyl, Py; R2=aryl, alkyl. ____________
selected products
66a (R =H, 24 h, 88%)
66b (R = 4-Me, 24 h, 56%)
— 66¢ (R = 4-OMe, 22 h, 87%)
(@) —Se
g 66d (R = 3-OMe, 22 h, 65%)
- ~\ 66e (R=4-Cl, 22 h, 83%)
\ , // 66f(R=4-F 22h, 61%)
I‘R 669 (R = 3-CF3, 22 h, 62%)
66h (R = 2-Me, 20 h, 55%)
66i (R = 2,4,6-(Me)3, 22 h, 32%)
o 661 (R = 4-MeCgH,, 48 h, 46%)

66m (R = 2-OMeCgH,, 21 h, 60%)
66n (R = 4-FCgH,, 22 h, 87%)

Se 660 (R = stytyl, 24 h, 92%)

b 66p (R =3-Py, 24 h, 60%)

66j (R = 2-napthyl, 22 h, 76%)

)J\ 66k (R =Bu, 22 h, 58%)
Ph O
/\ R

Se

Scheme 94 Synthesis of alkynyl selenides 66 described by Godoi and
co-workers in 2021.5°
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66 were obtained in yields ranging from 32% to 88%. Only a
slight influence from electron-donating (EDG) and electron-
withdrawing (EWG) groups on the aromatic ring of alkynyl
ester was observed. In this case the target products 66 substi-
tuted with EWG were formed in better yields than EDG ones.
The protocol was efficient for several substituted diaryl disele-
nides, as well as to 1,2-di(naphthalen-2-yl) diselenide and
dibuthyl diselenide, in these cases the desired alkynyl selenide
66j and 66k were formed in 76% and 58% yield, respectively,
both in 22 h of reaction (Scheme 94).

The authors also extended the scope to include diaryl and
dialkyl ditellurides 43 in the reaction with prop-2-yn-1-yl ester 34a
under standard conditions (Scheme 95). When diphenyl and
dibuthyl ditelluride were used as starting materials, the target
products 67a and 67b were formed in 64% and 40% of yield,
respectively. Overall, the work reported by the authors presented
interesting results using different parameters to study of the com-
pounds obtained in cross-coupling protocol applying Cul as the
catalyst with diorganyl dichalcogenides as chalcogen sources and
alkynyl esters in a base-free reaction process. In this case, 16
examples of alkynyl chalcogenides 66 were obtained, with yields
ranging from 32% to 92% (Scheme 95).

In 2022, Chen and co-workers” reported an efficient,
metal-free approach to access alkynyl selenium and tellurium
compounds 42 and 44 via chalcogen-bonding (ChB) catalysis
using alkynyl-sulfonium salts 24 under blue-light irradiation.
The method relies on the generation of alkynyl radicals
through single-electron transfer (SET) from a non-covalent
charge-transfer complex formed between sulfonium salt 24
and diorganyl dichalcogenide 41 or 43, representing a novel
activation mode in radical chalcogenation chemistry. The key
transformation involves the photochemical reaction of alkynyl-
sulfonium salts 24 with diorganyl diselenides 41 or ditellur-
ides 43 in N,N-dimethylacetamide (DMA) under blue LED
irradiation at room temperature (Scheme 96). The protocol
proved efficient for a variety of substituted starting materials
24 and 41, giving a wide range of desired alkynyl selenides 42
(20 examples) in yields ranging from good to excellent (66-
>999%). For instance, the reaction between dimethyl diselenide
and the sulfonium salt provided alkynyl selenide 46bt in 66%
isolated yield (Scheme 96). The protocol showed broad applica-
bility to a wide range of substituted diselenides and ditellur-
ides 41 or 43. Both diaryl diselenides 41 substituted with EDG
and EWG delivered the corresponding alkynyl selenides 42 in
83-96% yield. The method also tolerated a variety of sulfonium

)
Ph)ko/\\\ R

34a (e} /TTE
Cul (10 mol%) >~O
* DMSO  ~ pH
oy -
_Te_ R 25°C, 20481 674 (R = Ph, 24 h, 64%)
R » Te 67b (R = Bu, 24 h, 40%)

Scheme 95 Alkynyl tellurides 67a—b obtained through Cu-catalyzed
coupling reported by Godoi and co-workers in 2021.5°
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44ac (R = H, >99%)
44ad (R = 4-Me, >99%)
44ae (R = 4-OMe, 83%)
44af (R = 4-Cl, >99%)
44ag (R = 4-F, >99%)
44ah (R = 3-OMe, >99%)
44ai (R = 3-F, >99%)

44aj (R = 2-Me, >99%)
44ak (R = 2,5-(Me),, 91%)
44al (R = 3,5-(CFs),, 87%)

44e (R = H, 80%)
44u (R = 4-Cl, 83%)
44v (R = 4-CN, 98%)
44w (R = 4-NO,, >99%)
44x (R = 4-CF5, 54%)
44y (R = 3-Cl, 71%)
44z (R = 3-Br, 82%)
44aa (R = 2-Me, 76%)
44ab (R = 2-Cl, 82%)

Scheme 96 Synthesis of alkynyl selenides 42 and alkynyl tellurides 44
under visible-light conditions reported by Chen and co-workers in
2022.7°

substrates 24 bearing different aryl substituents attached to
the alkynyl unit (Scheme 96). Extension of the protocol to dior-
ganyl ditellurides 43 furnished structurally diverse alkynyl tell-
urides 44 (19 examples) in moderate to excellent yields (54-
>99%). Electronic variations on both the alkynyl-sulfonium
and telluride moieties were well tolerated (Scheme 96).
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Radical trapping and mechanistic studies, including UV-vis,
77Se NMR titration, and Time-Dependent Density Functional
Theory (TDDFT) simulations, confirmed the formation of an
alkynyl radical intermediate from the photoactivated (ChB)
complex, followed by direct reaction with the dichalcogenide
to afford the desired products 42 or 44 (Scheme 97). This strat-
egy provides a sustainable and operationally simple route to
chalcogenoacetylenes 42 or 44 under additive-, photocatalyst-,
and transition-metal-free conditions, expanding the synthetic
utility of chalcogen bonding in radical chemistry.

In 2022, Wu and co-workers®® reported a novel copper-cata-
lyzed decarboxylative alkynylselenation of indoles 68 employ-
ing selenium powder 56 and propiolic acids 5 as coupling part-
ners (Scheme 98). This method elegantly circumvents the need
for prefabricated electrophilic arylselenation reagents, addres-
sing common issues of over-selenation and reagent instability.
The protocol proceeds via in situ generation of nucleophilic
alkynylseleno copper intermediates through copper-catalyzed
decarboxylation of propiolic acids 5, which subsequently
undergo Chan-Lam type coupling with indoles to synthesize
alkynyl selenide 69 (Scheme 98). The optimized conditions
involve CuCl, (10 mol%) as the catalyst, cesium carbonate (3
equiv.) as the base, and ethanol as a green solvent, operating
efficiently under air atmosphere at 50 °C for 24 h (Scheme 98).
This transformation tolerates a broad substrate scope, includ-
ing various functional groups on both the indole ring and aryl-
substituted propiolic acids 5, affording the target product (32
examples) 69 in yields ranging from moderate to excellent
(59-86%). The methodology also extends to late-stage
functionalization of clofibrate-derived propiolic acid 5, demon-
strating potential pharmaceutical applications. In this case,
the reaction of compound 5 under the standard conditions
afforded the indolyl alkynyl selenide clofibrate-derived 69af
was formed in 69% of yield (Scheme 98). This copper-catalyzed
decarboxylative alkynylselenation represents a significant

24
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3 — R1 —_— ]:\12
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Y- _R? [
R2 \Y R'—©
41 or 43

Yo
RZ
=
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Scheme 97 Proposed mechanism for photoredox-mediated formation
of alkynyl selenides/tellurides-alkynes 42/44.7°
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Scheme 98 Synthesis of alkynyl selenides 69 described by Wu and co-
workers in 2022.8°

advance in the synthesis of arylalkynyl selenides 69, showcas-
ing operational simplicity, broad functional group tolerance,
and the use of stable, inexpensive selenium powder. The exten-
sion of this strategy to pyrroles and gram-scale synthesis under
mild, environmentally friendly conditions further underscores
its synthetic utility. This work paves the way for the develop-
ment of selenium-containing bioactive molecules, highlighting
the expanding chemical space accessible through innovative
C-Se bond-forming methodologies (Scheme 98).

Org. Chem. Front, 2026, 13, 258-313 | 301


https://doi.org/10.1039/d5qo01359c

Published on 18 November 2025. Downloaded on 5/26/2026 3:39:51 PM.

Review

The authors performed several control experiments to
propose a plausible mechanism, which starts with copper-phe-
nanthroline complex coordination I with the alkynyl carboxylic
acid 5, followed by decarboxylation to generate an alkynylcop-
per intermediate III. Simultaneously, selenium powder 56 is
activated under basic conditions to yield selenium anions 56’
that insert into the copper-alkynyl species III, forming alkynyl-
seleno copper intermediates IV. Subsequently, reductive elim-
ination affords intermediate V, followed by coordination to
give intermediate VI. Subsequent, the coupling of VI with
indoles 68 delivers the alkynyl selenide 69 products via reduc-
tive elimination of VII, completing the catalytic cycle
(Scheme 99). Based on control experiments, it is notable that
N-unprotected indoles are essential, since N-substituted ana-
logues fail to deliver the desired products 69, underscoring the
mechanistic requirement for carbanion formation.

In 2022, Yasuike and co-workers®! reported the first proto-
col to obtain alkynyl selenides 71 from imidazopyridines 70
and alkynes 10 and powder selenium 56 as starting materials,
promoting the formation of the new Cpz-Se-C(sp) bond
(Scheme 100). In this Cu-catalyzed approach, Se powder 56 is
used as a selenium source to form the diimidazopyridinyl dise-
lenides one-pot as the key intermediate. The standard con-
ditions were established when several imidazo[1,2-a]pyridines
70 were reacted with selenium powder 56 in the 10 mol% Cul
as the catalyst, 10 mol% of 1,10-phen as the ligand in DMSO
as the solvent at 130 °C to form the diimidazopyridinyl disele-
nides in situ under aerobic conditions. Subsequently, Na,CO;
(2 equiv.) was added at room temperature to afford a wide
range of target alkynyl imidazopyridinyl selenides 71 (18
examples) in yields ranging from moderate to good (31-77%).
This method tolerates several imidazopyridines 70 and aryl
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Scheme 99 Proposed mechanism for decarboxylative selenylation
leading to alkynyl selenides 69.8°
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Scheme 100 Synthesis of alkynyl selenides 71 reported by Yasuike and
co-workers in 2022.5!

alkynes 10 bearing EDG or EWG attached on the aromatic ring
of either starting materials. Additionally, the heteroaryl alkyne
was also checked, in this case, the compound 71e was
obtained in moderate yield. On the other hand, the presence
of an alkyl group attached to the alkyne unit, afforded the
desired alkynyl selenide in a low yield (compound 71f, 31%)
(Scheme 100).

The proposed mechanism (Scheme 101) starts with the for-
mation of disselenide II from the reaction between selenium
powder 56 and imidazo[1,2-a]pyridine 70. Subsequently, the
intermediate III is formed via oxidative addition of the Cu(r)
catalyst I into II. Next, the terminal alkyne 10 coordinates with
intermediate III to generate n-complex IV. Subsequent ligand
exchange of IV affords intermediate VI, accompanied by the
elimination of selenol V, which is further oxidized to disele-
nide II. Intermediate VI then undergoes reductive elimination
to furnish the desired product 71 with concurrent regeneration
of Cu(i) I. Alternatively, an alternative pathway involves Cu-acet-
ylide VII directly engaging intermediate III to deliver VI,
thereby affording the target product 71 (Scheme 101). Based
on control experiment, the authors reported that although the
transformation was carried out under aerobic conditions, no
evidence of Glaser-type homocoupling was observed, and
diynes were absent. Furthermore, the reaction between disele-
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Scheme 101 Proposed mechanism for Cu-mediated C—H selenylation
toward alkynyl selenides 71.5*

nide II and 10 in the absence of base afforded product 71 in
good yield. Collectively, these results suggest that the trans-
formation predominantly proceeds through the pathway invol-
ving n-complex IV. The role of the base is most likely to neu-
tralize the protons released during the initial step, wherein dis-
elenide II is derived from imidazopyridine 70 and elemental
selenium 56.

In 2023, Schneider and co-workers®® developed a visible-
light-promoted, metal-free methodology for the synthesis of
alkynylselenides 42 using 1-bromoalkynes 13 (3.0 equiv.) and
diaryldiselenides 41 (1.0 equiv.) as substrates (Scheme 102).
The reaction proceeded under blue LED irradiation (100 W) at
room temperature in the ionic liquid 1-butyl-3-methyl-
imidazolium tetrafluoroborate ((BMIm|BF,) as a green and sus-
tainable solvent for 24 h (Scheme 102). Under these con-
ditions, a wide range of alkynyl selenides 42 (14 examples)
were synthesized. This protocol tolerated aryl, heteroaryl and
alkyl groups attached to the bromoalkynes substrates 13.
Overall, this work demonstrates an environmentally benign,
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Scheme 102 Alkynyl selenides 42 synthesized via ionic liquid-assisted
photoredox catalysis developed by Schneider and co-workers in 2023.52

operationally simple protocol for Cg,-Se bond formation
without transition metals, photosensitizers, or directing
groups, using an ionic liquid solvent that also assists by sup-
pressing side reactions. The findings offer new insights into
the application of ionic liquids as sustainable media in orga-
nochalcogen chemistry, with reported yields for compounds
42 ranging from 22% to 98% (Scheme 102).

Mechanistic studies suggest that LED irradiation promotes
the homolytic cleavage of the Se-Se bond in diaryl diselenide
41, generating a selenyl radical I that subsequently reacts with
bromoalkyne 13 to form a radical intermediate II. This inter-
mediate II is stabilized by the ionic liquid [BMIm|BF,, facilitat-
ing the elimination of bromide to form intermediate IV. The
departure of the [BMIm|BF,-stabilized leaving group ultimately
furnishes the desired alkynyl selenide 42 (Scheme 103).

The method for the synthesis of alkynyl selenides 42
involves the reaction of phenylacetylenes 10 with methyl
phenyl selenoxide 72a (1.2 equiv.) under conditions similar to
those used for the synthesis of alkynyl sulfide, as described by
Rong and co-workers in 2023 >° (section 3, Scheme 57). The
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Scheme 103 Proposed mechanism for the synthesis of alkynyl sele-
nides 42.52

reaction was carried out in the presence of trifluoromethane-
sulfonic anhydride (Tf,0, 1.2 equiv.) and triethylamine (Et;N,
2.5 equiv.) at 40 °C for 1 h, affording two alkynyl selenide
derivatives in 61% and 66% yields, respectively (Scheme 104).
This work highlights a significant advancement in metal-free
methodologies for the synthesis of diverse alkynyl selenides 42
(Scheme 104).

In 2025, Xu and co-workers®® reported the uses of 2-(4-azi-
dobenzyl)benzo[1,2]selenazol-3(2H)-ones (Selenium(m)-
Nitrogen Exchange (SeNEXx)) 74a to react with 4-(prop-2-yn-1-yl)
thiomorpholine 1,1-dioxide (alkyne) 73a under alkaline con-
ditions, to obtain a range of alkynyl selenides 75a. The reac-
tion proceeds through SeNEx 74a-b with the alkyne 73a in the
presence of Cul (5 mol%) as catalyst, K,CO3 (1.1 equiv.) as
base in a 'PrOH solution for 6 h at room temperature. As a
result, two compounds (75b and 75a) were obtained in yields
of 63% and 70%, respectively (Scheme 105). When the authors
used DMSO, maintaining the same reaction conditions, and
using the starting material 74c, the product 75¢ was obtained

Q
9
@
Se
Ph” > )
72a Tf,0 (1.2 equiv.) Se—— R
2o VAP —
EtzN (2.5 equiv.) o
+
DCM, 40°C, 1 h
o 42e (R = OMe, 61%)
R — 42d (R = Me, 66%)
10
R = OMe, Me.

Scheme 104 Synthesis of the alkynyl selenides 42e and 42d reported
by Rong and co-workers in 2023.5°
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Scheme 105 Functionalized alkynyl selenides 75a—b obtained from
azido derivatives 74a—b described by Xu and co-workers in 2025.83

in 68% of yield. Furthermore, when the SeNEx substrate
was changed from 2-(4-azidobenzyl)benzo[1,2] selenazol-3(2H)-
one 74a to 2-(4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-di-
pyrrolo[1,2-¢:2',1"-f][1,3,2]diazaborinin-10-yl)butyl )benzo[d][1,2]
selenazol-3(2H)-one (Bodipy) 77a was replaced by AgNO;
(5 mol%) in combination with ammonia (NH3-H,0) (1.5
equiv.), using DCE as solvent at room temperature by 2 h of
reaction, the yield of the desire product 75d was increased to
93% (Scheme 106). The change of catalyst can improve the
product yield, but altering the precursor by introducing
different substituent groups in the substrate can also influence
reactivity. In this sense, this work presents a novel approach to
obtaining alkynyl selenide compounds, using SeNEx as an
efficient and effective synthetic route.

In 2025, Chen and co-workers®* developed a mechano-
chemical approach for the synthesis of various alkynyl chalco-
genides 42 or 44 via alkynyl radicals. The protocol involves the
reaction between an alkynyl sulfonium salt 24 and diorganyl
diselenides 41 in the presence of 2 equiv. of Nal as the electron
donor and ethyl acetate (EA, 0.2 pL mg™") as a liquid-assisted
grinding additive. The mixture was subjected to ball milling
under air using nine stainless-steel balls at 30 Hz for
30 minutes. Under these conditions, 21 alkynyl selenide
derivatives 42 were obtained in yields ranging from 61% to
89% (Scheme 107). In addition, the methodology was success-
fully applied to the synthesis of alkynyl tellurides 44 by repla-
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Scheme 106 Alkynyl selenides incorporated into bioactive motifs 75c—
d synthetized by Xu and co-workers in 202583

cing diorganyl diselenide 41with diorganyl ditelluride 43
under the same conditions established, affording nine alkynyl
telluride derivatives 44 in yields ranging from 73% to 85%
(Scheme 107). Thus, this work represents a sustainable
mechanochemical protocol for the rapid synthesis of a range
of (Se and Te) alkynyl chalcogenides 42 and 44.

The proposed mechanism highlights the pivotal role of Nal
as an electron donor in the activation of the alkynyl sulfonyl
salt. In the initial step, electron transfer from Nal to the
alkynyl sulfonyl salt 24 generates the radical anion intermedi-
ate II. This activated species II exhibits enhanced reactivity,
enabling the cleavage of the Se-Se bond in the diorganyl
dichalcogenides 41 or 43 and ultimately affording the for-
mation of the desired products 42 or 44 (Scheme 108).

5 Trifluoromethyl-substituted alkynyl
sulfides and selenides: scarce yet
promising derivatives

5.1 Synthesis of trifluoromethyl-substituted alkynyl sulfides

Trifluoromethyl-substituted alkynyl sulfides and alkynyl sele-
nides represent an even more restricted subclass within the

This journal is © the Partner Organisations 2026
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Scheme 107 Mechanochemical approach for the synthesis of alkynyl
selenides 42 and tellurides 44 developed by Chen and co-workers in
202584

family of chalcogen-alkynyl compounds. The introduction of
the -CF; group dramatically enhances lipophilicity, metabolic
stability, and electronic properties, features that are highly
desirable in the design of bioactive molecules and advanced
materials. Nevertheless, reports describing their synthesis
remain extremely scarce, often relying on specialized electro-
philic -SCF; or -SeCF; reagents.®® Given that a comprehensive
review already covered synthetic advances from 2015 to 2022,
here we focus on developments reported since then to provide
an up-to-date perspective.®® In this section, we briefly outline
the limited strategies reported for accessing these rare com-
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pounds, while emphasizing their potential to expand the
chemical space of fluorinated organochalcogen derivatives.

Lu and co-workers, in 2022,%” developed an attractive and
robust approach for the synthesis of trifluoromethyl alkynyl
sulfides 79 via cross-coupling reactions employing gold redox
catalysis [(MeDalPhos)AuCl], which can be applied to the late-
stage functionalization of various bioactive molecules. In this
protocol, several bromoacetylenes 13 were reacted with AgSCF;
78a in the presence of 5 mol% MeDalPhosAuCl, 0.2 equiv.
AgSbFg, and 4 A MS, using DCE as a solvent, at 70 °C for reac-
tion times ranging from 13 h to 90 h. Under these conditions,
8 examples of target trifluoromethyl alkynyl sulfides 79 were
obtained in good yields (83-95%) (Scheme 109). The presence
of phenyl, bisphenyl and halogen atom (F, Cl and Br) substitu-
ents attached in the aryl bromo acetylenes afforded the target
products 79a, 79b, 79¢, 79d and 79e in excellent yields
(83-95%), 13-18 h with shorter reaction times than when the
starting materials contained electron-withdrawing groups

Br
=
| N MeDalPhosAuCl
o3 (5 mol%)
I AgSbFg (0.2 equiv) o —— </ N
/
AISCFs 7‘:){<'\:AS1’3D§th FoC =/"R
_ . T8a e 79 (83-95%)
26 Tn’::ig' Cl, Br, CN, 8 examples
2! i 2
selected products T
R@%s
cF
3 (Me),N JAuCI

79a (R=H, 18 h, 95%) i
79b (R = Ph, 14 h, 95%) !
79c (R=F, 18 h, 94%) :
79d (R = Cl, 16 h, 83%) 5
79e (R =Br, 13 h, 91%) :
79g (R = CN, 72 h, 92%) :
79h (R=NO, 90 h, 87%) '
79f (R = CO,Me, 40 h, 85%)

MeDalPhosAuCl

Scheme 109 Synthesis of trifluoromethylthio-alkynes 79 via Au cataly-
sis reported by Lu and co-workers in 202287
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(EWGS). In the latter case, the desired products 79f-h were
obtained in comparable yields (85-92%) but required longer
reaction times (40-72 h) (Scheme 109).

In 2023, Xie and Liu®® extended their previously developed
(section 3, Scheme 59) metal-free protocol for the synthesis of
alkynyl sulfides 17 to also access synthesis (alkynyl)(trifluoro-
methyl)sulfides 79. In this case, the N-(trifluoromethylthio)
succinimide 80a was reacted with different aryl silyl alkynes 39
under the same previously established reaction conditions
(0.5 mL HFIP per 0.1 mmol of alkyne at 100 °C for 12 h). Three
examples of (alkynyl)(trifluoromethyl)sulfides 79i-k were
obtained in moderate yields (58-65%) (Scheme 110).

Zhang and co-workers, in 2024,% developed a simple and
efficient protocol for the synthesis of alkynyl trifluoromethyl
sulfides 79 through the reaction of terminal alkynes 10 using a
hypervalent trifluoromethylthio-iodine(mr) reagent 81a as the
SCF; source, in the presence of perfluoro-tert-butanol (PFTB)
(Scheme 111). In this protocol, the authors used several term-
inal alkynes 10 in the presence of 81a as (SCF; source), PFTB
at room temperature under air, for reaction times ranging
from 0.3 h to 78 h. A total of 30 examples of alkynyl trifluoro-
methyl sulfides 79 were synthesized in yields ranging from
moderate to excellent (50-90%). This approach was sensitive
to electronic effect; when terminal alkynes 10 containing EWG
attached on the aromatic ring were evaluated, the target pro-
ducts were formed in poor yields compared to EDG ones.
These were exemplified by compounds 79g, 79j and 79h,
which required longer reaction times and were formed in
lower yields (79g, R = 4-CN, 63 h, 50%; 79j, R = 4-COMe, 66 h,
65% and 79h, R = 4-NO,, 78 h, 55%, respectively), when com-
pared to products 791, 79q and 790 (containing the EDG),
which were formed in better yields and shorter reaction times
(791, R = 4-OMe, 1 h, 99%; 79q, R = 4-N(Me),, 1 h, 80% and
790, R = 4-Me, 2 h, 99%, respectively) (Scheme 111).
Additionally, the protocol was efficiently extended to terminal
alkynes substituted with 1-naphthyl and 3-thienyl groups,
which afforded the target alkynyl trifluoromethyl sulfides 79u
and 79v in excellent yields (79u, 2.2 h, 99% and 79v, 1.5 h,
99%, respectively). Furthermore, the authors explored a wide
range of substituted alkyl alkynes 10, affording the target pro-
ducts 79 in yields ranging from good to excellent

SiMes
=
| A
S
R 39 HFIP (0.5 mL for 0.1 78\
. mmol) /S — N
0y _
o 100°C, 12 h FiC R
CF3 79i (R = 2-Br, 61%)
N—S 79j (R = 4-COMe, 65%)
79k (R = 3-OH, 58%)
O R=Br, OH, COMe.
80a

Scheme 110 Trifluoromethylthio-alkynes 79i—k described by Xie and
Liu in 2023.%°
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79y (R = OTBS, 2 h, 99%)

// 79z (R = OBn, 21 h, 82%)
79aa (R = OBz, 35 h, 80%)
79ab (R = OH, 2 h, 99%)
79ac (R =1, 2 h, 99%)
79ad (R = Et, 1.5 h, 94%)

O 79ae (2 h, 99%)

Scheme 111 Synthesis of trifluoromethylthio-alkynes 79 developed by
Zhang and co-workers in 2024.88

(Scheme 111). The authors also evaluated the green chemistry
profile of the method, and the EcoScale score indicated that
the protocol should be considered excellent in the context of
sustainable synthesis.

5.2 Synthesis of trifluoromethyl-substituted alkynyl selenides

The protocol previously reported by Lu and co-workers,*” in
2022 for the synthesis of trifluoromethyl alkynyl sulfides 79
was efficiently extended to the synthesis of a trifluoromethyl
alkynyl selenide 83 (Scheme 112). For this expansion of scope
and to evaluate the versatility of the method, the authors
applied the standard conditions, modifying the amount of
AgSDbF, from 0.2 equiv. to 1.2 equiv., as well as the trifluoro-
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| ~ MeDalPhosAuCl
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AgSbFg (1.2 equiv.) = ge—— Br
DCE, 70°C F.C
[Me,4N][SeCF3] 3

83a (18 h, 89%)
82a

Scheme 112 Trifluoromethylseleno-alkyne 83a synthesized via Au cat-
alysis reported by Lu and co-workers in 2022.8”

methyl chalcogen source. In this case, Me,NSeCF; 82a served
as the starting material instead of AgSCF; 78a, and was reacted
with 1-bromo-4-(bromoethynyl)benzene 13a, which afforded
the target ((4-bromophenyl)ethynyl)(trifluoromethyl)selenide
83a in excellent yield (89%) after 18 h (Scheme 112).

In 2023, Yuan and co-workers®® developed a Lewis-acid-
catalyzed divergent trifluoromethylselenolation of alkynes 83
using trifluoromethyl selenoxide 84a as the electrophilic sel-
enium source. Overall, the article described the synthesis of
a-trifluoromethylselenylated ketones 84 and alkynes 39.
Specifically, for the preparation of the alkynyl trifluoromethyl-
selenides 83, different TMS-substituted alkynes 39 were
reacted with trifluoromethyl selenoxide 84a in the presence of
0.2 equiv. Tf,0 in 1,4-dioxane at room temperature for 12 h,
providing 19 examples of trifluoromethylselenolated alkynes
83 in yields ranging from 42% to 92% (Scheme 113). In
general, the method stands out for its broad substrate scope,
demonstrating a good functional group tolerance and gram-
scale applicability. Furthermore, the authors proposed an elec-
trophilic selenolation mechanism, in which activation of tri-

)
W\
Se-CF;
F;,C%: :H

Tf,0 Se
84 2 ~
2 (0.2 equiv.) / CF3
_—
+ 14-dioxane R
R—=——TMS rt. 12 h 83 (42-94%)

39 19 examples

R = Aryl, alkyl, heteroaryl.

= ek \ T — ¢
CF;

83i (R = 3-OMe, 71%)

R 83j (R = 3-OH, 66%)

83k (R = 3-NO, 51%)

831 (R = 2-OMe, 86%)

83m (R = 2-Cl, 89%)

83n (R = 2,4,6-(Me)s 83%)

Se
/ CFs
R

830 (R = 2-Naphthyl, 95%)
83p (R = 2-Th, 51%)

83b (R = H, 77%)
83c (R = Ph, 91%)

83d (R = OMe, 42%)
83e (R = Me, 75%)
83a (R = Br, 85%)

83f (R = CF; 81%)
83g (R = COMe, 94%)
83h (R = CO,Me, 90%)

Scheme 113 Synthesis of trifluoromethylseleno-alkynes 83 described
by Yuan and co-workers in 2023.5°
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fluoromethyl selenoxide 84a by a Lewis acid generates a reac-
tive species that reacts with the alkyne 39, underscoring the
versatility of trifluoromethyl selenoxide 84a and its potential
for broader applications in organic synthesis (Scheme 113).

In 2024, Zhang and co-workers®® reported a copper-
mediated aerobic decarboxylative trifluoromethylselenolation
of alkynyl carboxylic acids 5 using [Me,N][SeCF;] 82a as the
SeCF; source. The transformation was carried out under air
atmosphere at room temperature in the presence of 1 equiv.
Cu(OTf), and 2 equiv. bpy in acetone, without requiring exter-
nal oxidants or harsh conditions. Using this protocol, both
aryl and alkyl alkynyl carboxylic acids 5 were smoothly con-
verted into the corresponding alkynyl trifluoromethyl sele-
noethers 83 in yields ranging from 37% to 77% (Scheme 114).
Thus, the methodology demonstrates a broad substrate scope,
successfully tolerating electron-donating and electron-with-
drawing substituents, as well as heteroaryl and aliphatic
derivatives. Moreover, this approach is distinguished by

0}
%OH Cu(OTf), (1 equiv.)
R bpy (2 equiv.) P Se‘CF
5 . acetone, r.t., / s
air, 24 h R
[Me,N][SeCF3] 83 (37-77%)
24 examples
82a
R = Aryl, alkyl.
selected products Se

\

Sk e
| N
/\/

83b (R=H, 70%) 83x (R = 3-Me, 73%)

83e (R = Me, 71%) 83y (R = 3,4-(Me)2, 76%)
83q (R = Et, 59%) 83z (R = 3-Cl, 66%)

83d (R = OMe, 71%) 83aa (R = 3-CN, 39%)
83c (R =Ph, 77%)

83r (R=F, 49%)

83s (R = Cl, 52%)

83a (R = Br, 75%)

83t (R=1,72%)

83g (R =COMe, 71%)
83u (R = COPh, 59%)
83v (R = CHO, 74%)
83h (R = CO,Me, 76%)
83w (R = NO,, 39%)

R Se_
= CFs

83ab (R = Me, 55%)
83m (R = Cl, 52%)

Sk
= s
Hex"
83af (37%)
——Se
\
o= o
83ac (59%) =
Se‘CF O
M : P
Ph 83ad (73%)
83ae (53%) O

Scheme 114 Cu-catalyzed synthesis of trifluoromethylseleno-alkynes
83 reported by Zhang and co-workers in 2024.%°
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[Me4N][SeCF;] CF3;SeSeCF3
82a air . n
+ | +

LCu(ll) LCu(l)

R—=—Cu()L
—Cu)

LCu(l)SeCF;

vi

Scheme 115 Proposed mechanism for the Cu-mediated formation of
alkynyl trifluoromethylselenides.®®

employing stable and non-volatile alkynyl carboxylic acids 5 as
starting materials and a readily accessible SeCF; reagent,
being the first example of decarboxylative trifluoromethyl-
selenolation of alkynyl carboxylic acids 5 with a SeCF; source
(82a) (Scheme 114). Taken together, these findings underscore
the synthetic utility and versatility of this oxidative strategy for
future applications in organic chemistry.

The authors proposed a plausible mechanism supported by
control experiments and '°F NMR studies. They suggest that
[Me,N][SeCF;] 82a is oxidized by Cu(u) salts under aerobic con-
ditions to generate CF;SeSeCF; II and Cu(i) species. The
alkynyl carboxylic acid 5 subsequently undergoes decarboxyl-
ation to form an alkynyl-Cu(1) intermediate IV, which reacts
with the in situ generated CF;SeSeCF; II. From there, two
mechanistic pathways were proposed: in pathway A, an oxi-
dative addition affords an alkynyl-Cu(m)-(SeCF;), complex V,
followed by reductive elimination to deliver the final product
83. In pathway B, a Cu(1)-SeCF; complex VI is formed through
ligand exchange and oxidation before reductive elimination,
generating the desired product 83 (Scheme 115).

Beyond the trifluoromethylation of alkynes, some studies
have also reported the monofluoromethylselenolation®® and
difluoromethylthiolation®” of these substrates.

6 Conclusions

Alkynyl chalcogenides represent a significant class of com-
pounds in organic chemistry, owing to their versatile reactivity
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and structural features. These compounds have found broad
application in diverse transformations, and their importance
has been highlighted in numerous studies, particularly within
the fields of biological and pharmacological research. This
review has summarized recent advances in the synthesis of
alkynyl chalcogenides, including sulfides, selenides, and tell-
urides, as well as alkynyl sulfones, and alkynyl trifluoromethyl
chalcogenyl derivatives. Various methodologies developed over
the past decade are discussed, which have provided powerful
tools for the efficient construction of C(sp)-S, C(sp)-Se, and
C(sp)-Te bonds. These methods have significantly expanded
the structural diversity, functional group tolerance, and acces-
sibility of sulfur-, selenium-, and tellurium-containing alkynes.
By consolidating these approaches, this work aims to provide a
useful reference for researchers and facilitate future studies in
this area. Looking ahead, future research will likely focus on
integrating these protocols with continuous-flow systems, bio-
catalytic  strategies, and late-stage functionalization
approaches. Such advances will not only enhance the synthetic
utility of alkynyl chalcogenides but also foster their translation
into practical applications, reinforcing their position as valu-
able building blocks in contemporary organic chemistry.
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