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Cyclopropyl sulfoxides, merging two privileged motifs in medicinal chemistry, remain synthetically

challenging despite their pharmaceutical potential. Herein, we report a mild, metal-free hydrosulfenation

strategy that enables their direct synthesis, achieving exceptional diastereoselectivity (dr up to > 20 : 1) in

systems with up to eight possible diastereomers. Chiral sulfoxides with 4 to 7 stereogenic centers were

also synthesized in high dr. The methodology provides direct access to medicinally relevant

architectures, including cyclopropyl sulfones, sulfoximines, and drug-conjugated hybrids. Mechanistic

studies reveal stereochemical control via collective spatial factors including endo/exo, facial and side

selectivities during the cycloaddition step.
Introduction

Cyclopropane and sulfoxide moieties represent two privileged
structural motifs in modern drug discovery, each endowing
molecules with distinct physicochemical and pharmacological
properties.1–9 Systematic analyses of pharmaceutical
compounds underscore their clinical signicance: cyclopro-
pane ranks as the 10th most prevalent ring system in marketed
drugs,10 while sulfur-containing structures appear in nearly 300
FDA-approved small-molecule therapeutics. Within this sulfur
pharmacophore landscape, approximately 4% of these drugs
incorporate the sulfoxide functional group.11

Given the signicant individual contributions of cyclopro-
pane and sulfoxide moieties to medicinal chemistry, exploring
the potential of their combined structure, cyclopropyl sulfox-
ides, is highly compelling. This integration is anticipated to
synergize the cyclopropane ring's rigid geometry and metabolic
stability with the sulfoxide's ambident polarity and bioisosteric
versatility, thereby rendering novel therapeutic proles. Beyond
their intrinsic value as potential bioactive entities, cyclopropyl
sulfoxides serve as pivotal synthetic intermediates for accessing
other sulfur-containing cyclopropane architectures. For
instance, they can be oxidized to cyclopropyl sulfones or con-
verted to cyclopropyl sulfoximines12–17—structural motifs
present in clinically approved drugs18 (Fig. 1a).

Despite this promising potential, the development of robust
synthetic methods for cyclopropyl sulfoxides remains scarce.
Among the limited potential approaches, sulfenic acid-
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mediated pathways represent a promising yet challenging
route.19–21 Sulfenic acids are highly transient species, prone to
facile dimerization or disproportionation22–25 (Fig. 1b). Their
nucleophilic addition across unsaturated systems has been
mainly documented with relatively electrophilic alkynes, while
the corresponding reaction with alkenes remains virtually
unexplored.26–29 We thus envisioned extending this unconven-
tional reaction mode to cyclopropenes.

However, the engagement of the electrically neutral, yet highly
strained, cyclopropene p-system introduces distinct challenges.30

The inherent ring strain, while a potential driver of reactivity,
predisposes the system to ring-opening side reactions.31–37

Furthermore, the simultaneous construction of multiple stereo-
centers in the product renders stereocontrol—particularly in
non-metal-catalyzed systems—a formidable task (Fig. 1b).
Conventional non-transition-metal-catalyzed mechanisms oen
involve stepwise ionic additions to the cyclopropene double
bond, generating cyclopropyl cation or anion intermediates that
subsequently react with nucleophiles or electrophiles.38,39

Herein, we report the hydrosulfenation of cyclopropenes to
diastereoselectively synthesize cyclopropyl sulfoxides (Fig. 1c).
In contrast to previous stepwise ionic pathways, the reaction
proceeds through concerted cycloaddition between sulfenic
acid intermediates and cyclopropenes. Moreover, excellent di-
astereoselectivity (dr up to > 20 : 1) over a potential pool of up to
eight diastereomers was successfully achieved, governed by
a well-dened hierarchy of spatial control elements during the
cycloaddition transition state.
Results and discussion

To validate the proposed reaction pathway, we commenced our
study by conducting the reaction with sulfoxide 1a (as the
Chem. Sci.
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Fig. 1 Construction of cyclopropyl sulfoxides, applications and challenges.
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sulfenic acid precursor) and cyclopropene 2m as model
substrates for initial optimization studies (see SI Table S1
online).

The extensive screening of reaction parameters revealed two
critical determinants of reaction efficiency and selectivity. First,
evaluation of bases demonstrated a signicant inuence on
reaction efficiency, with weakly basic additives affording supe-
rior yields compared to strong bases. We hypothesize that
gradual sulfenic acid release under mild basic conditions
minimizes undesired side reactions, allowing efficient cyclo-
propene engagement. Second, steric differentiation between
cyclopropene substituents emerged as the dominant factor
governing diastereoselectivity. Introducing pronounced steric
contrast dramatically enhanced stereocontrol. As a conse-
quence, the optimal condition was identied as treating the
sulfoxide and cyclopropene substrates with 1 equiv 4-methyl-
morpholine (NMM) in toluene (0.1 M) at 60 °C.

With the optimized reaction conditions established, we next
explored the substrate scope of this reaction (Table 1). Initially,
cyclopropene substrates bearing diverse substituents were
investigated. A number of alkyl and aryl variants (3a–3f) deliv-
ered corresponding products in high yields (70–85%) with
exceptional stereocontrol (dr > 20 : 1) over four pairs of possible
diastereomers. In particular, the ferrocenyl group was proved
compatible, with 3g furnished in retained diastereoselectivity
(dr > 20 : 1) albeit in moderated yield. Substrates with less
hindered aromatic groups (e.g., phenyl, naphthyl) afforded 3h–
3n in excellent yields (72–94%), though with attenuated
stereoselectivity (dr 4 : 1 to 5 : 1).

To further demonstrate the versatility of this protocol,
a broad scope of sulfenic acid precursors were examined.
Chem. Sci.
Sulfoxides bearing both weak electron-donating groups (3p–3s)
and electron-withdrawing substituents (3t–3x) generated prod-
ucts efficiently (65–81% yield) without compromising di-
astereoselectivity (dr > 20 : 1), highlighting the reaction's
tolerance to electronic perturbations. Alkyl sulfoxides also
participated effectively, yielding 3y–3abwith high efficiency (63–
71% yield) and robust stereocontrol (dr 16 : 1 to >20 : 1).
Collectively, these results establish a broad substrate compati-
bility as well as excellent diastereoselectivity spanning diverse
cyclopropenes and sulfoxides. In particular, product 3ac
contains the same cyclopropyl amide structural fragment found
in anti-depressant milnacipran.

Building upon the diastereoselective hydrosulfenation
methodology, we next pursued the integration of sulfur-
centered chirality40–46 into this framework using enantio-
enriched sulfenic acid precursors and chiral cyclopropenes
(Table 2). Combined with the strain-release desymmetrization
strategy, a series of sulfur-stereogenic cyclopropyl sulfoxides
(4a–4m) were synthesized with precise control over both the
newly formed S-chirality and existing stereocenters. In partic-
ular, for substrates containing chiral benzylic groups, products
(4a–4i) were obtained with complete retention of the original
stereocenter conguration while simultaneously establishing
three new stereogenic elements (S-center and two cyclopropane
carbons), achieving exceptional diastereoselectivity (dr up to
>20 : 1) among eight possible diastereomers.

Employing substrates with natural product fragments,
including menthone derivatives (4j), dihydrocarvone derivatives
(4k, 4k00, two diastereomers shown), natural borneol derivatives
(4l), and fructose derivatives (4m), compounds containing up to
7 stereocenters were successfully obtained in moderate yields.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Substrate scope of cyclopropenes and racemic sulfoxides. Reaction conditions: 0.1 mmol sulfoxide, 0.11 mmol cyclopropene, 0.1 mmol
NMM, 1 mL toluene and at 60 °C; 0.1 mmol scale with isolated yields; dr determined by molar ratio of isolated products
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The preserved stereochemical integrity at sensitive positions
underscores the mildness and selectivity of the strain-release
activation mode.

The synthetic utility of this methodology was further exem-
plied through diversied post-functionalizations (Fig. 2).
Gram-scale synthesis of 3t (Fig. 2a) retained high efficiency
(72% yield vs. 76% in small-scale) and stereoselectivity (dr > 20 :
1), conrming its excellent scalability for preparative applica-
tions. Subsequent methyl substitution at the sulnyl-adjacent
position was performed smoothly with moderate yields
(Fig. 2b). Furthermore, sulfur-centric diversication was ach-
ieved by converting the sulfoxides into sulfoximines or sulfones,
expanding accessible sulfur oxidation states and species.
Oxidation to sulfone 5c (Fig. 2c) proceeded in 56% yield with
preserved diastereoselectivity (dr > 20 : 1).47 For sulfoximines
(Fig. 2d), the S]N bond was constructed via copper-catalysed
nitrene transfer,48,49 affording both 5d and S-stereogenic 5e in
moderate yields (56% and 46%, respectively) with outstanding
dr (>20 : 1). Finally, Pd-catalysed Suzuki cross-coupling with
several drug molecules50 furnished drug-conjugated hybrids 5f–
© 2025 The Author(s). Published by the Royal Society of Chemistry
5i in high yields (70–99%) (Fig. 2e), demonstrating an easily
accessible integration with complex pharmacophores. We
believe these transformations have opened up a versatile plat-
form for constructing stereochemically dened, functionally
tunable cyclopropane architectures, with direct relevance to
medicinal chemistry.

To elucidate the mechanistic underpinnings of stereo-
chemical control in this transformation, we conducted density
functional theory (DFT) calculations on the model reaction
yielding product 4a—a structure bearing four stereogenic
elements (Fig. 3, 1*–4*). The congurationally xed 1* center is
inherited from the sulfoxide substrate 1o, while 2*–3* emerge
through cyclopropene desymmetrization during cycloaddition
with sulfenic acid intermediate Int-1. The sulfur stereocenter
(4*) is dictated by the spatial geometry of this key bond-forming
event. Collectively, these stereochemical determinants generate
eight possible diastereomeric transition states (TS), corre-
sponding to permutations of three variable stereochemical
parameters beyond the xed 1* center (for details of all eight
transition states TS-2–TS-5, please see SI).
Chem. Sci.
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Table 2 Substrate scope of chiral sulfoxides. Reaction conditions: 0.1 mmol sulfoxide, 0.11 mmol cyclopropene, 0.1 mmol NMM, 1 mL toluene
and at 60 °C; 0.1 mmol scale with isolated yields; dr determined by molar ratio of isolated products
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The reaction initiates with sulfoxide 1o generating sulfenic
acid intermediate Int-1 through retro-Michael fragmentation,
with an energy barrier of 26.1 kcal mol−1. Subsequently, Int-1
undergoes highly diastereoselective cycloaddition with ben-
zannulated cyclopropene 2n engaging three distinct stereo-
chemical modulation pathways. The dominant
Fig. 2 Derivatization of the cyclopropyl sulfoxide product.

Chem. Sci.
stereodifferentiation arises from the sulfur substituent's spatial
orientation during cycloaddition. While the reaction proceeds
through a coplanar ve-membered transition state involving the
S–O–H moiety and alkene p-system, the benzyl substituent
adopts either endo (the benzyl substituent inward) or exo (the
lone pair inward) congurations. Severe steric repulsion in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Computational studies. DFT calculated reaction pathways at M062X/def2-TZVP/SMD(Toluene)//B3LYP-D3/def2-SVP level. All energies
are in kcal mol−1. (A): Overall energy profile. (B): Transition states regarding endo/exo and facial selectivity. (C): Side selectivity of carbon 2* vs. 20*.
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endo-type TSs elevates their energy by 5.0 kcal mol−1 relative to
exo-counterparts (TS-2-Rs vs. TS-2-Ss), establishing this as the
primary stereochemical gatekeeper.

Beyond sulfur orientation, facial selectivity imposed by
cyclopropene's rigid spiroindanyl group introduces secondary
energy differentiation. Attack at the methylene face minimizes
steric repulsion, whereas approach from the benzene face
induces destabilizing repulsion originated from the C–H bond
perpendicular to the p-system. A 2.7 kcal mol−1 energy gap was
found between TS-2-Rs and TS-3-Rs, rationalizing the observed
facial preference.

Intriguingly, open-chain analog 4i exhibit reversed facial
selectivity, as conrmed by single-crystal X-ray analysis of 4i's
two major diastereomers. This phenomenonmay arise from the
free rotation of the benzene ring that relieves allylic strain,
thereby making the benzene face sterically less hindered than
the cyclopentyl side. Consequently, the reaction preferentially
© 2025 The Author(s). Published by the Royal Society of Chemistry
occurs at the lower-energy benzene face. These results collec-
tively demonstrate that facial selectivity is governed by
substituent-induced steric proles, with reactions favoring the
sterically less encumbered face.

The residual stereochemical modulation stems from the side
selectivity of enantiotopic cyclopropene carbons. While pseudo-
enantiomeric pathways involving opposite cyclopropene
carbons exhibit closely spaced energy proles (DDG‡ =

1.2 kcal mol−1, TS-2-Rs vs. TS-4-Rs), the xed 1* center breaks
this symmetry through differential van der Waals interactions
at the cyclopropane–sulfoxide interface, thus determined the
side selectivity (2* vs. 20*).

Single-crystal X-ray diffraction unambiguously conrmed
the structure of major diastereomer 4a, which aligns with the
lowest–energy transition state (methylene-face exo attack) pre-
dicted by DFT calculations. While computational models
identied 4a00-Ss—the pseudo-enantiomer differing solely in
Chem. Sci.
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enantiotopic carbon selectivity—as the most probable minor
product, its experimental isolation proved infeasible due to the
exceptionally high diastereomeric ratio (dr > 20 : 1). To
circumvent this limitation, we analyzed the stereochemical
outcome of substrate 4i. X-ray characterization of 4i's two
predominant diastereomers revealed the pseudo-enantiomeric
relationship expected for 4a (between 4a and 4a00-Ss), except
for the benzene-face preference inherent to 4i's open-chain
design (as rationalized in the facial selectivity analysis). This
structural congruence validates our computational results, as
both systems share identical stereochemical determinants
despite divergent substitution patterns. The conserved cong-
uration relationships across substrates demonstrate the
generalizability of the stereocontrol model, particularly the
dominance of sulfur orientation and facial selectivity.
Conclusions

In summary, we have developed a hydrosulfenation strategy for
the synthesis of cyclopropyl sulfoxides using cyclopropenes,
achieving excellent diastereoselectivity (dr up to > 20 : 1), high
yields, and broad substrate scope under mild, metal-free
conditions. The methodology provides direct access to struc-
turally diverse cyclopropyl sulfoxides, which exhibit versatile
post-functionalization potential, including oxidation to
sulfones, conversion to sulfoximines, and integration with
pharmacophores. Mechanistic studies revealed that the
stereochemical outcome arises from a series of spatial control
elements: dominant sulfur substituent orientation (exo vs.
endo), followed by facial selectivity dictated by benzannulation-
induced steric effects, and subtle side discrimination of
enantiotopic carbons in substrates with xed stereocenters.
These factors collectively drive the preferential formation of
low-energy transition states, with exo addition at the sterically
less hindered face being energetically favored.
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