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Abstract

The catalytic enantioselective formation of carbon-sulfur (C-S) bonds is a rapidly evolv-
ing field in modern organic synthesis, driven by the importance of chiral sulfur-containing
motifs in pharmaceuticals, agrochemicals, and functional materials. Despite their signifi-
cance, asymmetric C-S bond-forming reactions remain challenging due to the strong co-
ordinating ability and nucleophilicity of sulfur species, catalyst deactivation, and difficul-
ties in controlling sulfur- or carbon-centered stereogenicity. Recent advances in transition-
metal catalysis, organocatalysis, and emerging electrocatalytic strategies have enabled ef-
ficient access to diverse chiral organosulfur frameworks, including sulfides, sulfoxides,
sulfilimines, sulfoximines, and sulfinamides, with high levels of enantioselectivity. These
methodologies have significantly expanded the synthetic toolbox for constructing C-S
bonds under mild and sustainable conditions. This review provides a concise and critical
overview of catalytic enantioselective C-S bond formation, emphasizing reaction design,
catalytic systems, and mechanistic aspects of enantiocontrol. Key transformations such as
asymmetric allylic substitution, conjugate addition, cross-coupling, photoredox-enabled
processes, and emerging electrochemical approaches are discussed. Particular attention is
given to strategies for the generation and control of sulfur-centered stereogenicity. Finally,
current limitations and future opportunities, including dual catalysis, late-stage function-
alization, and sustainable catalytic systems, are highlighted to guide further develop-
ments in asymmetric organosulfur chemistry.

Keywords: asymmetric synthesis; carbon-sulfur bond formation; enantioselective
catalysis; organocatalysis; organosulfur compounds; photoredox catalysis; sulfoximines;
sulfur chemistry; sulfur stereogenicity; transition-metal catalysis

1. Introduction
1.1. Importance of C-S Bonds in Organic Chemistry

Carbon-sulfur (C-S) bonds constitute one of the most important structural motifs in
modern organic chemistry. Sulfur-containing organic compounds are ubiquitous in bio-
logically active molecules, pharmaceuticals, agrochemicals, natural products, flavors fra-
grances, and functional materials [1-4]. The unique physicochemical properties of sulfur
arise from its variable oxidation states, high polarizability, and ability to participate in
diverse non-covalent interactions. Consequently, incorporation of sulfur-containing func-
tionalities often leads to substantial modifications of molecular reactivity, metabolic sta-
bility, lipophilicity, and biological activity.
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Numerous marketed drugs contain sulfur-based functional groups, including sul-
fides, sulfoxides, sulfones, sulfonamides, sulfoximines, and sulfilimines. In medicinal
chemistry, sulfur-containing moieties are frequently employed as bioisosteres and phar-
macophoric elements that modulate target binding and pharmacokinetic properties. The
growing interest in sulfur (VI) functionalities, particularly sulfoximines and sulfonimid-
amides, further highlights the strategic importance of sulfur chemistry in contemporary
drug discovery [5-7].

Beyond pharmaceutical applications, organosulfur compounds play essential roles
in materials science and catalysis. Sulfur-containing ligands are widely utilized in transi-
tion-metal catalysis, whereas chiral sulfur compounds have become valuable building
blocks in asymmetric synthesis. Moreover, sulfur-centered functionalities are increasingly
exploited in late-stage functionalization and diversity-oriented synthesis due to their
unique reactivity patterns [8-10].

As a consequence, the development of efficient and selective methods for C-S bond
formation remains a central objective in synthetic organic chemistry. Significant advances
have been achieved during the last two decades, particularly through the emergence of
transition-metal catalysis, organocatalysis, photocatalysis, and electrochemical ap-
proaches. These methodologies have dramatically expanded the scope of accessible sul-
fur-containing molecular architectures while improving functional-group tolerance and
sustainability [11-14].

1.2. Challenges in Enantioselective C-S Bond Formation

Despite the substantial progress achieved in sulfur chemistry, catalytic enantioselec-
tive C-S bond formation remains considerably more challenging than the corresponding
C-C, C-N, or C-O bond-forming reactions. One of the major obstacles originates from the
intrinsic nucleophilicity and coordinative ability of sulfur-containing substrates. Thiols,
sulfides, and related sulfur nucleophiles can strongly coordinate to transition-metal cen-
ters, frequently resulting in catalyst poisoning and decreased catalytic activity. Such un-
desired interactions often complicate catalyst design and limit substrate compatibility
[15]. Another challenge arises from the high reactivity of sulfur-based intermediates. Sul-
fur-centered species can readily undergo oxidation, disproportionation, or side reactions
under catalytic conditions. Furthermore, many sulfur-containing compounds exhibit
rapid interconversion between stereoisomeric forms, leading to erosion of stereochemical
purity. The generation and preservation of stereogenic sulfur centers therefore requires
careful control of both kinetic and thermodynamic factors [16,17]. The stereochemical
complexity of sulfur compounds introduces additional difficulties. Enantioselective C-S
bond-forming reactions may generate chirality at carbon, sulfur, or both centers simulta-
neously. Consequently, catalyst systems must often control multiple stereochemical ele-
ments while suppressing competing pathways. This challenge is particularly pronounced
in the synthesis of sulfoximines, sulfilimines, and sulfinamides, which have recently
emerged as valuable targets in medicinal chemistry [6,18]. From a mechanistic perspec-
tive, the design of enantioselective catalytic systems is further complicated by the diverse
reaction pathways available for sulfur reagents. Depending on reaction conditions, sulfur-
containing substrates may participate in ionic, radical, organometallic, or photochemical
processes. Achieving high levels of enantiocontrol in such mechanistically diverse trans-
formations remains an active area of research [19,20].

Nevertheless, recent developments in chiral ligand design, dual catalysis, photore-
dox chemistry, and computationally guided catalyst optimization have led to remarkable
breakthroughs. These advances have enabled the development of increasingly efficient
catalytic systems capable of delivering sulfur-containing molecules with excellent enanti-
oselectivities and broad substrate scope.
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1.3. Scope and Organization of This Review

Several excellent reviews have summarized general methods for C-S bond construc-
tion, sulfur-centered radical chemistry, sulfur(VI) functional groups, and the synthesis of
organosulfur compounds [11-14,21-23]. However, a comprehensive analysis specifically
focused on catalytic enantioselective C-S bond-forming reactions remains lacking. The
present review aims to provide a critical overview of catalytic methodologies in which
stereochemical information is introduced during the formation of a carbon-sulfur bond.
Particular emphasis is placed on transition-metal-catalyzed, organocatalytic, photocata-
lytic, and emerging electrocatalytic approaches that enable the asymmetric construction
of sulfur-containing molecular architectures. The review is organized according to the na-
ture of the catalytic platform employed. Following an overview of transition-metal-cata-
lyzed transformations, organocatalytic strategies and photochemical methodologies are
discussed. Emerging electrochemical approaches are subsequently highlighted. Special
attention is devoted to the generation of sulfur-centered stereogenicity, mechanistic as-
pects of enantioinduction, and applications in pharmaceutical synthesis, natural product
construction, and functional materials. By comparing catalytic systems, mechanistic par-
adigms, and synthetic applications, we aim to identify current limitations and future op-
portunities in the rapidly evolving field of enantioselective C-S bond formation.

2. Classification of Enantioselective C-S Bong Forming Reactions

The catalytic enantioselective construction of carbon-sulfur bonds has evolved into
a diverse field encompassing a broad spectrum of mechanistically distinct transfor-
mations. Depending on the nature of the sulfur reagent, catalytic platform, and stereode-
termining step, asymmetric C-S bond-forming reactions may proceed through ionic, or-
ganometallic, radical, or photochemically generated intermediates. Over the past two dec-
ades, advances in catalyst design and reaction engineering have significantly expanded
the synthetic toolbox available for the preparation of sulfur-containing compounds pos-
sessing stereogenic carbon and sulfur centers [12-14,17]. Historically, transition-metal-
catalyzed allylic substitution reactions constituted some of the earliest and most success-
ful approaches to enantioselective C—S bond formation. Palladium- and iridium-based cat-
alytic systems enabled the synthesis of chiral allylic sulfides with high levels of enantio-
control while establishing fundamental principles governing sulfur nucleophile compati-
bility in asymmetric catalysis [24,25]. Subsequent developments in asymmetric conjugate
additions, cross-coupling reactions, and C-H functionalization methodologies considera-
bly broadened the scope of accessible sulfur-containing molecular architectures [15,16,18].
In parallel, organocatalytic approaches emerged as powerful alternatives to metal-based
systems. Chiral phosphoric acids, cinchona alkaloids, thioureas, squaramides, and N-het-
erocyclic carbenes have been successfully employed in various asymmetric sulfenylation
and sulfur-transfer reactions. Such methodologies often provide excellent functional-
group tolerance and avoid issues associated with residual metal contamination, making
them particularly attractive for applications in medicinal chemistry and pharmaceutical
synthesis [26-28]. More recently, visible-light photocatalysis and dual catalytic strategies
have opened new opportunities for asymmetric sulfur chemistry. The controlled genera-
tion of sulfur-centered radicals under mild conditions has enabled previously inaccessible
transformations while offering novel pathways for stereocontrol through synergistic in-
teractions between photoredox catalysts and chiral catalytic systems. Furthermore, elec-
trochemical methods have emerged as promising sustainable alternatives, although their
application to enantioselective C-S bond formation remains relatively underdeveloped
[29-32]. Based on the dominant catalytic platform and mechanistic characteristics, cur-
rently available enantioselective C-S bond-forming methodologies can be classified into
the categories summarized in Table 1.
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Table 1. Classification of catalytic enantioselective C-S bond forming reactions.

Strategy Catalyst Type Typical Products
Allylic substitution Pd, Ir Allylic sulfides
Conjugate addition Cu, Rh B-Thio carbonyls

Cross-coupling

. N Cu, Ni, Pd Aryl and alkyl sulfides
Orig:;il;llof;r;:;;iialf;:r?;a- .Rh, Co, Pd . FunctiOﬁalized.sulﬁdes
ton CPA, thiourea, squaramide Chiral sulfides
Photoredox catalysis Dual catalysis Radjical-derived sulfides
Electrocatalysis Chiral electrocatalytic sys- Sulfenylated products
Sulfur-centered stereogenic- tems Sulfoximines, sulfilimines,
ity generation Various systems sulfinamides

The classification presented in Table 1 highlights the remarkable diversification of
asymmetric C-S bond-forming methodologies. Although transition-metal-catalyzed pro-
cesses continue to dominate the field in terms of substrate scope and synthetic maturity,
organocatalytic and photochemical approaches have gained increasing prominence dur-
ing the last decade. Particularly noteworthy is the growing number of synergistic catalytic
systems combining multiple activation modes, including photoredox/transition-metal ca-
talysis and photoredox/organocatalysis, which often provide improved reactivity and ste-
reochemical control [23,33,34]. Another important trend concerns the increasing emphasis
on sulfur-centered stereogenicity. Whereas most early studies focused on the generation
of chirality at carbon atoms adjacent to sulfur functionalities, contemporary research in-
creasingly targets the direct catalytic synthesis of configurationally stable sulfur-stereo-
genic compounds such as sulfoximines, sulfilimines, and sulfinamides. These structural
motifs have attracted considerable attention owing to their emerging importance in me-
dicinal chemistry, agrochemical research, and asymmetric catalysis [10,11,21,22]. The fol-
lowing sections discuss each catalytic platform in detail, with particular emphasis on cat-
alyst design, mechanistic aspects of stereocontrol, substrate scope, synthetic applications,
and future challenges.

3. Transition-Metal-Catalyzed Enantioselective C-S Bond Formation

Transition-metal catalysis has played a pivotal role in the development of enantiose-
lective carbon-sulfur bond-forming reactions and remains one of the most powerful ap-
proaches for the synthesis of chiral organosulfur compounds. The unique ability of tran-
sition metals to activate electrophiles, nucleophiles, and unsaturated substrates under
mild reaction conditions has enabled the development of numerous catalytic methodolo-
gies for the stereoselective construction of C-S bonds [12-14,35]. Among the various cat-
alytic platforms available, transition-metal-catalyzed processes often provide superior
levels of reactivity, substrate scope, and stereochemical control. In particular, palladium-
, copper-, thodium-, nickel-, and iridium-based catalytic systems have proven highly ef-
fective in a wide range of transformations, including allylic substitution, conjugate addi-
tion, cross-coupling, hydrofunctionalization, and C-H functionalization reactions [12-15].
These methodologies have significantly expanded the accessibility of sulfur-containing
compounds possessing stereogenic carbon centers as well as more challenging sulfur-ste-
reogenic architectures. Despite these advances, the development of transition-metal-cata-
lyzed asymmetric C-S bond-forming reactions has been accompanied by several funda-
mental challenges. Sulfur-containing substrates often exhibit strong coordination to metal
centers, which may lead to catalyst deactivation or reduced stereocontrol. Furthermore,
the high nucleophilicity and redox activity of sulfur reagents can promote competing
pathways, thereby complicating catalyst design and reaction optimization [36,37]. Conse-
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quently, the identification of suitable chiral ligand frameworks capable of balancing reac-
tivity and selectivity has become a central theme in this field. Over the past two decades,
substantial progress in ligand engineering, mechanistic understanding, and catalyst de-
velopment has transformed transition-metal-catalyzed C-S bond formation into a mature
and versatile area of asymmetric synthesis. Particularly noteworthy are recent advances
in copper- and nickel-catalyzed transformations, which have enabled access to previously
challenging substrate classes while improving sustainability and atom economy [16,18].
The following sections summarize the major transition-metal-catalyzed strategies for en-
antioselective C-S bond formation, focusing on catalyst design, mechanistic aspects of ste-
reocontrol, synthetic scope, and practical applications.

An alternative approach to asymmetric C-S bond formation was demonstrated by
Fasan and co-workers using engineered myoglobin-based catalysts. These biocatalysts
promoted intermolecular carbene S-H insertion with a broad range of thiols and a-diaz-
oester-derived carbene precursors, providing thioethers in high conversions. Rational
modification of the protein active site enabled asymmetric induction, with selected myo-
globin variants providing up to 49% ee [38].

3.1. Palladium-Catalyzed Reactions

Palladium-catalyzed asymmetric carbon-sulfur bond-forming reactions represent
one of the earliest and most extensively studied classes of enantioselective transfor-
mations in organosulfur chemistry. The success of palladium catalysis largely originates
from its unique ability to generate well-defined m-allyl intermediates that can undergo
highly stereoselective nucleophilic substitution in the presence of suitable chiral ligands.
Consequently, palladium-catalyzed allylic substitution has become a cornerstone meth-
odology for the synthesis of chiral sulfur-containing compounds and has significantly in-
fluenced the development of modern asymmetric catalysis [35,39,40]. The pioneering
studies of Trost, Hayashi, Helmchen, and co-workers established the fundamental princi-
ples governing palladium-catalyzed asymmetric allylic alkylation reactions and demon-
strated that sulfur nucleophiles could participate in such processes with excellent regio-
and enantioselectivity [24,25,35,41-63]. These early contributions revealed that the stere-
ochemical outcome strongly depends on the structure of both the chiral ligand and the
sulfur nucleophile, highlighting the importance of catalyst-substrate interactions during
nucleophilic attack on the n?-allylpalladium intermediate. Compared with other transi-
tion-metal-catalyzed approaches, palladium-catalyzed reactions offer several important
advantages, including broad substrate scope, mild reaction conditions, and high func-
tional-group tolerance. Furthermore, the extensive availability of chiral phosphine and
phosphoramidite ligands has enabled precise control over stereochemical induction in a
variety of C-S bond-forming transformations [42,43]. As a result, palladium catalysis re-
mains one of the most reliable strategies for the preparation of enantioenriched allylic sul-
fides and related sulfur-containing building blocks. Despite these advantages, several
challenges remain. Sulfur nucleophiles often exhibit strong affinity toward palladium cen-
ters, potentially leading to catalyst deactivation and reduced catalytic efficiency. Moreo-
ver, achieving high enantioselectivity can be particularly demanding when less reactive
or sterically hindered sulfur nucleophiles are employed [36]. Nevertheless, continuous
advances in ligand design and mechanistic understanding have led to increasingly effi-
cient catalytic systems and have expanded the synthetic utility of palladium-catalyzed
asymmetric C-S bond formation. The following sections summarize the major develop-
ments in palladium-catalyzed enantioselective C-S bond-forming reactions, with particu-
lar emphasis on allylic substitution processes, catalyst design, stereochemical models, and
synthetic applications.
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Among all palladium-catalyzed enantioselective C-S bond-forming processes, asym-
metric allylic substitution remains by far the most extensively investigated and syntheti-
cally useful transformation. The reaction proceeds through the generation of a chiral n?-
allylpalladium intermediate, followed by stereoselective attack of a sulfur nucleophile.
Owing to the well-established mechanistic framework of the Tsuji-Trost reaction, allylic
sulfides can often be obtained with excellent regioselectivity and high levels of enantio-
control. Recent developments have focused on expanding the range of sulfur nucleo-
philes, improving catalyst robustness toward sulfur poisoning, and broadening substrate
scope. One of the landmark studies demonstrating the viability of sulfur nucleophiles in
Pd-catalyzed AAA was reported by Gais and co-workers [44]. Using Pdz(dba)s in combi-
nation with Trost-type ligands, various thiophenols and heteroaryl thiols were reacted
with racemic allylic carbonates 1 to furnish allylic sulfides 2 in good yields and up to 96%
ee (Scheme 1). This work clearly established that sulfur nucleophiles could participate ef-
ficiently in asymmetric allylic substitution without complete catalyst deactivation.

Ar-SH SAr
OCO,Me Pdy(dba); (2.5 mol %) J\/\
L" (5.5 mol %)
. )\/\W R / R'
DCM, t, 12-48 h 5
1 24-87% yield . .
Rl = Me. Et 50-96% ce Ar = Ph, 2-pyridyl, 2-pirimidy]
[~ 0 o
SN
H H
PPh; Ph,P
3

Scheme 1. Asymmetric synthesis of allylic sulfides.

In a subsequent study, Gais and co-workers extended the methodology to the kinetic
resolution of racemic allylic carbonates 4, 5 using sulfur nucleophiles such as sulfinates
and heterocyclic thiols [45]. The process delivered allylic sulfides and sulfones with excel-
lent selectivities and demonstrated the remarkable stereochemical control achievable with
carefully designed bisphosphine ligands (Scheme 2).

In a significant extension of their earlier studies, Gais et al. reported a highly enanti-
oselective palladium-catalyzed 1,3-rearrangement of racemic allylic sulfinates 11, provid-
ing direct access to enantioenriched allylic sulfones [46]. Using Pdz(dba)s-CHCls 6 in com-
bination with the chiral bisphosphine ligand BPA, both cyclic and acyclic allylic sulfinates
were efficiently converted into the corresponding allylic sulfones 12 in high yields (82—
96%) and excellent enantioselectivities (93-99% ee). Mechanistic investigations suggested
that the transformation proceeds through the generation of a cationic m-allylpalladium
intermediate and a sulfinate anion, followed by stereoselective recombination. Further-
more, the authors demonstrated that the rearrangement could be accompanied by highly
efficient kinetic resolution of the starting allylic sulfinate, enabling simultaneous access to
enantioenriched substrates and products. This work represented one of the earliest exam-
ples of exploiting Pd-catalyzed allylic rearrangements for the asymmetric synthesis of
sulfur-containing compounds and highlighted the synthetic potential of allylic sulfinate—
sulfone interconversions (Scheme 3).
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Scheme 2. Palladium—catalyzed kinetic resolution of cyclic and acyclic carbonates.

|
/SUI"QB ¢
o u Pdy(dba); © CHCl; 6 SO, Bu
DCM, 1t /k/\
R/s\/\R ] G ]
11 82-96% yield 12
93-99% ee
R =Me, Et

Scheme 3. Pd—catalyzed enantioselective 1,3—rearrangement of allylic sulfinates.

In 2017, Zhao and co-workers reported a palladium-catalyzed (L15) asymmetric al-
lylic thioetherification of racemic allylic carbonates 13 using sodium sulfinates 14 as sulfur
nucleophiles [47]. The protocol furnished a variety of chiral allylic thioethers 16 in high
yields and excellent enantioselectivities (up to 97% ee), demonstrating the synthetic utility
of sulfinate nucleophiles in Pd-catalyzed asymmetric allylic substitution. The reaction
proceeded through a mt-allylpalladium intermediate and significantly expanded the scope
of enantioselective C-S bond-forming processes based on allylic substitution chemistry
(Scheme 4).

3.2. Copper-Catalyzed Reactions

Copper catalysis has emerged as one of the most versatile and sustainable ap-
proaches for enantioselective carbon—sulfur bond formation. Compared with palladium-
based systems, copper catalysts offer several practical advantages, including lower cost,
reduced toxicity, and the ability to operate through diverse mechanistic pathways involv-
ing ionic, radical, and organometallic intermediates. As a result, copper-catalyzed meth-
odologies have significantly expanded the synthetic toolbox available for the preparation
of enantioenriched sulfur-containing compounds [48,49]. Particularly noteworthy is the
remarkable compatibility of copper catalysts with a wide range of sulfur nucleophiles,
including thiols, thiolates, sulfinates, and sulfur-centered radical precursors. The combi-
nation of copper salts with chiral bisoxazoline, phosphine, N-heterocyclic carbene, and
related ligand systems has enabled highly enantioselective transformations leading to al-
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lylic sulfides, 3-thio carbonyl compounds, sulfur-containing heterocycles, and other val-
uable organosulfur architectures [50-52]. In contrast to palladium-catalyzed allylic substi-
tution reactions, which historically dominated the field, copper catalysis has facilitated
the development of fundamentally different reaction classes. These include asymmetric
conjugate additions, propargylic substitutions, radical difunctionalizations of alkenes,
and photochemically assisted processes. Such transformations have broadened both the
structural diversity of accessible products and the mechanistic landscape of enantioselec-
tive C-S bond formation [53]. Recent years have witnessed particularly rapid growth in
copper-catalyzed sulfur chemistry, driven by advances in ligand design, photoredox ca-
talysis, and radical-mediated reaction development. These innovations have enabled the
efficient construction of stereogenic carbon centers adjacent to sulfur atoms under increas-
ingly mild and environmentally benign conditions, further establishing copper as a key
metal in modern asymmetric organosulfur synthesis.

Pd salt (2.5 mol %) SR
OAc L15 (5 mol %) H
SNa 2
I /\/ KOAc (0.2mol %) "
/\}\ = oy Ar ~ Ar
Ar Ar BSA (0.2 mol %)
13 14 DCM, -10°C, 18 h 16
Ar=CgH,Cl R =allyl
CHF Bu
C6H4Br Cy
PPh, Ph
L15s= 45-81% yield

PPh2  63-95% ee

Scheme 4. Pd—catalyzed synthesis of thioethers.

A major advance in this area was reported by Liu and co-workers, who developed a
general copper-catalyzed enantioconvergent C(sp?)-S cross-coupling based on a biomi-
metic radical homolytic substitution strategy [54]. The method enabled the conversion of
racemic alkyl electrophiles into enantioenriched sulfur-containing products through rad-
ical intermediates and chiral copper catalysis, providing a powerful platform for asym-
metric C-S bond construction. An early example of catalytic asymmetric C-S bond for-
mation was reported by Zhou and co-workers, who developed a copper-catalyzed enan-
tioselective insertion of metal carbenoids into S-H bonds. Using a chiral spirobisoxazo-
line—copper complex, a range of a-mercapto esters were obtained in high yields and with
moderate to good enantioselectivities, reaching up to 85% ee [55].

In 2025, Li and co-workers reported a copper-catalyzed asymmetric C-H sulfilimina-
tion of electron-rich (hetero)arenes 17 through a HAT-primed C-S radical-radical cou-
pling strategy [56]. The method enabled the direct conversion of indoles and naphthols
into chiral sulfilimines 19 via oxidative coupling with sulfenamides 18 under mild reac-
tion conditions, employing either molecular oxygen from air or organic peroxides as ter-
minal oxidants (Scheme 5). A broad range of substrates was accommodated, affording the
corresponding sulfilimines 19 with excellent regioselectivities and high levels of enantio-
control despite the inherent configurational lability of sulfur-stereogenic sulfilimine prod-
ucts. Mechanistic investigations, supported by DFT calculations, revealed an unusual dual
hydrogen atom transfer (HAT) pathway. The key C-S bond-forming event was proposed
to proceed through an outer-sphere radical-radical coupling process involving concerted
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arene hydrogen abstraction and C-5 bond formation within an eight-membered transition
state.

R2

Illn--cn//z o
\;U

0o
18

S
R’ H R?

R R
X Cu(CH;CN),PF¢ (10 mol %) X
Ar BOX Ligand Ar
E/ ‘BuOO'Bu, 1t, 24-36 h E/
17 19

Ar = indole, R =Ph, R! = p-Tol, R2 =By

53-96% yield
91-97% ee

Scheme 5. Copper—mediated asymmetric sulfilimination of aromatic compounds.

In 2026, the same group developed a copper-catalyzed asymmetric sulfilimination of
diverse radical precursors through a nitrogen-centered radical relay strategy, providing
direct access to sulfur-stereogenic sulfilimines 22 [57]. The method employs readily avail-
able radical precursors 21 and sulfenamides 20 under mild catalytic conditions, enabling
the efficient construction of S(IV)-stereogenic sulfur centers with high levels of enantiose-
lectivity (Scheme 6). A broad substrate scope was demonstrated, including benzylic, al-
lylic, and alkyl radical precursors, affording structurally diverse sulfilimines 22 in good
to excellent yields and enantiomeric ratios. Mechanistic studies suggested the involve-
ment of nitrogen-centered radical intermediates generated under copper catalysis, which
subsequently engage in enantioselective C-S bond-forming processes.

[k

N

F

21

o] Cu(OTf), (10 mol %)
BOX Ligand (12 mol %)
s .
\N DBU (1.2 equiv.) By
H EtOAc (1 mL) >§
N,,25°C, 6 h y o

20 90% yield, 97% ee ”
S

o} )<
N
H

22

Scheme 6. Copper—catalyzed asymmetric sulfilimination.

In 2025, Shi et al. reported a copper-catalyzed asymmetric cyclizative sulfinamidation
of ortho-alkynylanilines 23 with sulfinylamines 24, providing efficient access to indole de-
rivatives bearing sulfur-stereogenic sulfinamide motifs 26 [58]. The reaction proceeds
through a cascade process involving intramolecular cyclization and simultaneous C-S

https://doi.org/10.3390/molecules31152616
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bond formation, enabling the construction of both S(IV)-stereogenic centers and, in many
cases, atropisomeric axial chirality within a single transformation (Scheme 7). A broad
range of substrates was tolerated, affording the desired products in good yields and with
excellent enantioselectivities in the presence of ligand L25. Mechanistic studies, supported
by DFT calculations, revealed the origin of stereocontrol and highlighted the crucial role
of the chiral copper catalyst in governing both sulfur-centered and axial chirality.

R O\\
F 'S——NHT|
\ / CuBr (10 mol %) R — & '
Nl L25 (12 mol %) S~ N
R-— >
LiO'Bu (3.0 equiv.) \ \
NHTs 1,3-dioxolane, 40 °C, 40 h, N, N R2
23
N A Y |
S Tr Ts
R'=H,R*’=Ph 26

6-86% yield
17-95% ee

PCy,

(-1

ﬁl@

Scheme 7. Copper—catalyzed asymmetric cyclizative sulfinamidation.

Ranjan and co-workers reported a copper-catalyzed asymmetric three-component al-
kynylation/hydrothiolation cascade involving terminal alkynes 27, imines 28, and isothi-
ocyanates 29. Using a chiral Cu(I)/pybox catalyst system, the authors developed an effi-
cient one-pot protocol for the synthesis of enantioenriched thiazolidine-2-imines 30 in
good to excellent yields and with outstanding enantioselectivities of up to 99% ee (Scheme
8) [59]. The transformation proceeds through an initial enantioselective alkynylation of
the imine, followed by addition of the resulting propargylamine to an isothiocyanate and
a highly regioselective intramolecular 5-exo-dig hydrothiolation, which constitutes the key
C-S bond-forming step. This methodology provides a concise route to sulfur-containing
heterocycles and demonstrates the utility of copper catalysis in asymmetric cascade pro-

cesses.
2
R’ \ \\\\\R
, CuOTf (10 mol %) \
/R Pybox (10 mol %)
N Toluene, 1t, 12 h S N—_
+ | + RY—N—C=—S D ——— R3
75-95% yield l
R2 H 29 60-99% ce
R? R4/
27 28 R!'=Ph,R?=Ph,R*=Bn 30

Scheme 8. Asymmetric synthesis of thiazolidine-2-imines.

Examples of copper-catalyzed asymmetric C-S bond formation remain sparsely rep-
resented in the literature. The earlier review article only shows classical transformations
leading to this type of bond formation without stereochemical control [60].

https://doi.org/10.3390/molecules31152616
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3.3. Rhodium-Catalyzed Processes

Rhodium catalysis has emerged as a powerful platform for enantioselective bond-
forming reactions owing to the unique reactivity of Rh(I) and Rh(IlI) complexes and the
availability of highly efficient chiral ligand systems. In the context of C-S bond formation,
rhodium catalysts have enabled several asymmetric transformations, including enantiose-
lective carbenoid insertions [61], and hydrothiolations [62]. Compared with palladium-
and copper-catalyzed methodologies, rhodium-catalyzed processes often exhibit comple-
mentary substrate scope and distinct mechanistic pathways, allowing access to structur-
ally diverse sulfur-containing compounds with high levels of stereocontrol. In particular,
the strong ability of rhodium complexes to activate unsaturated substrates and to promote
stereoselective migratory insertion processes has been successfully exploited in the syn-
thesis of chiral sulfides, sulfoxides, and sulfur-containing heterocycles. Recent develop-
ments have further demonstrated the potential of rhodium catalysis in the construction of
sulfur-stereogenic molecules and other architecturally complex sulfur-containing frame-
works.

In 2022, Xu et al. reported the first Rh(I)-catalyzed asymmetric carbenoid S-H inser-
tion for the construction of C-S bonds [61]. Using a chiral diene-rhodium catalyst, a-di-
azoarylacetates 31 underwent highly efficient insertion into the S—-H bond of tert-butyl
mercaptan 32 under mild reaction conditions, providing a range of a-thioesters 34 bearing
sulfur-substituted stereogenic centers (Scheme 9). The methodology afforded the desired
products in high yields and moderate to good enantioselectivities, demonstrating that chi-
ral Rh(I) complexes (L33) can effectively control stereochemistry during intermolecular
carbene insertion into S—-H bonds. Xu and co-workers developed a highly enantioselective
S-H bond insertion through cooperative catalysis by a dirhodium(II) complex and a chiral
spiro phosphoric acid [62]. The reaction provided a-mercapto esters in high yields and
with excellent enantioselectivities of up to 98% ee, demonstrating the effectiveness of co-
operative metal/organocatalytic strategies for asymmetric C-S bond formation.

Ny g'Bu
) [Rh(L33),Cl], : o
Ar \R + Bu—sH — > A \R
DCM, rt, 12 h
o 32 o

31

18-90% yield

Ar=Ph, R =Me, Ph 14-70% ee

CF3

X

Qmumo
Q
w

L33
Ph

Scheme 9. Rhodium(I)—catalyzed asymmetric carbene insertion into the S-H bond.

Pritzius and Breit developed a highly regio- and enantioselective Rh-catalyzed inter-
molecular hydrothiolation of terminal allenes 35 with aromatic and functionalized ali-
phatic thiols (Scheme 10) [63]. By employing two complementary chiral rhodium catalyst
systems L36, the reaction provided branched allylic thioethers 37 with high regio- and
enantioselectivities and broad functional-group tolerance. The atom-economic nature of
the transformation enables direct C-S bond formation without prefunctionalization of the
allene substrate. Moreover, oxidation of the resulting thioethers furnished the correspond-
ing allylic sulfones in essentially enantiomerically pure form. Labeling experiments pro-
vided initial mechanistic insight into this thodium-catalyzed asymmetric hydrothiolation.
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[{Rh(cod)C1},] (1.0 mol%)
L36 (2.0 mol%), ArSH (1 equiv.) P
EtOH (0.2 M), -15°C, 16 h

m-CPBA (2.5 equiv.), DCM, 0 °C, 1 h

70-98 % yield, 87-99 % ee

35 37
F ><0 Ar = p-Tol, Naphth, C4H,Cl
F
o PPh,
L36:
o PPh,

F.
X
o
Scheme 10. Rh—promoted asymmetric addition of thiols to allenes.

Some examples of rhodium-assisted asymmetric hydrofunctionalization of alkenes
were reviewed in 2026 [64]. Although numerous rhodium-catalyzed C-S bond-forming
reactions have been developed through C-H activation strategies [65,66], asymmetric var-
iants still remain comparatively scarce.

3.4. Nickel-Catalyzed Reactions

Nickel catalysis has emerged as a powerful alternative to palladium and copper ca-
talysis in carbon-heteroatom bond-forming reactions owing to the unique electronic prop-
erties, earth abundance, and low cost of nickel complexes. In the field of C-S bond for-
mation, nickel catalysts have demonstrated remarkable versatility in cross-coupling, re-
ductive coupling, and radical-mediated transformations, enabling the efficient synthesis
of a wide range of sulfur-containing compounds. In particular, the ability of nickel to en-
gage in both two-electron and single-electron pathways has opened new opportunities for
the development of stereoselective and enantioselective sulfur-functionalization reactions
[66-69]. Compared with palladium- and rhodium-catalyzed processes, nickel-catalyzed
methodologies often exhibit complementary reactivity profiles and broader compatibility
with unconventional electrophiles and radical precursors. Recent advances in ligand de-
sign and mechanistic understanding have further facilitated the development of asym-
metric nickel-catalyzed C-S bond-forming reactions, including cross-coupling processes
and radical relay transformations leading to enantioenriched sulfur-containing molecules.
Although this area remains less developed than other branches of asymmetric nickel ca-
talysis, recent achievements clearly demonstrate the growing potential of nickel com-
plexes in the construction of chiral organosulfur compounds [70,71]. In 2026, Guo and co-
workers reported a nickel-catalyzed asymmetric sulfonation of racemic propargylic car-
bonates 38 using sodium sulfinates 39 as sulfur nucleophiles [72]. Through a highly regio-
and enantioselective propargylic substitution process, a broad range of propargylated, al-
lenylated, and 1,3-dienyl sulfones 41 were obtained in good yields and excellent enanti-
oselectivities (Scheme 11). The methodology relies on chiral nickel catalysis (L40) to con-
trol both regioselectivity and stereochemistry during C-S bond formation and provides
direct access to valuable enantioenriched sulfone building blocks. Furthermore, the syn-
thetic utility of the products was demonstrated through their transformation into diverse
sulfur-containing molecules, highlighting the potential of nickel catalysis for asymmetric
C-S bond construction.
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I
R (0]
9 o0cOfBu  Ni(COD), (10 mol %) s
|| . L40 (12 mol %) B
l :
R ONa R2 0-Ph-C¢H,CO,H (1.5 equiv.) / R2
4 MeCN, 25 °C 4
39 R’ 38 R’ 41
o]
R =Me, Bn, R! =Ph, R = Me 54-95% yield
91-97% ee
°© PPh,
L40
o PPh,
(O

Scheme 11. Ni—catalyzed asymmetric propargylic sulfonation.

In 2024, Shu and co-workers reported a nickel-catalyzed enantioselective reductive
N-cyclization—thiolation of alkene-tethered oxime esters 42 with disulfides 43 [73]. The
transformation proceeds in the presence of chiral ligand L44 through a reductive aza-Heck
cyclization followed by enantioselective C-S bond formation, providing sulfide-contain-
ing pyrrolines 45 bearing stereogenic centers in high enantiomeric purity (Scheme 12). The
method operates under mild conditions and exhibits broad functional-group tolerance,
accommodating substrates containing alkynes, phenols, anilines, amides, nitriles, and aryl
bromides. This constitutes an elegant example of asymmetric nickel catalysis that com-
bines heterocycle construction and C-S bond formation in a single catalytic sequence.

s A
N r
_-0COMes Ar s 4
N Ni(PCy3),Cl, (15mol %)  pp,

/ L44 (15 mol %)
“y, Zn (3.5 equiv.)
7,
Mé "Me DMF/DIAE (1:1). 20 °C

Cl
42
45

Ar = C¢H,F, CH,Cl, CH,0H N

Ph
41-62% yield
81-94% ee

O / o)

</ N
L44: | ’
N N

///, I,

Bu

Bu BY

Scheme 12. Ni—catalyzed enantioselective reductive N-cyclization-thiolation reaction.

Kanemasa and co-workers reported one of the earliest examples of nickel-catalyzed
enantioselective C-S bond formation through the conjugate addition of thiols 46 to o, 3-
unsaturated N-acyl oxazolidinones 47 [74]. Using a chiral Ni(II)/DBFOX-Ph 48 catalyst
system, a variety of thiols were added to 3-(2-alkenoyl)-2-oxazolidinones to afford 3-sul-
fur-substituted products 49 in high yields and excellent enantioselectivities (Scheme 13).
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The reaction proceeds via asymmetric Michael addition, generating a new C-S bond and
a stereogenic carbon center in a single step. This study demonstrated the potential of chiral
nickel complexes for controlling stereochemistry in sulfur-functionalization reactions and
represents a landmark contribution to asymmetric C-S bond formation.

R,R-DBFOX-Ph 48
. Ni(C10,),'6H,0

! \ M
RSH + o N \ (10 mol % each)
46 \[( conditions \[(
Ie) (@]
26—100% yield

R = Ph, o-Tol, p-Tol 55-97% ee
Conditions: rt, THF or 0 °C, DCM/THF (10:1 v/v), proton sponge

llllln-j
<
]

2]
)

R,R-DBFOX-Ph 48

0\ /o
k/N N

h Ph

Scheme 13. Ni—promoted asymmetric addition of thiols to oxazolidinones.

Ishimaru and co-workers described an enantioselective a-sulfenylation of fluori-
nated B-ketoesters 50 catalyzed by a chiral Ni(II)/DBFOX-Ph 48 complex [75]. The reaction
enabled the formation of C-S bonds at the a-position of -ketoesters, affording a-fluoro-
a-sulfenylated products 51 bearing quaternary stereogenic centers in good yields and
high enantioselectivities (Scheme 14).

[e] [0} [¢] [¢]
(R,R)-DBFOX-Ph 48 (11 mol %)

Ni(CI0,),* 6H,0 (10 mol %)

1 1
R OR PhSCI (1.2 equiv.) R & OR
DCM, MS-4A £ ¥sph
F
R =Me, Et, Ph, R! ='Bu 8-62% yield
50 51 17-83%ee

Scheme 14. Ni—promoted asymmetric synthesis of a-fluoro-a-sulfenyl-f3-ketoesters.

3.5. Iridium-Catalyzed Reactions

Iridium-catalyzed asymmetric transformations have become an important compo-
nent of modern synthetic chemistry owing to their exceptional ability to control regio-,
diastereo-, and enantioselectivity in carbon—carbon and carbon-heteroatom bond-form-
ing reactions. In particular, chiral iridium complexes have proven highly effective in
asymmetric allylic substitution reactions, often displaying complementary regioselectiv-
ity to palladium catalysts and enabling the efficient construction of stereogenic centers
under mild reaction conditions [25,76,77]. In the context of organosulfur chemistry, irid-
ium catalysis has provided access to a variety of enantioenriched sulfides and sulfur-con-
taining heterocycles through asymmetric allylic substitution and related processes involv-
ing sulfur nucleophiles. The combination of highly tunable chiral phosphoramidite and
phosphoramidite—olefin ligands with the unique reactivity of m-allyliridium intermedi-
ates has enabled the development of efficient methodologies for enantioselective C-S
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bond formation. Although fewer examples have been reported compared with palladium-
catalyzed systems, iridium-catalyzed processes frequently deliver excellent regio- and en-
antioselectivities and constitute a valuable complement to other transition-metal-cata-
lyzed approaches [78,79].

Zhao et al. reported a regio- and enantioselective iridium-catalyzed allylic substitu-
tion between thiophenol 52 and allylic carbonates 53, providing direct access to enanti-
oenriched allyl phenyl sulfides 55 (Scheme 15) [80]. Using a chiral iridium catalyst L54,
the reaction proceeded with excellent branched-to-linear selectivity and high enantiocon-
trol, affording a variety of allylic sulfides 55 in high yields and up to excellent enantio-
meric excesses.

SPh

[I(COD)CI], (1 mol %)
e N L54 (2 mol %) )\/ e N
R 0CO,Me / + R SPh
53 CsF,NaSPh52 R
DCM, 1t 55

60-79% yield

R =Me, n-Pr, Ph up to 99% ee

o}
L54: \
P
/
(0]

Scheme 15. Ir—catalyzed allylation of NaSPh.

Building upon their earlier studies on aromatic thiols, the same group developed an
iridium-catalyzed asymmetric allylation of aliphatic thiols with allylic carbonates using
the same catalytic system [81]. The method provided a straightforward route to branched
allylic sulfides through highly regioselective allylic substitution, furnishing the products
in good yields and excellent enantioselectivities. Notably, the protocol tolerated a variety
of primary and secondary aliphatic thiols, demonstrating the broad applicability of irid-
ium-catalyzed asymmetric C-S bond formation. Zhao et al. also expanded the scope of
iridium-catalyzed asymmetric allylic substitution by employing sodium  triiso-
propylsilanethiolate as a masked thiol equivalent [82]. The reaction of allylic carbonates
53 with TIPS-protected sulfur nucleophiles 55 afforded branched allylic sulfides 56 in
moderate to good yields, excellent regioselectivities, and up to 89% ee (Scheme 16). Im-
portantly, the resulting silyl-protected sulfides could be readily converted into optically
enriched thiols, providing a practical strategy for the synthesis of chiral sulfur-containing
building blocks.

SSiPry’
[I((COD)Cl], (1 mol %) R F
L54 (2 mol %) 4 56
CsF (300 mol %
R/\/\OCOZMe ( . 0) . /\/\ o
53 NaSSiPry’ 55 R SSiPrs
DCM, 1t
40-77% yield
R = Ph, 2-thienyl, PhCH,CH, up to 99% ee

Scheme 16. Ir—-promoted asymmetric allylation of allyl methyl carbonates.
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In the same year, Zhao and co-workers reported a one-pot iridium-catalyzed asym-
metric double allylation of sodium sulfide, providing an efficient route to C>-symmetric
bis(allylic) sulfides [83]. In this strategy, sodium sulfide 57 acts as a bisnucleophilic sulfur
source and undergoes two consecutive enantioselective allylic substitution reactions with
allylic carbonates 53 under the control of a chiral iridium catalyst L54 (Scheme 17). The
resulting products 58 were obtained in high yields, excellent enantioselectivities (up to
99% ee), and high diastereoselectivities, generating two stereogenic carbon centers
through the formation of two new C-S bonds.

\ /
Na,S* 9H,0 57

[I(COD)CI], (1 mol %) : 67-99% yield
L54 (2 mol %) R s/\R 96-99% ee

N oo CSF (300 mol %) 8
R ove
53 DCM, 1t, 36 h R/\/\S/\/\R

R =Me, Et, Ph, 2-thienyl

i)

Scheme 17. Ir—catalyzed double allylation of sodium sulfide with allyl methyl carbonates.

In 2012, Zhao et al. described an iridium-catalyzed enantioselective allylic substitu-
tion of sodium 2-aminobenzenethiolate 59 with a broad range of allylic carbonates 53 [84].
Despite the ambident nature of the nucleophile, the reaction proceeded predominantly
through sulfur attack, affording branched allylic sulfides 60 and 61 with excellent regiose-
lectivities and enantioselectivities (up to 97% ee) (Scheme 18). The resulting N,S-function-
alized intermediates were further transformed into benzo-fused N,S-heterocycles, demon-
strating the synthetic utility of the methodology.

Finally, in 2012, Roggen and Carreira subsequently developed an enantioconvergent
iridium-catalyzed allylic thioetherification of racemic allylic alcohols 62 (Scheme 19) [85].
The combination of an Ir-P,alkene complex 63 and dibutyl phosphate enabled the conver-
sion of both substrate enantiomers into the same enantiomer of the allylic thioether 64,
demonstrating an alternative strategy for asymmetric C-S bond formation based on en-
antioconvergent catalysis.

H,N R?
R2 NH,
s
H 54-83% yield
/\/ 60 94-96% ee
[Ir(COD)CI], (2 mol %)  R!
Na +
L54 (4 mol %) H
59 4 > R! WN R2
KOAc, DCM, t, 12 h
R1/\/\0002Me
53 / s
R! = Me, Et, n-Pr, Ph H 61
R1/\/
+
HoN R?

I NV N

Scheme 18. Ir-catalyzed enantioselective allylic alkylation of sodium 2-aminobenzenethiolate.
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[{Ir(cod)Cl},] (2.5 mol%)

OH P, alkene 63 (10 mol%) SBn
)\/ m-CICgH4CO,H (0.5 equiv.) )\/
+ BnSH
oh F DCE, 50 °C, 24 h Ph 7
62 83-90% yield, 80-96% ee 64 +

Ph/\/\ SBn
l )
~— ‘
pP—N
o/
63

Scheme 19. Iridium promoted enantioselective thioetherification.

4. Organocatalytic Enantioselective C-S Bond Formation

Organocatalysis has become one of the most powerful strategies for asymmetric syn-
thesis, providing efficient and environmentally benign alternatives to transition-metal ca-
talysis. Since the pioneering discoveries of proline-catalyzed aldol reactions and hydro-
gen-bond donor catalysis, a broad range of chiral small organic molecules have been de-
veloped as highly effective catalysts for stereoselective bond-forming processes. Owing to
their operational simplicity, low toxicity, and often excellent stereochemical control, or-
ganocatalytic methods have found widespread application in the synthesis of enantioen-
riched sulfur-containing compounds [86-89]. In the context of C-S bond formation, or-
ganocatalysis offers several distinct activation modes, including enamine catalysis, imin-
ium catalysis, Brensted acid and base catalysis, phase-transfer catalysis, hydrogen-bond
donor catalysis, and bifunctional activation. These approaches have enabled numerous
asymmetric transformations involving sulfur nucleophiles or electrophilic sulfur-transfer
reagents, leading to a diverse array of chiral sulfides, thioethers, sulfoxides, sulfoximines,
and sulfur-containing heterocycles [26,90,91]. Particularly significant progress has been
achieved in asymmetric Michael additions of thiols to activated alkenes, electrophilic sul-
fenylation reactions, and cascade processes in which C-S bond formation is coupled with
the simultaneous generation of one or more stereogenic centers. Recent developments
have further expanded the scope of organocatalytic sulfur-functionalization reactions to-
ward increasingly complex molecular architectures and previously inaccessible sulfur-
stereogenic compounds. Consequently, organocatalytic enantioselective C-S bond-form-
ing reactions now represent an important and rapidly evolving branch of asymmetric or-
ganosulfur chemistry [92-94].

4.1. Organocatalytic Asymmetric Sulfa-Michael Additions

Among the various organocatalytic strategies for enantioselective C-S bond for-
mation, asymmetric Michael addition of thiols to electron-deficient alkenes represents one
of the most extensively investigated and synthetically useful approaches. This transfor-
mation provides a direct and atom-economical route to enantioenriched sulfides through
the simultaneous formation of a new carbon-sulfur bond and one or more stereogenic
centers. Owing to the high nucleophilicity of sulfur-centered nucleophiles and the broad
availability of activated Michael acceptors, thiol conjugate additions have become a ver-
satile platform for the synthesis of structurally diverse sulfur-containing compounds
[92,95]. The development of organocatalytic asymmetric variants has been driven by the
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emergence of highly efficient activation modes, including enamine and iminium catalysis,
hydrogen-bond donor catalysis, phase-transfer catalysis, and bifunctional organocataly-
sis. In particular, chiral thioureas, squaramides, cinchona alkaloid derivatives, and pri-
mary or secondary amine catalysts have enabled excellent levels of stereocontrol in con-
jugate additions of both aromatic and aliphatic thiols to a wide range of activated olefins
[96-100]. Beyond their fundamental mechanistic interest, organocatalytic asymmetric
thio-Michael reactions have found broad application in the synthesis of biologically active
molecules, pharmaceutical intermediates, and sulfur-containing building blocks. Further-
more, the mild reaction conditions and metal-free nature of these processes make them
attractive alternatives to transition-metal-catalyzed methodologies. As a result, asymmet-
ric thio-Michael additions have become a cornerstone of organocatalytic enantioselective
C-S bond-forming chemistry and continue to inspire the development of increasingly ef-
ficient catalytic systems.

Wang et al. reported an organocatalytic asymmetric sulfa-Michael addition of thiols
65 to 4,4,4-trifluorocrotonates 66 using a cinchona alkaloid-derived bifunctional catalyst
67 [96]. The reaction provided direct access to chiral B-trifluoromethyl sulfides 68 through
enantioselective C-S bond formation between aromatic or aliphatic thiols and fluorinated
a,B-unsaturated esters (Scheme 20). A broad substrate scope was demonstrated, affording
the corresponding thioethers in high yields and good to excellent enantioselectivities. This
study highlighted the potential of organocatalytic thio-Michael reactions for the synthesis
of fluorinated sulfur-containing building blocks of synthetic and pharmaceutical rele-

vance.

catalyst 67

0
=3
§

PhSH + Fac\/\
COLEt

65 66

. CO,Et
PhMe, rt, < 30 min. 2

- Ph .
)J\N\\\\“ up to 96% yield

H up to 96% ee

N N

w»
a)
=
Qllinn
Q
w
N
®

Zle

cat. 67

FsC CF3

Scheme 20. Sulfa-Michael addition of thiofenol to 4,4,4-trifluorocrotonate.

Enders and Hoffmann reported an organocatalytic asymmetric sulfa-Michael addi-
tion of thiols 69 to a,-unsaturated sulfonates 70 [97]. Using a cinchona alkaloid-derived
organocatalyst 71, a variety of aromatic and aliphatic thiols were efficiently added to acti-
vated sulfonate acceptors, furnishing 3-sulfonyl-substituted sulfides 72 in good yields and
high enantioselectivities (Scheme 21). The methodology expanded the scope of asymmet-
ric thio-Michael reactions beyond traditional Michael acceptors and provided access to
synthetically versatile sulfur-containing building blocks.
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0 cat. 71 (20 mol %) SR’ 0\\
) PhMe, 4A MS, 1t o
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24-92% yield

R' =Me, Pr, Ph
, LT, MeO 33-64% ee
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Scheme 21. Sulfa—Michael addition of thiols to a,3-unsaturated sulfones.

Wang et al. developed a highly efficient organocatalytic asymmetric sulfa-Michael
addition of thiols 73 to a,3-unsaturated hexafluoroisopropyl esters 74 [98]. The use of the
strongly electron-withdrawing hexafluoroisopropyl ester group significantly enhanced
the electrophilicity of the Michael acceptors, enabling highly enantioselective C-S bond
formation under mild conditions (Scheme 22). A broad range of thiols and unsaturated
esters were successfully employed, affording the corresponding fluorinated sulfides 75 in
high yields and excellent enantioselectivities. The synthetic utility of the methodology was
further demonstrated through a one-pot synthesis of the biologically active compound
(R)-thiazesim.

0o SR? o}

/\)J\ cat. 71 (5 mol %)
RISH + R OCH(CFs), — > R OCH(CF2),
PhMe, 0 °C
73 74 75
up to 99% yield
R! = Ph, 2-naphthyl, 2-thienyl and 99% ee

Scheme 22. Asymmetric sulfa—-Michael addition of thiols to a,-unsaturated hexafluoroisopropyl

esters.

Johnson and co-workers reported an asymmetric organocatalytic sulfa-Michael ad-
dition of thiols to highly activated enone diesters [99]. Employing a bifunctional cinchona
alkaloid-derived catalyst 77, a variety of aromatic and aliphatic thiols were added to
enone diesters 76 with excellent stereocontrol, furnishing (3-thioether products 78 bearing
synthetically valuable 1,5-dicarbonyl frameworks (Scheme 23). The reaction proceeded in
high yields and good to excellent enantioselectivities across a broad substrate scope. This
study further expanded the range of Michael acceptors suitable for organocatalytic asym-
metric C-S bond formation and provided access to versatile sulfur-containing building
blocks for subsequent synthetic elaboration.
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0o CO,Bu RISH o CO,'Bu
cat. 77 (10 mol %)
R? Z CO,'Bu Et,0, -60 °C, 24 h R? v CO,'Bu
7 CFs S
| 78 up to 94% yield
R'=Cy, Bn up to 99% yield

R? = Ph, C¢H,Br, C¢H,NO,
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cat. 77
S NH
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Scheme 23. Asymmetric sulfa—Michael reaction of thiols with enone diesters.

Skarzewski et al. reported an organocatalytic asymmetric addition of aliphatic thiols
79 to nitro olefins 80 and nitrodienes using cinchona alkaloid-derived catalysts 81 (Scheme
24) [100]. The methodology enabled efficient enantioselective C-S bond formation,
providing (-nitro sulfides 82 in good yields and moderate to high enantioselectivities. The
protocol was applicable to both nitroalkenes and conjugated nitrodienes.

NO,

cat. 81 (2.5 mol %)

NO.
R/\/ ? + PhCH,SH N N

DCM, -30°C, 48 h

80 79 2

cFr, 8
71-95% yield
R = Ph, 2-naphthyl, 2-thienyl 70-78% ee
Ph S
\/ N /“\
N
H N CF;

cat. 81

Scheme 24. Asymmetric addition of thiol to nitro—olefins.

4.2. Organocatalytic Sulfenylation Reactions

Organocatalytic asymmetric sulfenylation reactions represent an important class of
enantioselective C-S bond-forming processes, enabling the direct introduction of sulfur-
containing substituents into prochiral carbon frameworks under mild and metal-free con-
ditions. In contrast to thio-Michael additions, these transformations generally proceed
through the stereoselective transfer of an electrophilic sulfur species to an activated car-
bon nucleophile, most commonly generated via enamine or iminium activation of car-
bonyl compounds. Such reactions provide efficient access to a-sulfenylated aldehydes,
ketones, and related derivatives, which constitute valuable intermediates in organic syn-
thesis and medicinal chemistry [101]. The emergence of aminocatalysis has played a deci-
sive role in the development of asymmetric sulfenylation methodologies. Chiral second-
ary amines derived from proline, imidazolidinones, and related scaffolds have been
shown to effectively control both the reactivity and stereochemical outcome of electro-
philic sulfur-transfer reactions. These catalytic systems have enabled the enantioselective
construction of carbon stereocenters through direct C-S bond formation with a broad
range of sulfur electrophiles and carbonyl substrates [101]. Subsequent developments ex-
panded the scope of organocatalytic sulfenylation beyond simple aldehydes and ketones
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to encompass {3-ketoesters, oxindoles, and other activated carbonyl compounds. As a re-
sult, asymmetric sulfenylation has evolved into a versatile synthetic strategy for the prep-
aration of structurally diverse sulfur-containing molecules and remains an active area of
research within organocatalytic asymmetric synthesis [102-105].

Yuan et al. developed an organocatalytic asymmetric sulfenylation and selenenyla-
tion of 3-pyrrolyl-oxindoles 83 using electrophilic sulfur and selenium transfer reagents
84 [102]. Employing commercially available cinchonidine as catalyst, a broad range of 3-
thio-3-pyrrolyl- and 3-seleno-3-pyrrolyl-oxindoles 85 bearing a quaternary stereogenic
center at the C3 position were obtained in high yields and good to excellent enantioselec-
tivities (Scheme 25). The methodology provided efficient access to 3,3-disubstituted oxin-
doles containing two different heteroatoms (N,S or N,Se) and was successfully demon-
strated on gram scale.

2
. 84 N
(o]

cinchonidine

N N o (10 mol %)
R —_—

|
/ N PhMe, 4 A MS, 0°C
83 \R

R = Me, Et, Ph, Bn

| up to 98% yield
R'=H, Br, Cl, F, Me up to >99% ee

R? = Ph, C4H,CI

Scheme 25. Asymmetric sulfenylation of 3-pyrrolyl-oxindoles.

Liao and co-workers developed a catalytic asymmetric sulfenylation strategy for the
synthesis of structurally diverse chiral dithioketals [103]. Using a cinchona alkaloid-de-
rived organocatalyst 88, a variety of sulfur-containing nucleophiles 86 were coupled with
electrophilic sulfenylating reagents 87 through highly enantioselective C-S bond-forming
processes (Scheme 26). The methodology provided access to a broad range of dithioketals
89 bearing sulfur-substituted stereogenic centers in high yields and excellent enantiose-
lectivities. Importantly, the protocol demonstrated a rare example of organocatalytic
asymmetric construction of sulfur-rich molecular architectures and significantly ex-
panded the scope of organocatalytic sulfenylation chemistry beyond conventional a-sul-
fenylated carbonyl compounds.
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Scheme 26. Catalytic asymmetric sulfenylation to dithioketals.

In 2023, the authors developed an organocatalytic asymmetric trifluoromethyl-
sulfenylation of -ketoesters 90 using N-trifluoromethylthiophthalimide 91 as an electro-
philic SCFs-transfer reagent [104]. Cinchona alkaloid-derived catalysts enabled highly en-
antioselective C-S bond formation, providing a range of a-trifluoromethylthio-substi-
tuted B-ketoesters 92 in high yields and good to excellent enantioselectivities (Scheme 27).
The use of pseudoenantiomeric catalysts allowed access to both product enantiomers, and
the synthetic utility of the obtained compounds was demonstrated through subsequent
transformations into optically enriched a-SCFs 3-hydroxyesters.

O
N——SCF,
O
91
\ CO.R' cinchona
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—_—
/ DCM, 0 °C
/ H
K n
90
R=H,CLF 71-97% yield

R'=Me, ‘Bu, Bn 91-99% ee

Scheme 27. Asymmetric trifluoromethylsulfenylation.

Denmark and co-workers developed a catalytic enantioselective a-sulfenylation of
ketone-derived silyl enol ethers 93 using chiral Lewis base 94 catalysis [105]. A key feature
of the methodology was the design of N-phenylthiosaccharin as a highly effective electro-
philic sulfur-transfer reagent that avoided the need for Brensted acid activation and pre-
vented hydrolysis of the sensitive enoxysilane substrates. Chiral selenophosphoramides
were identified as the most efficient catalysts, enabling the synthesis of a-phenylthio ke-
tones 95 in high yields and good enantioselectivities (Scheme 28). Detailed computational
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studies further provided insight into the origin of stereocontrol in the sulfenylation pro-

cess.
N-phenylthiosaccharin
OSiMe; (R)-cat. 94 (0.15 equiv.) o
DCM (0.5 M)
S HF* py/MeOH 5) R
R R Y
93 66—80% yield H
up to 98:2 er PhS 95
R! =Ph, R? = Me
/Me
Se
(R)-cat. 94 A4
P
N
\ N'Pr,
Me

Scheme 28. Enantioselective sulfenylation of ketone—derived enoxysilanes.

5. Emerging Photochemical and Electrochemical Approaches

The development of photochemical and electrochemical activation strategies has re-
cently opened new opportunities for carbon—sulfur bond formation under mild and envi-
ronmentally benign conditions. Unlike traditional ionic pathways commonly employed
in transition-metal-catalyzed and organocatalytic transformations, these approaches fre-
quently rely on the generation of sulfur-centered and carbon-centered radical intermedi-
ates, enabling access to distinct reactivity patterns and previously challenging bond-form-
ing processes [106-108]. Visible-light photocatalysis has emerged as a particularly power-
ful platform for sulfur functionalization reactions, allowing the controlled generation of
reactive sulfur species from thiols, disulfides, sulfinates, and related sulfur-containing
precursors. As a result, numerous photocatalytic thiolation, sulfenylation, sulfonylation,
and C-H functionalization reactions have been developed over the past decade [106-108].
Likewise, advances in synthetic organic electrochemistry have provided efficient methods
for the generation of radical intermediates through direct anodic or cathodic activation,
offering sustainable alternatives to conventional redox processes. Despite these significant
advances, examples of enantioselective C-S bond-forming reactions employing photo-
chemical or electrochemical activation remain remarkably scarce. The inherent difficulty
of controlling stereochemistry in open-shell processes has long limited the development
of asymmetric variants. Nevertheless, several recent studies have successfully combined
radical generation with chiral catalytic systems, demonstrating that high levels of stere-
ocontrol can be achieved in both photocatalytic and electrochemical C-S bond-forming
transformations. These pioneering reports highlight the considerable potential of photo-
chemical and electrochemical strategies for future developments in asymmetric organo-
sulfur synthesis.

As already mentioned in Section 3.2, Wang and co-workers reported a copper-cata-
lyzed asymmetric C-H sulfilimination of arenes via a HAT-initiated radical-radical cou-
pling strategy [56]. The method relies on selective hydrogen atom transfer to generate
carbon-centered radicals, which subsequently undergo stereocontrolled coupling with
sulfur-centered radical intermediates in the presence of a chiral copper catalyst (Scheme
5). This approach enables direct enantioselective C-S bond formation from unactivated
C-H bonds, providing a broad range of sulfilimines in high yields and excellent enanti-
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oselectivities. Mechanistic studies supported a radical pathway involving HAT activation
and copper-controlled radical-radical coupling as the enantiodetermining step.

Sun and co-workers developed a nickel-catalyzed electrochemical strategy for the di-
rect enantioselective construction of C-S bonds through radical cross-coupling [109]. Un-
der electrochemical conditions, benzylic radicals generated by anodic oxidation were
combined with sulfur-centered radicals derived from thiophenols 96 in the presence of a
chiral nickel catalyst 97 (Scheme 29). The method provided a broad range of chiral thi-
oethers 98 bearing stereogenic carbon centers in excellent yields and enantioselectivities
of up to 93% ee. Mechanistic studies suggested that electrochemically generated carbon-
and sulfur-centered radicals undergo nickel-controlled stereoselective coupling, high-
lighting the potential of asymmetric electrocatalysis for the synthesis of enantioenriched
sulfur-containing compounds.

It should be also mentioned that some recent studies have demonstrated that radical
processes involving sulfur dioxide can be rendered stereoselective through Curtin-Ham-
mett-controlled pathways, illustrating the growing sophistication of radical sulfur chem-
istry [110,111].

SH
‘/ / (0] /R1
96
o R? Ar N
C(H)-Pt(-), 1= 2 mA
N A NiBr, diglyme (10 mol %) \ /
N cat. 91 _ N S N
\/\_N n-BuyNBE,, n-BuNI, 7.5 °C Rz_l 98
\R1 = up to 94% yield
up to 93% ee
R! = thienyl MeQ, OMe
R? = Mesityl
cat. 97
R F F F
N
N N
F F
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Scheme 29. Asymmetric electrochemical C-S bond formation.

6. Sulfur-Centered Stereogenicity Generated Through C-S
Bond Formation

The rapidly expanding chemistry of sulfur-centered stereogenicity has been summa-
rized in several recent reviews, including comprehensive discussions of asymmetric
methods for the synthesis of S-stereogenic sulfoximines [112]. The asymmetric synthesis
of sulfur-containing compounds has traditionally focused on the generation of stereogenic
carbon centers through enantioselective C-S bond-forming reactions. In recent years,
however, increasing attention has been directed toward the direct construction of sulfur-
centered stereogenic units, reflecting the growing importance of chiral sulfur compounds
in medicinal chemistry, asymmetric catalysis, and materials science. Sulfoxides, sul-
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foximines, sulfilimines, sulfinamides, and related sulfur(VI) and sulfur(IV) derivatives
have emerged as valuable structural motifs owing to their unique stereochemical and
physicochemical properties [56,113-115]. Among the various approaches to sulfur-cen-
tered chirality, asymmetric C-S bond formation represents an attractive strategy because
it enables the simultaneous introduction of sulfur functionality and stereochemical infor-
mation in a single catalytic transformation. Significant advances in transition-metal catal-
ysis, organocatalysis, and radical-mediated processes have recently enabled the efficient
preparation of sulfur-stereogenic compounds with high levels of enantiocontrol. In addi-
tion, several methodologies have demonstrated the simultaneous generation of sulfur-
centered chirality and other stereochemical elements, including axial chirality and carbon-
centered stereogenicity. These developments have substantially expanded the synthetic
toolbox available for the preparation of enantioenriched sulfur-containing molecules and
have established asymmetric C-S bond formation as a powerful platform for accessing
architecturally complex sulfur-stereogenic frameworks.

Zhang and co-workers reported a highly efficient strategy for the synthesis of sulfur-
stereogenic sulfinate esters through a catalytic asymmetric condensation process [113].
The method relies on the enantioselective coupling of prochiral sulfinic acid derivatives
99 with alcohol nucleophiles under the control of a chiral organocatalyst 100, enabling
direct formation of the S-O bond while simultaneously establishing sulfur-centered chi-
rality. A broad range of sulfinate esters 101 was obtained in excellent yields and with out-
standing enantioselectivities, demonstrating broad substrate scope and high functional-
group tolerance (Scheme 30). Mechanistic studies suggested that the catalyst-controlled
condensation proceeds through selective activation and differentiation of the enantiotopic
lone pairs at sulfur, providing an effective solution to the long-standing challenge of cat-
alytic asymmetric synthesis of sulfur-stereogenic sulfinate esters. This work represents
one of the first general catalytic approaches for the direct preparation of highly enantioen-
riched sulfinate esters and significantly expands the toolbox for sulfur-centered asymmet-
ric synthesis.

Huang and co-workers developed an organocatalytic asymmetric deoxygenation of
sulfones that provides direct access to sulfur-stereogenic sulfinyl compounds [114]. The
strategy employs a chiral organocatalyst 103 to achieve selective reduction of prochiral
sulfones 102, enabling efficient differentiation of the enantiotopic oxygen atoms and gen-
eration of sulfur-centered chirality (Scheme 31). A broad range of sulfinyl products 104
was obtained in high yields and excellent enantioselectivities, demonstrating the general-
ity of the methodology and its tolerance toward diverse functional groups. Mechanistic
investigations suggested that catalyst-controlled deoxygenation constitutes the stereode-
termining step, allowing precise control over the configuration of the sulfur stereocenter.
This work represents a significant advance in asymmetric sulfur chemistry by providing
a practical catalytic route to enantioenriched sulfinyl compounds from readily available
sulfone precursors.
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Scheme 30. Asymmetric synthesis of sulfinate esters.
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Scheme 31. Asymmetric deoxygenation of sulfones.

Zhang et al. reported an asymmetric synthesis of biaryl sulfilimines 107 bearing mul-
tiple chiral elements through the reaction of sulfur-containing substrates with cyclic dia-
ryliodonium salts 105 [115,116]. The methodology enabled the efficient construction of
sulfur-stereogenic sulfilimines while simultaneously controlling additional stereochemi-
cal elements, including axial chirality in biaryl frameworks (Scheme 32). A broad range of
products was obtained in the presence of catalyst 106 with high levels of enantio- and
diastereoselectivity, demonstrating the effectiveness of the catalytic system in orchestrat-
ing multiple stereochemical features within a single transformation. The resulting sul-
filimines could be further derivatized without erosion of stereochemical integrity, high-
lighting their synthetic utility.

In 2024, Wang and co-workers described an organocatalytic enantioselective sulfur
alkylation of sulfenamides 108 for the synthesis of sulfur-stereogenic sulfilimines [117].
The strategy relies on catalyst-controlled (cat. 109) differentiation of the enantiotopic lone
pairs at sulfur, enabling direct formation of a stereogenic sulfur center during the alkyla-
tion process. A broad range of sulfilimines 110 was obtained in high yields and excellent
enantioselectivities, demonstrating the versatility of the methodology and its broad sub-
strate scope (Scheme 33). The resulting products could be readily transformed into struc-
turally diverse sulfur-containing compounds while preserving stereochemical integrity.
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Scheme 32. Asymmetric synthesis of biaryl sulfilimines.
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Scheme 33. Enantioselective sulfur alkylation of sulfenamides.

Shi and co-workers reported a similar catalytic asymmetric strategy for the synthesis
of sulfur-stereogenic sulfilimines through direct 5S-C bond formation [118]. The method-
ology enables the construction of chiral sulfilimines via type 109 catalyst-controlled func-
tionalization at sulfur, providing efficient access to a broad range of sulfur-stereogenic
products with high yields and excellent enantioselectivities. The reaction exhibited broad
substrate scope and excellent functional-group tolerance, highlighting its general applica-
bility. Fang and co-workers developed a copper-catalyzed asymmetric cyclizative sulfin-
amidation of propargylic derivatives 111 that enables the efficient construction of indole-
based sulfur-stereogenic sulfinamides 113 [58]. The transformation proceeds through an
enantioselective intramolecular cyclization process, simultaneously generating a stereo-
genic sulfur(IV) center and axial chirality within the resulting heterocyclic framework. A
broad range of indole-derived products 113 was obtained in high yields with excellent
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enantio- and diastereoselectivities, demonstrating the effectiveness of the chiral copper
catalytic system 111 (Scheme 34). Notably, the methodology allows the concurrent control
of sulfur-centered and axial chirality, providing access to architecturally complex sulfur-
containing molecules.
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Scheme 34. Asymmetric cyclizative sulfinamidation.

Recently, Kwon, Ye and Ellman developed the first general catalytic enantioselective
synthesis of S-trifluoromethyl sulfilimines through Cu(II)/BOX-catalyzed S-trifluorometh-
ylation of sulfenamides 114 using the Umemoto reagent [119]. The method exhibited
broad substrate scope, providing both S-(hetero)aryl and S-alkyl sulfilimines 115 in excel-
lent yields and enantioselectivities (up to 99% yield and 99:1 er) (Scheme 35). Furthermore,
the obtained sulfilimines served as versatile intermediates for the stereospecific synthesis
of 5-CFs sulfoxides via hydrolysis with inversion of configuration and S-CFs sulfoximines
via stereoretentive oxidation, thereby establishing the first general asymmetric access to
these pharmaceutically important sulfur-stereogenic motifs.

CuCly* 2H,0 (10 mol%)

BOX ligand (15 mol%) g
Umemoto reagent (1.5 equiv.) H
S\ . . . S A
NHP 1-Me plperaznlle (1.5 equiv.) X NP
3 A sieves
DCM (0.1 M), 0°C,24 h 50-92% yield
10-96% ee
114 P =COR? 115
H

Scheme 35. Asymmetric synthesis of sulfilimines.

Very recently, Li and co-workers reported a copper/photoredox dual catalytic strat-
egy for the enantioselective radical sulfilimination of alkenyl iodides 116 with sulfena-
mides 117 under action of the catalyst type L118 (Scheme 36) [120]. Under visible-light
irradiation, alkenyl radicals generated from alkenyl iodides underwent stereocontrolled
coupling with chiral copper-bound sulfenamide intermediates, providing a broad range
of sulfur-stereogenic alkenyl sulfilimines 119 in good yields and excellent enantioselectiv-
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ities. The protocol exhibited high tolerance toward both aryl- and alkyl-substituted
alkenyl iodides and could be further extended to radical 1,2-carbosulfilimination of al-
kynes, thereby considerably expanding the synthetic utility of asymmetric radical C-S
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Scheme 36. Synthesis of chiral sulfilimines from sulfenamides.

In another recent contribution, Li and co-workers developed a copper-catalyzed en-
antioselective radical relay trifluoromethyl-sulfilimination of terminal alkynes 120 in the
presence of Togni-I reagent 121 and sulfenamide 122, providing direct access to axially
chiral vinyl sulfilimines 123 bearing sulfur-centered stereogenicity (Scheme 37) [121]. The
transformation employs a Cu/photoredox dual catalytic system to promote radical trifluo-
romethylation followed by stereocontrolled C-S bond formation, delivering a wide range
of vinyl sulfilimines in excellent yields with high enantio- and atroposelectivities. Mecha-
nistic studies suggested a radical relay pathway involving CFs radical addition to the al-
kyne and subsequent enantiodetermining capture of the vinyl radical by a chiral copper—
sulfenamide complex. The resulting products could be readily transformed into structur-
ally diverse sulfur(VI) compounds while preserving their stereochemical integrity, high-
lighting the synthetic potential of this strategy.
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Scheme 37. Trifluoromethyl-sulfilimination of terminal alkynes.

7. Mechanistic Aspects of Enantioinduction

Despite the structural diversity of asymmetric C-S bond-forming reactions, the un-
derlying principles of enantioinduction are often remarkably similar. In most cases, stere-
ochemical control is achieved through the creation of a well-defined chiral environment
that selectively stabilizes one transition state over its competing enantiomeric counterpart.
Depending on the catalytic platform employed, this control may arise from coordination
to a chiral metal complex, non-covalent interactions in organocatalytic systems, or selec-
tive capture of reactive radical intermediates. In transition-metal-catalyzed reactions, en-
antioselectivity is typically governed by the spatial arrangement of substrates within the
coordination sphere of the metal center. Chiral ligands create an asymmetric environment
that differentiates between competing approaches of sulfur nucleophiles or electrophiles,
thereby controlling the stereochemical outcome of the C-S bond-forming step. Such ste-
reocontrol has been demonstrated in nickel-, copper-, rhodium-, iridium-, and palladium-
catalyzed transformations, where the configuration of the product is established through
catalyst-controlled migratory insertion, nucleophilic substitution, reductive elimination,
or radical recombination processes. In organocatalytic reactions, stereochemical induction
commonly relies on hydrogen bonding, ion pairing, or bifunctional activation of both re-
action partners. Chiral thioureas, squaramides, cinchona alkaloid derivatives, and related
catalysts organize the reacting substrates through non-covalent interactions, enabling
highly selective sulfur additions to activated alkenes and carbonyl derivatives. The result-
ing transition-state organization allows efficient discrimination between the enantiotopic
faces of prochiral substrates and provides high levels of enantiocontrol. More recently,
photochemical and electrochemical approaches have introduced new challenges and op-
portunities for asymmetric C-S bond formation. In these systems, stereocontrol must be
exerted over highly reactive open-shell intermediates generated through single-electron
processes. Successful examples have demonstrated that chiral metal complexes can effec-
tively intercept carbon- and sulfur-centered radicals, enabling enantioselective radical
coupling and the construction of both carbon- and sulfur-centered stereogenic units.
These advances illustrate the increasing ability of modern catalytic systems to achieve
precise stereochemical control even in highly reactive radical environments. Overall, the
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development of asymmetric C-S bond-forming reactions highlights the importance of cat-
alyst-controlled transition-state organization as a unifying principle of enantioinduction.
Whether operating through ionic, coordination-driven, or radical pathways, contempo-
rary catalytic systems rely on the selective stabilization of one stereochemical trajectory,
thereby enabling efficient access to enantioenriched sulfur-containing molecules. As typ-
ical mechanistic examples, Pd-catalyzed m-allyl substitution with thiol nucleophile (Fig-
ure 1), Cu-catalyzed radical-radical coupling for C-S bond formation (Figure 2), and or-
ganocatalytic sulfa-Michael addition (Figure 3) were considered from the mechanistic
point of view. In the first case, in a generalized mechanistic picture [122], the thiol nucle-
ophile is activated by deprotonation and reacts with the chiral n?-allyl-Pd(Il) intermedi-
ate. Depending on the catalytic system, thiolate formation and nucleophilic attack may
involve different coordination and ion-pairing modes. The chiral ligand controls the spa-
tial arrangement of the allyl fragment and nucleophile, thereby determining the preferred
stereochemical pathway of C-S bond formation (Figure 1).
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Figure 1. Generalized stereochemical model for Pd-catalyzed asymmetric mt-allyl substitution with

thiol nucleophiles.

In the second case, in radical C-S bond-forming reactions, enantioinduction can arise
from the controlled generation and capture of open-shell intermediates within a chiral
copper environment [54]. Depending on the specific catalytic system, carbon- and sulfur-
centered radical intermediates may undergo sequential or concerted interactions with
copper complexes, ultimately leading to stereocontrolled C-S bond formation. Thus, the
chiral metal complex can serve as a platform for controlling the relative orientation and
recombination of highly reactive radical intermediates (Figure 2).
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Figure 2. Generalized model for enantioselective radical C-S bond formation under chiral copper

catalysis.
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Finally, in bifunctional organocatalytic sulfa-Michael additions, enantioinduction
generally results from the simultaneous organization of the Michael acceptor and activa-
tion of the thiol nucleophile through complementary noncovalent and acid-base interac-
tions. Hydrogen bonding and/or ion-pairing interactions can orient the electrophilic al-
kene within the chiral environment of the catalyst, while the basic component promotes
formation or stabilization of the reactive thiolate species. The resulting organized assem-
bly directs C-S bond formation preferentially from one face of the activated alkene. The
precise activation mode, however, depends on the structure of the catalyst and the specific
Michael acceptor/nucleophile pair [123] (Figure 3).

1. Activation of the thiol 2. Activation and ori i 3.0 i ition state 4. Product release 5. Catalyst regeneration
of the Michael acceptor (stereocontrolled attack)

Chiral bifunctional o
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(onfair) Hydrogen-bond activation lon pair and hydrogen bonding Formation of the C—S bond
of the carbonyl group organize the reactive partners; and the chiral sulfa-Michael
(or the C=C bond) thiolate attacks the less hindered addlct
face of the activated alkene.

Figure 3. Generalized model of bifunctional organocatalytic activation in asymmetric sulfa-Michael
addition.

8. Applications

The development of asymmetric C-S bond-forming reactions has significantly ex-
panded the availability of enantioenriched organosulfur compounds, which occupy an
important position in modern chemistry. Sulfur-containing molecules are widely encoun-
tered in pharmaceuticals, agrochemicals, natural products, functional materials, and chi-
ral catalysts. Consequently, efficient methods for the stereoselective construction of C-S
bonds have become indispensable tools for the preparation of structurally complex sulfur-
containing compounds with precisely defined stereochemical properties. Particularly im-
portant are sulfur-stereogenic motifs such as sulfoxides, sulfoximines, sulfilimines, and
sulfinamides, which have emerged as valuable structural elements in medicinal chemistry
and asymmetric catalysis. In addition, numerous biologically active molecules contain
sulfur-substituted stereogenic carbon centers that can be efficiently accessed through
asymmetric thiolation and related C-S bond-forming reactions. The increasing availabil-
ity of catalytic methods capable of generating both carbon- and sulfur-centered chirality
has further broadened the utility of asymmetric sulfur chemistry in molecular design and
synthesis. This section highlights representative applications of enantioenriched sulfur-
containing compounds obtained through asymmetric C-S bond formation and illustrates
their importance across diverse areas of contemporary chemical research.

8.1. Pharmaceuticals and Bioactive Molecules

Sulfur-containing compounds occupy a prominent position in modern medicinal
chemistry and are frequently encountered among approved drugs, clinical candidates,
and biologically active natural products. The unique physicochemical properties of sulfur,
including its variable oxidation states, polarizability, and ability to participate in diverse
non-covalent interactions, often contribute significantly to biological activity and pharma-
cokinetic behavior. Consequently, sulfur-containing functional groups such as thioethers,
sulfoxides, sulfones, sulfoximines, sulfilimines, and sulfonamides have become indispen-
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sable motifs in contemporary drug design [1,2,11]. Particularly important are chiral sulfur-
containing molecules, as the absolute configuration of sulfur- or carbon-centered stereo-
genic units can strongly influence biological activity, metabolic stability, and target selec-
tivity. A well-known example is esomeprazole, the single-enantiomer form of omepra-
zole, whose improved pharmacological profile highlights the importance of stereochemi-
cal control in sulfur-containing pharmaceuticals (Figure 4).

— N/H 0

Figure 4. Structure of esomeprazole.

Similarly, increasing attention has been directed toward sulfur-stereogenic sulfox-
ides, sulfoximines, and related compounds, which are now recognized as valuable scaf-
folds in medicinal chemistry [11]. The growing demand for enantiomerically enriched or-
ganosulfur compounds has therefore stimulated the development of increasingly efficient
catalytic methods for asymmetric C-S bond formation. These methodologies provide di-
rect access to structurally diverse sulfur-containing building blocks and facilitate the syn-
thesis of biologically relevant molecules that would otherwise require lengthy resolution
or chiral auxiliary-based approaches. As a result, advances in asymmetric sulfur chemis-
try continue to play an important role in the discovery and development of new pharma-
ceutical agents.

8.2. Chiral Ligands and Catalysts

Beyond their importance as biologically active molecules, enantioenriched organo-
sulfur compounds have found widespread applications as ligands and catalysts in asym-
metric synthesis. Owing to the unique stereoelectronic properties of sulfur, chiral sulfur-
containing ligands often provide highly efficient stereochemical control through a combi-
nation of electronic modulation, conformational rigidity, and well-defined three-dimen-
sional architectures. In particular, sulfur-stereogenic sulfoxides have become one of the
most extensively studied classes of chiral ligands for transition-metal-catalyzed asymmet-
ric transformations [8,9]. Numerous sulfoxide-based ligands have been successfully em-
ployed in asymmetric hydrogenation, allylic substitution, conjugate addition, cycloaddi-
tion, and C-C bond-forming reactions, frequently providing excellent catalytic activity
together with high levels of enantioselectivity. The development of chiral sulfoxide lig-
ands has also provided an important alternative strategy for asymmetric allylic substitu-
tion. Recent advances in this area have demonstrated the ability of sulfoxide-based lig-
ands to efficiently transfer stereochemical information to transition-metal centers, with
applications spanning Pd-, Ru-, and Rh-catalyzed allylic substitution [124]. The stereo-
genic sulfur atom plays a decisive role in controlling the geometry of the metal coordina-
tion sphere and, consequently, the stereochemical outcome of the catalytic process. In ad-
dition to sulfoxides, sulfur-containing motifs such as sulfoximines and related sulfur(VI)
compounds have recently attracted increasing attention as versatile chiral scaffolds for
ligand design owing to their enhanced structural diversity and tunable steric and elec-
tronic properties [9,11]. The continuous development of asymmetric C-S bond-forming
methodologies has significantly facilitated access to these valuable chiral sulfur-contain-
ing architectures. Consequently, modern catalytic approaches not only enable the synthe-
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sis of biologically relevant organosulfur compounds but also provide efficient routes to
advanced ligands and catalysts that further expand the scope of asymmetric synthesis.

8.3. Functional Materials and Emerging Applications

In addition to their well-established roles in medicinal chemistry and asymmetric
catalysis, chiral organosulfur compounds are attracting increasing attention as functional
molecular building blocks. The unique stereoelectronic properties of sulfur, together with
the availability of multiple oxidation states and tunable three-dimensional architectures,
make sulfur-containing molecules attractive candidates for applications in molecular
recognition, supramolecular chemistry, and functional materials [9,11]. Sulfur-stereogenic
compounds such as sulfoxides, sulfoximines, and sulfilimines possess well-defined chiral
environments and distinctive electronic characteristics that can be exploited in the design
of chiral molecular receptors, optically active materials, and advanced functional archi-
tectures. Furthermore, the ability to precisely control both carbon- and sulfur-centered
stereochemistry through modern asymmetric C-S bond-forming methodologies enables
the preparation of increasingly complex molecular frameworks with potential applica-
tions in materials science and molecular engineering. Although these applications remain
less developed than those in pharmaceutical chemistry, recent advances in catalytic asym-
metric C-S bond formation have substantially expanded the structural diversity of acces-
sible sulfur-containing compounds. Continued progress in catalyst design and stereose-
lective synthesis is therefore expected to facilitate the development of new functional ma-
terials and broaden the impact of sulfur-centered chirality beyond traditional synthetic
and medicinal chemistry.

9. Conclusions and Outlook

Over the past three decades, asymmetric C-S bond formation has evolved from a
relatively underdeveloped area into a versatile and rapidly expanding field of asymmetric
synthesis. Significant advances in transition-metal catalysis, organocatalysis, and, more
recently, radical-based catalytic strategies have enabled the efficient construction of sul-
fur-containing molecules bearing both carbon- and sulfur-centered stereogenic elements.
The continuous development of highly efficient catalytic systems has substantially broad-
ened the substrate scope, improved functional-group tolerance, and provided access to
increasingly complex organosulfur architectures with excellent levels of enantioselectiv-
ity. Among the various catalytic platforms, palladium-, copper-, rhodium-, nickel-, and
iridium-catalyzed methodologies have established reliable strategies for asymmetric C-5S
bond construction through diverse reaction pathways, including allylic substitution, con-
jugate addition, hydrogenation, C-H functionalization, and radical coupling. In parallel,
organocatalytic approaches have demonstrated remarkable efficiency in asymmetric
sulfa-Michael additions and electrophilic sulfenylation reactions by exploiting hydrogen-
bonding and bifunctional activation modes. More recently, isolated examples of asym-
metric photocatalytic and electrochemical C-S bond-forming reactions have illustrated
the feasibility of extending stereocontrol to single-electron processes, opening new oppor-
tunities for catalyst design. Despite these impressive achievements, several important
challenges remain. Many catalytic systems still exhibit limited substrate generality, often
requiring carefully tailored substrates or highly specific sulfur coupling partners. Enanti-
oselective construction of sulfur-centered stereogenic compounds remains considerably
less developed than the synthesis of carbon-centered stereocenters, and general catalytic
strategies applicable to a broad range of sulfur oxidation states are still scarce. Further-
more, many currently available methods rely on expensive transition metals, specialized
chiral ligands, or elaborate catalyst preparation, which may restrict their practical appli-
cation on larger scales. Another significant limitation is the relatively narrow diversity of
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reaction classes currently available for asymmetric C-S bond formation. While asymmet-
ric allylic substitutions and sulfa-Michael additions are now well established, compara-
tively few catalytic systems have been developed for enantioselective cross-coupling re-
actions, direct C-H thiolation, radical C-S bond formation, or electrochemical transfor-
mations. Similarly, asymmetric methodologies capable of simultaneously controlling
multiple stereochemical elements, including sulfur-centered chirality, axial chirality, and
central chirality, are only beginning to emerge. Future research will likely focus on the
development of more sustainable and broadly applicable catalytic systems. In particular,
the replacement of precious metals with earth-abundant catalysts, the expansion of asym-
metric photochemical and electrochemical methodologies, and the integration of dual cat-
alytic strategies represent promising directions for future investigation. The increasing
use of computational chemistry, mechanistic studies, and data-driven catalyst design is
also expected to accelerate the discovery of more efficient catalytic platforms and improve
the rational design of enantioselective C-S bond-forming reactions. Another particularly
attractive direction involves the synthesis of sulfur-stereogenic compounds through direct
catalytic C-S bond formation. Recent advances in the preparation of chiral sulfilimines,
sulfinamides, sulfinate esters, and related sulfur(VI) compounds demonstrate that precise
stereochemical control at sulfur is becoming increasingly achievable. Continued develop-
ment of these methodologies is expected to provide access to new classes of biologically
active molecules, chiral ligands, and functional materials. Overall, asymmetric C-S bond
formation has matured into an indispensable component of modern synthetic chemistry.
Although substantial challenges remain, the rapid emergence of innovative catalytic con-
cepts and the growing demand for enantioenriched organosulfur compounds strongly
suggest that this field will continue to expand. Future advances are expected not only to
broaden the synthetic toolbox available to chemists but also to facilitate the discovery of
new pharmaceuticals, catalysts, and functional materials based on precisely controlled
sulfur stereochemistry.
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