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ABSTRACT 

Persubstituted alkenyl fluorides represent pivotal motifs in drug discovery, agrochemical development, and biological science. 
The (E) -isomeric persubstituted alkenyl fluoride, widely recognized as a conformationally stable mimic of the amide bond, 
frequently exhibits significantly higher bioactivity than the (Z) -counterpart. Despite their potential, the synthesis of this 
scaffold remains challenging, due to the severe steric encumbrance. Herein, we reported a highly stereoselective carbonyl 
gem -fluoro(chloro)olefination with an unprecedented sulfoximine reagent, affording an array of (Z) -persubstituted gem- 
fluoro(chloro)alkenes. Subsequent cross-couplings enabled them rapidly into a wide array of challenging stereodefined (E) - 
or (Z) -alkenyl fluorides. The experimental and computational data demonstrated that the key mechanistic feature involved a 
predominant 1,5-attack pathway, which operated as the rate-determining step with kinetic stereocontrol and prevailed over both 
the 1,3- and 1,4-attack pathways. The synthetic utility was demonstrated through microfluid synthesis, late-stage modifications, 
and a streamlined stereoselective synthesis of factor Xa inhibitor and RXR regulator. 
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 Introduction 

luorine-containing organic molecules are highly valuable,
ecause introduction of fluorine into organic molecules often
ndows the higher metabolic stability, cell membrane perme-
bility, and bioavailability than their nonfluorinated counterparts
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[ 1–9 ]. Tetrasubstituted alkenyl fluorides are a noteworthy subclass
of these compounds, and the moiety has been recognized as a
privileged motif and often presented in impact biological active
compounds [ 7 ], such as factor D inhibitors [ 10 ], retinoid X
receptor regulators [ 11 ], and Alzheimer’s-targeting thymidyl-PNA
monomers [ 12 ] (Figure 1a ). Their unique advantages could be
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FIGURE 1 The significance of ( E )-persubstituted alkenyl fluorides, and the concept, state of the art and the hypothesized highly stereoselective 
gem -fluoro(chloro)-olefination of carbonyl compounds. (a) Examples of pharmaceutical and bioactive molecules with persubstituted alkenyl fluoride 
moieties. (b) The unique biological properties of persubstituted alkenyl fluoride moieties. (I) The H/F replacement can improve the bioactivities of 
compounds in alkenes; (II) alkenyl fluorides motif can mimic amide bond in peptides; (III) E -isomeric persubstituted alkenyl fluoride presents higher 
biological activity than its Z -analogue. (c) The concept of divergent synthesis based on synthetic programmable termini strategy. (d) The overview and 
challenge for the current synthetic strategies. (e) The first highly stereoselective gem -fluoro(chloro)olefination of carbonyls with an unprecedented 
sulfoximine reagent. CC, cross coupling; HWE, Horner–Wadsworth–Emmons; MPS, mitochondrial protein synthesis; pai, pinanediol. 
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ttributed to the following: 1) Substituting a hydrogen atom with
luorine at a C ═ C bond often improved the parent molecule’s
hysicochemical properties and biological activity by enhance-
ent of physicochemical stability [ 2, 13, 14 ]. For example,
he fluorine-modified mitochondrial protein synthesis (MPS)
nhibitor exhibited over 100-fold higher activity than its nonflu-
rinated analogue (Figures 1b, I ) [ 15, 16 ]. 2) An alkenyl fluoride
ragment served as an effective amide bioisostere due to its ability
o mimic the planar geometry of the amide, despite having a
maller dipole moment and a significantly lower hydrogen-bond
ccepting ability. [ 17–19 ]. Incorporating this motif into peptide or
rotein-based drugs can prevent enzymatic hydrolysis of amide
y peptidases/proteases, thereby enhancing metabolic stability
Figures 1b, II ) [ 20 ]. And 3) from a stereochemical perspective,
 Z )-alkenyl fluorides mimicked the s-cis amide conformation,
hile ( E )-analogues replicated the s-trans as thermodynamically-
avored conformation [ 21 ]. This substitution restricts C ═ C bond
otation, yielding conformationally locked peptidomimetics and
ften exhibiting superior performance relative to ( Z )-analogues.
 canonical example is that the ( E )-alkenyl fluoride-based factor
a inhibitor demonstrated over 60-fold higher activity than
ts ( Z )-counterpart (Figures 1b, III ) [ 22 ]. Therefore, given the
harmacological importance, to develop a streamlined, stere-
controlled approach is highly attractive and critical for drug
iscovery and development [ 7, 23–28 ]. 

owever, a superior route for the synthesis of this class of
ompounds is to introduce a programmable termini (i.e., an
asily modifiable group), such as a halogen, at the fluorinated
arbon terminus [ 29–31 ], which enables rapid diversification into
tructurally diverse alkenyl fluorides. Nevertheless, the strategies
o date have been severely limited to ( Z )-configured alkenyl fluo-
ides (Figure 1c , left) [ 26–28 ], and there are substantial synthetic
arriers to the stereo-reversed version [ 32 ] (Figure 1c , middle).
espite several methods for synthesis of ( E )-persubstituted
lkenyl fluorides with programmable termini have been reported,
he challenges inherent can also be inferred from these findings.
 Horner–Wadsworth–Emmons reaction followed by a two-step
ransformation provided persubstituted fluoro(chloro)alkenes,
ut it required three steps and achieved only 55:44 Z / E stereos-
lectivity (Figures 1d, I ) [ 33 ]. Copper-carbene complex formation
rom hydrazone gave persubstituted alkenes with a fluoro-chloro
erminus, but both the yields and stereoselectivities were low
Figures 1d, II ) [ 34 ]. Molybdenum-catalyzed cross metathesis
ave gem -fluoro(chloro)alkenes with excellent stereocontrol, but
his approach was limited to tri-substituted homologs (Figures 1d,
II ) [ 27 ]. The desired stereoisomer of alkenyl fluorides with
einreb amide terminus, could be obtained via geometric iso-
erization by energy transfer catalysis of thioxanthone, but the
pproach was limited by multiple steps and the low efficiency of
he starting material preparation (Figures 1d, IV ) [ 11 ]. Therefore,
he highly stereoselective synthesis of ( E )-persubstituted fluo-
oalkenes bearing a programmable terminus remains an unmet
ynthetic challenge. 

luorinated sulfoximines have emerged as versatile reagents for
he asymmetric synthesis of organofluorines, yet their use in
onofluoroolefin construction remains underexplored [ 35–41 ].
xisting fluoro-olefination strategies are constrained by the pres-
nce of a hydrogen atom at the fluoro terminus, severely limiting
heir structural diversification [ 42 ]. Nevertheless, inspired by
ngewandte Chemie International Edition, 2026
the steric discrimination capability of the sulfoximidoyl group,
we hypothesized that a stereoselective Smiles rearrangement
could be performed using a new reagent, S -fluorochloromethyl- S -
pyridyl sulfoximine (Figure 1e , left). To the best of our knowledge,
no stereoselective chloro-tagged olefination reaction between
sulfoximine and carbonyls has been reported, because of the
physical properties of chlorine atom and the observed preferential
C ─Cl bond cleavage [ 43, 44 ]. However, we expected that the
strong electrophilic character of the pyridyl moiety introduced,
would protect the C ─Cl bond against premature bond cleavage.
And the introduced silyl group could stabilize the neighboring
nitrogen anion during the Smiles rearrangement. 

Therefore, an efficient and stereocontrolled approach for syn-
thesizing ( Z )-persubstituted gem -fluoro(chloro)alkenes through
a kinetically controlled gem -fluoro(chloro)olefination was devel-
oped in this work. It was worthy to note the developed sulfoximine
reagent was the first example of sulfoximine reagent bear-
ing mixed gem -halides [ 45–47 ]. This method employed readily
available carbonyl compounds, enhancing its synthetic utility
significantly [ 48, 49 ]. The subsequent cross couplings enabled
rapid access to an assortment of ( E )- or ( Z )-persubstituted alkenyl
fluorides, further improving its significance (Figure 1e , right).
The utilization was demonstrated by microfluid synthesis, late-
stage modif ication, and streamlined stereoselective synthesis of
factor Xa inhibitor and RXR regulator. The experimental and
computational data uncovered that the key mechanistic feature
involved a predominant 1,5-attack pathway, which prevailed
over both the 1,3- and 1,4-attack pathways and operated as the
rate-determining by kinetic stereocontrol. 

2 Results and Discussion 

2.1 Initial Discovery of Stereoselective 
Nucleophilic Gem-Fluoro(chloro)-Olefination 

We developed a method for the preparation of S-
fluorochloromethyl-S-pyridyl sulfoximine ( 4 ). First, compound 2
was obtained in 85% yield from the cheap starting material of 2-
mercaptopyridine, which was further transformed to compound
3 by reacting with TBSCl. Compound 3 underwent benzylation
upon reaction with a Weinreb amide, followed by chlorination
with a sulfonyl chloride. Finally, deprotection of the benzoyl
group in sodium hydroxide solution afforded the target product
4 (Figure 2a ). Scaling up the procedure afforded 4 on a scale
of 38.7 g, and the relative configuration was unambiguously
determined by X-ray crystallographic analysis [ 50 ]. Structural
analysis revealed that the relative configuration of sulfur exerts
a significant steric influence on the relative configuration of the
adjacent carbon. 

With reagent 4 in hand, we investigated the stereoselective
synthesis of persubstituted fluoro(chloro)alkenes via an α-
fluorinated carbanion strategy. Acetophenone ( 5 ) was chosen
as a model substrate; the results are summarized in Figure 2b .
Typically, a base was added to the mixture of 4 and 5 , and the
ratio of 4 : 5 :base was 1.0:2.0:2.0. When n BuLi or LDA was used
as the base, no fluoro(chloro)alkene was detected on 19 F NMR
spectroscopy (Figure 2b , entries 1 and 2). When the base was
changed to lithium hexamethyldisilazide (LiHMDS), a yield of
3 of 13
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FIGURE 2 Synthesis of gem -fluoro(chloro)methyl sulfoximine and the reaction discovery. (a) The synthetic route of gem -fluoro(chloro)methyl 
pyridyl sulfoximine from the commercially available starting materials. (b) The investigation of the reaction conditions. General reaction conditions: 
Base was added slowly to the mixture of 4 (0.2 mmol) and 5 in the solvent (5 mL) at –78◦C, which was stirred at the temperature for 4 h. Yields refer 
to the 19 F NMR yield using bis(4-fluorophenyl)methanone as the internal standard compound; dr values were determined by 19 F NMR; isolated yield 
was reported in the parathesis.n.d., not determined. CPME, cyclopentyl methyl ether; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; DME, dimethyl ether; 
HMDS, hexamethyldisilazide; MTBE, tert -butyl methyl ether; TBS, tert -butyl dimethyl silyl; THF, tetrahydrofuran. a 0◦C. 
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luoro(chloro)alkenes 6 of only 16% was observed via 19 F NMR
pectroscopy, and the Z/E ratio was 95/5 (entry 3). However,
odium hexamethyldisilazide (NaHMDS) proved substantially
ore effective, delivering the persubstituted fluoro(chloro)alkene
n 81% yield while maintaining high stereoselectivity ( Z/E = 95:5,
ntry 4). Potassium hexamethyldisilazide (KHMDS) and potas-
ium tert -butoxide ( t BuOK) generated the target product (entries
 and 6) in much lower yields than NaHMDS. It was found that
he use of DBU as the base cannot yield the fluoro(chloro)alkene,
ikely due to insufficient basicity (entry 7). With NaHMDS as the
ptimal base, solvents were screened, and dimethyl ether (DME)
ave the highest yield and stereoselectivity (entries 8–14). Final
ptimization of the reaction conditions by changing the ratio
f 4 : 5 :base to 1.0:2.5:2.5 led to the formation of 6 in 91% NMR
ield (88% isolated yield, entry 15). Interestingly, at 0◦C, it was
ound that it did not affect the Z / E selectivity, although the yield
ecreased (entry 16). 

.2 Substrate Scope Study of Stereoselective 
em -Fluoro(chloro)-olefination 

e subsequently investigated the scope of the reaction between
arious ketones and sulfoximine 4 . The results are summa-
ized in Figure 3 . A variety of structurally diverse aromatic
etones were successfully converted to persubstituted gem -
luoro(chloro)alkenes in good yields with high stereoselectivities.
he reaction accommodated diverse substituents, such as chloro,
romo, iodo, and benzoxy (products 11 –14 ). Products bearing
 tertiary amine ( 15 ), a boronic ester ( 16 ), a silyl group ( 17 ),
 phosphorus group ( 18 ), a trifluoromethylthio group ( 19 ), a
ifluoromethoxy group ( 20 ), carboxylic ester groups ( 21 ), a
yanide group ( 22 ), and a sulfonyl group ( 23 ) were obtained in
ields of 70%–89% and Z / E ratios of 92:8–98:2. The stereochemical
utcome remained high regardless of the electronic properties
of 13
or positioning of substituents on aromatic rings, indicating the
robustness of the method (products 21 –25 ). Moreover, products
bearing propargyl ether ( 26 ), homoallyl silyl ether ( 27 ), or a highly
functionalized spiro azetidine ( 28 ) were obtained in yields of
83%–87% and Z / E ratios of 95:5–98:2. 

Substrates with multiple substituents showed that the reaction
was not sensitive to multiple substituents on the aromatic rings
( 29 - 32 ). Pharmaceutically important heteroaromatic groups [ 51,
52 ], such as nitrogen-containing groups (2-pyrrolyl, 3-pyrrolyl,
and indolyl), sulfur-containing moieties (benzothienyl and ben-
zothiazolyl), and saturated heterocycles (morpholinyl) were well
tolerated, affording products 33 –38 in yields of 65%–88% with Z / E
ratios of 94:6–98:2. 

Furthermore, substrates with various alkyl chains, including
an ethyl group, a fluoromethyl group, a hydroxymethyl group,
and a trideuterium methyl group, gave products 39 (78% yield,
94:6 Z / E ), 40 (31% yield, 96:4 Z / E ), 41 (47% yield, 92:8 Z / E ), and
42 (65% yield, 97:3 Z / E ) respectively. Ketone bearing various
cycloalkyl groups (cyclopropyl, cyclobutyl, and cyclopentyl) and
1-indanone, gave products 43 (54% yield, 97:3 Z / E ), 44 (65% yield,
92:8 Z / E ), 45 (68% yield, 94:6 Z / E ), and 46 (71% yield, 92:8 Z / E ),
respectively. The slightly diminished yield for the cyclopropyl
derivative may reflect ring strain increased in the transition state.
Additionally, the scope could be further extended to enones ( 47 ,
43% yield, > 98:2 Z / E ), and 1-acetyl ferrocene ( 48 , 69% yield,
> 98:2 Z / E ). 

For alkyl-alkyl substrates, α-branched dialkyl ketones derived
from ibuprofen and naproxen, afforded products 49 and 50 in
good yields and high Z / E ratios ( 49 , 71% yield, > 98:2 Z / E ; and
50 , 68% yield, 98:2 Z / E ). The method tolerated homoallylic and
allylic ethers ( 51 , 58% yield, 90:10 Z / E ; and 52 , 65% yield, 91:9 Z / E ),
as well as cyclic substrates such as cyclohexanone ( 53 , 49% yield,
Angewandte Chemie International Edition, 2026
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FIGURE 3 Substrate scope for stereoselective gem -fluoro(chloro)-olefination of carbonyl compounds. General reaction conditions: NaHMDS was 
added slowly to the mixture of 4 (0.2 mmol) and ketones in the solvent (5 mL) at –78◦C, which was stirred at the temperature for 4 h. The yields refer to 
the isolated yield of the desired products. The Z/E ratios were determined by 19 F NMR analysis of the crude product unless otherwise specifically noted.a 

The products are volatile, and the yields and Z/E ratios were determined by 19 F NMR analysis. B(Epin), 1,1,2,2-tetraethylethylene glycol boronate ester; 
Boc, tert -butoxylcarbonyl; Cy, cyclohexyl; TMS, trimethylsilyl. 

Angewandte Chemie International Edition, 2026 5 of 13
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 98:2 Z / E ). The reaction also tolerated more sterically hindered
ertiary alkyl substituents, yielding products 54 –57 in yields of
5%–69% and Z / E ratios of > 98:2, from a ketone derivative from
emfibrozil. 

nd an additional 25 examples in Supporting Information further
ighlighted the generality of this protocol (Figure S5 ). The
onfiguration of 14 and 50 was established by X-ray analysis [ 50 ],
hereas those of the other compounds were assigned by analogy.

e scaled up the reaction to a scale of 10 mmol, with products
 and 50 yielding comparably to standard conditions. Finally,
nd notably, comparative studies with classical Wittig conditions
evealed the superior performance of our protocol [ 53 ]. 

.3 Downstream Transformations and 

icrofluidic Reactor Synthesis 

he synthetic utility of the methodology was further demon-
trated by the chemoselective transformation of the C ─Cl bond in
ompound 6 , affording diverse derivatives with complete reten-
ion of stereochemical configuration (Figure 4a ). In particular,
e prepared a deuterium-labeled fluoroalkenes ( 58 ), which holds
ignificant potential for mechanistic and metabolic studies. The
hlorine substituent was exchanged by alkyl ( 59 ), allyl ( 60 ),
llylic alcohol ( 61 ), alkenyl ( 62 ), alkynyl ( 63 ), aryl ( 64 ), and
eteroaryl ( 65 and 66 ) groups. Furthermore, the prepared alkenyl
oronates ( 67 ) and halogenated derivatives (bromo- 74 ; iodo- 75 )
ere shown to serve as highly effective cross-coupling partners,
ignificantly broadening the scope of this synthetic method. The
etrasubstituted 1,4-conjugated enone ( 68 ) was obtained in 72%
ield with E / Z ratio of 98:2, and acrylonitrile ( 69 ) was obtained in
6% yield with 95:5 E / Z ratio of 98:2. In addition, the chlorine sub-
tituent was also exchanged with other heteroatoms, exemplified
y the preparation of enol ether ( 70 ), alkenyl sulfides ( 71 ), alkenyl
elenols ( 72 ), and alkenyl phosphonate ( 73 ). Significantly note-
orthy are trifluoromethyl- and trifluoromethylthio-substituted
6 and 77 , which were obtained in 85% yield with E/Z ratio of
 98:2 and 87% yield with Z/E ratio of 98:2, respectively. The
ost transformations of persubstituted gem -fluoro(chloro)alkenes
agnificently expanded their accessibility. The presented persub-
tituted alkenyl fluorides are otherwise difficult to access, which
emonstrates the potential of this method to advance the related
hemistry. 

he microfluidic reactor system was performed, because the
odular microfluidic reactor systems was considered to provide
 stepping stone for practical-scale production [ 54–57 ]. The
icrofluidic gem -fluoro(chloro)olefination of 5 was developed,
roviding the desired product 6 on a scale of 2.12 g (86% yield, Z/E
6/4) but with much shorter time and at an elevated temperature
f –20◦C, which facilitated a low-energy-consumption pathway
or large-scale synthesis (Figure 4b ). 

.4 Synthetic Applications 

e further demonstrated the gem -fluoro(chloro)olefination
ethod was suitable for late-stage functionalization of
tructurally complex molecules (Figure 5a ). The method allowed
of 13
efficient introduction of geminal fluoro(chloro)alkenyl groups
into diverse pharmacologically relevant scaffolds including
indomethacin ( 78 ), sertraline ( 79 ), ergosterol ( 80 ), naproxen
( 81 ), pyrrolidinol ( 82 ), and fluoxetine ( 83 ). All transformations
proceeded with excellent stereoselectivities ( Z/E 94:6 − > 98:2),
underscoring the robustness of the method. Notably, we could
successfully modify even highly functionalized carbohydrate
derivatives, converting β-L-allopyranose-derived ketones to
the gem -fluoro(chloro)alkene ( 84 , 72% yield, Z/E 98:2) while
preserving the acid-sensitive acetal functionality. The sertraline
derivatized ethyl ketone was transformed to the corresponding
gem -fluoro(chloro)alkene ( 85 , 43% yield, Z / E > 98:2), exhibiting
the compatibility of styryl and sulfoxide functional groups. 

To further demonstrate the synthetic utility of the current
method, we applied it to the preparations of a factor Xa inhibitor
( 90 ) [ 22 ] and a retinoid X receptor regulator ( 94 ) [ 10–13 ]
(Figure 5b,c ). With standard conditions, the reaction between sul-
foximine 4 and commercially available 1-(isoquinolin-7-yl)ethan-
1-one ( 86 ) proceeded smoothly to give 87 in 81% yield with a Z/E
ratio of 94:6. The chlorine substituent was exchanged with phenyl
carboxylate in 78% yield without any loss of the stereoselectivity.
Amino-transesterification resulted into the formation of 89 , a key
fluorine-containing product for factor Xa inhibitor. 

For the synthesis of the retinoid X receptor regulator, we started
the route from commercially available 95 , which gave a ketone
96 after the sequence of Friedel–Crafts acetylation and etherifi-
cation. gem -Fluoro(chloro)olefination of 97 with sulfoximine 4
afforded 98 in 81% yield with a Z/E ratio of 97:3. Final product 94 ,
which can activate retinoid X receptor regulator and has potential
advantageous therapeutic applications in type 2 diabetes [ 13 ], was
furnished by cross coupling of the gem -fluoro(chloro)alkene 98 .
The new route to 94 had a 47% total yield over four steps with
an E / Z ratio of 96:4, superior to the previous route with < 1% total
yield over 11 steps and an E/Z ratio of 93:7 [ 11 ]. 

For the synthesis of peptide analogue, the compound 6 proceeds
Suzuki coupling under palladium catalyst, giving the allylic
amine 99 . It was further transformed to compound 101 by amide
coupling with compound 100 (Figure 5d ). 

2.5 Mechanistic Studies 

To gain insights into the reaction mechanism, we started to
perform quenching experiments using D2 O (Figure 6a ). Low
diastereomeric ratio (74:26 dr) was observed for monodeuterated
diastereomers 7 and 7 ′ , indicating that carbanion was formed
in both R and S configurations at the fluorinated carbon were
formed. And the DFT-optimized structures of Int0-R and Int0-
S indicates that the negative charge is localized on the carbon
atom, as this carbon adopts a trigonal pyramidal geometry. This
stabilization arises from the strong electron-withdrawing effect
of the fluorine substituent, which stabilizes the carbanion and
prevents the formation of an enolate-type structure. The addition
of hexamethylphosphoramide (HMPA), a strongly coordinating
solvent, did not affect the Z/E selectivity even though the
yield was slightly decreased (Figure 6b ), indicating that the
nonchelated transition states of the reaction possibly played a
crucial role. 
Angewandte Chemie International Edition, 2026
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FIGURE 4 Microfluidic reactor synthesis, and post transformations. (a) Downstream transformations of gem -fluoro(chloro)alkenes. (b) 
Microfluidic reactor synthesis. BPR, back pressure regulator; Cy = cyclohexyl; neop = neopentyl glycol. 
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ajor diastereomer 8 of the nucleophilic addition products
as isolated with a dr of > 98:2 (see Supporting Informa-
ion). NaHMDS was added to compound 8 at − 78◦C and the
eaction was quenched at low temperature after 30 min. Flu-
ro(chloro)methylsulfoximine 4 ′ was regenerated with a dr of
7:33 (Figure 6c ), which indicated the carbonyl adduct reverted
o the sulfoximine reagent 4 ′ and ketone. Furthermore, when
ompound 8 was subjected to the standard conditions, the ( Z )-
ngewandte Chemie International Edition, 2026
fluoro(chloro)alkene was generated with a Z / E ratio of 97/3
(Figure 6d ). We also conducted the model reaction with diastere-
omeric mixture 4 ′ . The persubstituted fluoro(chloro)alkene was
obtained in 84% yield with 96:4 Z/E (please see the part 4.4 in
Supporting Information for details) 

To substantiate our findings, we synthesized the minor diastere-
omer 9 with a dr of > 98:2 via methyl addition. The X-ray crystal
7 of 13

tive C
om

m
ons L

icense



FIGURE 5 Synthetic applications. (a) Late-stage modifications of complex molecules. (b) Synthetic approach to factor Xa inhibitor. (c) Synthetic 
approach to retinoid X receptor regulator. B(pai), boronic pinanediol ester; TMA, trimethyl aluminum. 
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FIGURE 6 Mechanism studies. (a) The quenching experiment of deuterium water. (b) The reaction was performed when HMPA, a strong 
coordination solvent, was used. (c) The major carbonyl adduct reacted with NaHMDS. (d) The major carbonyl adduct reacted with standard conditions. 
(e) The minor carbonyl adduct reacted with NaHMDS. (f) The minor carbonyl adduct reacted with standard conditions. (g) The potential energy surfaces 
of this reaction (1,5-attack and 1,3-attack). The relative Gibbs free energies are given in kcal/mol. (h) The transition state in which the negatively charged 
oxygen attacks the sulfur atom (1,4-attack). (i) Upon protonation, Z -configured product is generated through antielimination from Int2-SR. 
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tructure analysis of 9 indicated its configuration of hydroxyl-
earing carbon center was opposite to that in major diastereomer
 (Figure 6e ) [ 50 ]. Moreover, we found compound 9 reverted
o fluoro(chloro)methyl sulfoximine 4 ′ after the treatment of
aHMDS (Figure 6f ). On the other words, it can be hypoth-
sized that if 9 underwent Smiles rearrangement directly, the
 E )-fluoro(chloro)alkene could be generated. However, the cor-
esponding ( Z )-alkene served as the major stereoisomer instead
f ( E )-isomer. This strongly suggested that the diastereomer 9
irst reverted to the sulfoximine and ketone, and then underwent
ucleophilic addition and Smiles rearrangement under the con-
rol of more favorable pathway. The lower yield can be attributed
o a significantly lower concentration of the ketone available by
he reverse reaction. 

o elucidate the reaction pathway and the origin of stereoselectiv-
ty, we conducted density functional theory (DFT) computational
tudies and a conformational search (see Supporting Information
or more computational details). For computational efficiency,
he sulfur stereocenter of the sulfoximine reagent was fixed in
he ( R )-configuration during modeling. This simplification is
ustified because the reagent we used was racemic; the potential
nergy surfaces for the diastereomeric pathways originating from
he ( S )-configured sulfur center are mirror images of those
rom the ( R )-configuration, and thus would yield enantiomeric
utcomes but identical energetic profiles. Frequency analysis was
onducted to verify the stationary points to be energy minimum
o obtain the thermal energy corrections. 

he Gibbs free energies of the most stable conformers for each
ntermediate and transition state on the potential energy surface
PES) are shown in Figure 6g . Under basic conditions, the
ubstrate underwent deprotonation to form intermediate Int0-
 , which isomerized to Int0-S via a conformational inversion
hrough transition state TS0 (11.2 kcal/mol). This result was
onsistent with observations from the deuterium-labeling exper-
ment (see Figure 6a ): The DFT-optimized structures of Int0-R
nd Int0-S indicates that the negative charge is localized on the
arbon atom, as this carbon adopts a trigonal pyramidal geometry.
his stabilization arises from the strong electron-withdrawing
ffect of the fluorine substituent, which stabilizes the carbanion
nd prevents the formation of an enolate-type structure. Int0-R
nd Int0-S could attack the Re and Si faces of the ketone, leading
o the formation of four possible low-energy transition states,
S1-RS , TS1-RR , TS1-SR , and TS1-SS , each corresponding to a
istinct intermediate, Int1. The negatively charged oxygen in Int1
an undergo intramolecular nucleophilic attack on the pyridyl,
he sulfur atom, or the chlorine-bearing carbon center, leading to
he formation of five-, four-, and three-membered ring transition
tates, respectively (see the proposed mechanisms in Figure 6g ). 

n the 1,5-attack pathway (Figure 6g ), the negatively charged oxy-
en in Int1 lanuched intramolecular nucleophilic attack on the
yridyl via a five-membered ring transition state, TS2 , to afford
nt2 . According to the Curtin–Hammett principle, although
nt1-SS (7.5 kcal/mol) was slightly lower in energy than Int1-SR
7.7 kcal/mol), the stereoselectivity was governed by TS2 , which
as the rate-determining step (RDS) on the PES. Among the pos-
ible transition states, TS2-SR had the lowest activation barrier
15.4 kcal/mol), compared with TS2-RS , TS2-RR , and TS2-SS .
he higher activation barriers of TS2-RS (16.5 kcal/mol) and TS2-
0 of 13
RR (16.9 kcal/mol) were attributed to steric repulsion between the
chlorine atom and the oxygen atom of the S ═ O group in the five-
membered ring transition state. The higher activation barrier of
TS2-SS (17.0 kcal/mol) was explained by steric hindrance between
the Cl atom and the ─Ph group in TS2-SS . Specifically, in TS2-
SS , the TBS group restricts the orientation of the phenyl ring,
leading to a distance between the chlorine atom and the hydrogen
atom on the phenyl ring that is shorter than the sum of their
van der Waals radii, thereby resulting in a pronounced Cl–Ph
steric repulsion. In contrast, in TS2-RR , the orientation of the
phenyl ring is not constrained by the TBS group, and therefore no
significant steric interaction between the chlorine atom and the
phenyl ring is observed. The results indicated that the chlorine
atom dictated stereoselectivity through steric effects by enforcing
a kinetically controlled rate-determining 1,5-rearrangement. This
pathway was uniquely favored over the three others, which was
consistent with observations of the stereomeric convergence of
two diastereomers 8 and 9 (Figure 6d,f ). 

In the 1,3-attack pathway (Figure 6g , brown color), the negatively
charged oxygen in Int1 attacked the chlorine-bearing carbon
center via a three-membered ring transition state, T S3 . We
calculated the activation barrier of TS3-SR , which was associated
with Int1-SR . Although TS3-SR had a relatively low activation
barrier of 13.4 kcal/mol, the resulting intermediate, Int3-SR , was
not sufficiently stable (–5.3 kcal/mol). 

According to the principle of microscopic reversibility, Int3-SR
could undergo a reversible reaction back to Int1-SR at room
temperature. In contrast, Int2-SR , which was formed via TS2-
SR , was much more stable (–14.3 kcal/mol). Therefore, given
sufficient reaction time, the reaction would preferentially proceed
through the five-membered-ring transition state TS2-SR to afford
Int2-SR . Nevertheless, the 1,3-attack pathway cannot be excluded
as a potentially significant competing pathway. Finally, upon
protonation, Int2-SR underwent anti -elimination to form the
( Z )-stereoisomer (Figure 6i ). 

And in the 1,4-attack pathway (Figure 6h ), the negatively charged
oxygen attacked the sulfur atom forming a four-membered-ring
intermediate, which could undergo elimination to afford the
alkene product. However, this transition state could not be located
using DFT calculations. We performed a relaxed scan along
the forming S ─O bond and observed a continuous increase in
energy as the S ─O bond length decreased from 2.67 to 1.96 Å,
suggesting that the four-membered ring intermediate is not a
stable minimum on the PES (please see Supporting Information
for more details). As a result, this pathway was excluded from
further consideration. 

For a summary of all proposed mechanistic pathways, please refer
to the Supporting Information. 

3 Conclusion 

In summary, we developed a gem -fluoro(chloro)methyl sul-
foximine reagent, which enabled a straightforward, stereos-
elective gem -fluoro(chloro)olefination, thereby addressing the
long-standing challenge of how to access (Z)-persubstituted
gem -fluoro(chloro)alkenes. This operationally simple protocol
Angewandte Chemie International Edition, 2026
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ransformed ubiquitous carbonyl compounds into fluoroalkenes
ith the retained C ─Cl bond as a versatile linchpin, whose
ownstream diversification provided a wide array of fluorinated
rchitectures by easy cross couplings. The versatility of this
latform was underscored by its applications to microfluid
ynthesis, late-stage modifications, and a streamlined stereose-
ective synthesis of factor Xa inhibitor and retinoid X receptor
egulator. The experimental and computational studies revealed
he exceptional efficiency and stereocontrol stemmed from a
nique interplay, that the electrophilic pyridyl group suppressed
remature C ─Cl cleavage while the chlorine atom dictated stere-
selectivity, enforcing a kinetically-controlled rate-determining
,5-rearrangement. More broadly, this work established a gen-
ral strategy for stereocontrol in challenging olefinations by
everaging kinetic gating through synergistic steric and elec-
ronic interplay. The design principles uncovered—employing
 heterocyclic stabilizer to suppress undesired pathways and a
alogen atom to steer stereoselectivity via spatial constraints—
ffer a general blueprint for developing next-generation reagent
n stereocontrolled synthesis, extending far beyond the realm of
luorine chemistry. 
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