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Nucleophile-triggered activation of fluoroalkyl sul-
fones offers a potential entry to fluorinated building
blocks, yet formal carbonyl insertion into C-S bonds
of sulfones remains largely unexplored due to strin-
gent structural and electronic constraints. Herein, we
report that heptafluoroisopropyl 2-pyridyl sulfone
(HFIPS) uniquely enables efficient formal insertion of
aldehyde into C-S bonds of sulfones under mild fluo-
ride catalysis. Mechanistic investigations, supported
by stoichiometric experiments and density functional
theory analysis, identify the nucleophilic addition to
aldehyde as the rate-determining step and establish
HFIPS as the predominant sulfonylating species
under turnover conditions. The resulting sulfonate
intermediates are converted through a mechanistical-
ly indispensable bromination-elimination sequence,
providing streamlined access to tetrasubstituted

Introduction

Alkenes are ubiquitous structural motifs in natural pro-
ducts, pharmaceuticals, and functional materials, where
their geometry and substitution patterns often exert a
profound influence on molecular properties and perfor-
mance.”? Consequently, the development of versatile

bromo-gem-bis(trifluoromethyl) alkenes. The bromo
substituent serves as a versatile handle for modular
downstream functionalization. Structural and photo-
physical studies reveal that geminal CFz groups im-
pose steric restriction and suppress intramolecular
rotation, thus enhancing the aggregation-induced
emission behavior in tetraphenylethene-derived sys-
tems. This unified platform integrates formal C-S
insertion chemistry with fluorinated alkene synthesis
and functional materials design.

0 W . Br,  CFg R
.@ .@ ‘@ - = ~ A cF
RﬂlLH * py” X & %o R! 3
F;C CF3 3 CFs
HFIPS

R = aryl, heteroaryl RZ = aryl, alkenyl, alkoxy

Keywords: aldehyde, sulfone, tetrasubstituted al-
kene, gem-bis(trifluoromethyl), olefination

carbonyl olefination strategies has remained a central
pursuit in synthetic chemistry, enabling precise control
over substitution patterns and providing efficient access
to structurally diverse alkenes®>® Among established
approaches, the Julia-Kocienski olefination has emerged
as a robust approach for the synthesis of tetrasubstituted
alkenes from ketones, benefiting from high efficiency and
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(a) Julia-Kocienski Olefination: Synthesis of tetrasubstituted alkenes from ketones
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(c) Our Considerations: Aldehyde insertion into the C-S bond of sulfones

Uncommon inverted SuFEXx reactivity at the S-C bond
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(d) This Work: HFIPS-enabled synthesis of R"/R2C=C(CF3), from aldehydes
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Figure 1| Background and reaction design. Het = heteroaryl. (a) Julia-Kocienski olefination: synthesis of tetrasub-
stituted alkenes from ketones; (b) our design: synthesis of tetrasubstituted alkenes from aldehydes, (c) our con-
siderations: aldehyde insertion into the C-S bond of sulfones; and (d) this work: HFIPS-enabled synthesis of

R'R2C = C(CF3)> from aldehydes.

broad substrate scope®® (Figure 1a). In contrast, alde-
hydes afford, at most, trisubstituted alkenes® to support
recent advances in the Julia-Kocienski olefination for the
synthesis of trisubstituted alkenes, because the corre-
sponding heteroaryloxy-substituted sulfinate intermedi-
ates readily undergo desulfination-elimination under
standard conditions rather than proceeding through a
substitution pathway.”°™ As a result, access to tetrasub-
stituted alkenes from aldehydes remains limited in current
carbonyl olefination methodologies.

To address this limitation, we envisioned a complemen-
tary strategy based on the formal incorporation of alde-
hydes into the C-S bond of a suitably designed (hetero)
aryl sulfone (Figure 1b). By introducing an appropriate
leaving group on the alkyl fragment to modulate sulfone
reactivity,® ™ the resulting sulfonate intermediate could
serve as a platform for subsequent conversion into tetra-
substituted alkenes. Conceptually, this approach enables
modular assembly of aldehyde, sulfone, and nucleophile
components. Mechanistically, fluoride activation of a
(hetero)aryl sulfone generates a reactive carbanion spe-
cies that can be captured by aldehydes, ultimately afford-
ing a sulfonate intermediate through sulfonyl transfer
(Figure 1¢).®?? Subsequent functionalization of this inter-
mediate would provide access to structurally diverse
tetrasubstituted alkene.

Several challenges must be overcome to realize this
strategy. First, heterolytic C-S bond cleavage via fluo-
ride attack at sulfur—formally the reverse of a SuFEx
process®—is uncommon in conventional sulfones and

observed mainly in highly activated or strained sys-
tems.?*?° Second, the resulting trisubstituted carbanion
intermediate may undergo rapid a-elimination,**-3* limit-
ing productive aldehyde capture. Third, the steric and
electronic demands associated with this intermediate
may impede aldehyde addition and promote retro-
addition pathway,”**¢ thereby suppressing sulfonate
formation.

To overcome these challenges, we designed a previ-
ously unreported heptafluoroisopropy! 2-pyridyl sulfone
(HFIPS) reagent. The strongly electron-withdrawing hep-
tafluoroisopropyl group finely tunes the electronic prop-
erties of the sulfone to enable the C-S addition to
aldehydes, while the 2-pyridylsulfonate fragment serves
as an effective leaving group for downstream transfor-
mations.*” We anticipated that this reagent design would
provide access to synthetically useful sulfonate inter-
mediates that could be converted into tetrasubstituted
alkenes under mild conditions.

Herein, we report a HFIPS-enabled aldehyde olefination
strategy that furnishes tetrasubstituted bromo-gem-bis(-
trifluoromethyl) alkenes from readily available aldehydes
and sulfone reagents (Figure 1d). The resulting bromo
substituent serves as a versatile synthetic handle for
cross-coupling and nucleophilic substitution, providing
access to unsymmetrical and functionalized tetrasubsti-
tuted gem-bis(trifluoromethyl) alkenes, including deriva-
tives exhibiting enhanced aggregation-induced emission
(AIE) properties. The gem-bis(trifluoromethyl) alkene
moiety has also been associated with distinctive
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biological properties, including reported contraceptive
activity in warm-blooded animals.*®* This modular plat-
form enables efficient aldehyde olefination to access
tetrasubstituted alkenes under mild, transition-metal-free
conditions with broad functional-group tolerance.

Experimental Methods

General procedures for one-pot olefination of
aldehydes to access bromo-gem-
bis(trifluoromethyl) alkenes 5

A sealed tube was charged with HFIPS 1 (0.50 mmol) and
aldehyde 2 (0.50 mmol) under N, atmosphere. CsF
(0.10 mmol, 15.2 mg) and CHzCN (5.0 mL) were added
in a nitrogen-filled glovebox. The mixture was stirred at
room temperature for 4 h. MgBr,*Et,O (1.00 mmol) was
added under N, atmosphere. The mixture was stirred at
80 °C for 12 h. When the reaction was completed, the
mixture was filtered, then the filtrate was concentrated in
vacuo. Et,O (10.0 mL), HMPA (1.0 mL), and a solution of
LIHMDS (0.60 mmol) in Et,O (3.0 mL) were added via a
gastight syringe under a nitrogen atmosphere. The mix-
ture was stirred at O °C for 30 min. The reaction was
monitored by F NMR spectroscopy or TLC. When the
reaction was completed, the mixture was quenched with
H-O (20 mL) and extracted with Et,O (20 mL x 3). The
organic phase was dried over anhydrous Na,SO,, and the
solvent was concentrated in vacuo. The crude product
was purified by silica gel column chromatography using
petroleum ether/ethyl acetate as the eluent. More exper-
imental details and characterization are available in the
(Supporting Information Figures S5, S14-S55, and Table
S4).

General procedures for the Suzuki-Miyaura
cross-coupling of bromo-gem-
bis(trifluoromethyl) alkenes 5 to access 8

A sealed tube was charged with bromo-gem-bis(trifluor-
omethyl) alkenes 5f (0.10 mmol, 46.3 mg) and aryl or
alkenyl boric acid 10 (0.15 mmol) under N, atmosphere.
Pd,(dba)z (0.0025 mmol, 2.3 mg), TDMPP (0.01 mmol,
4.4 mg), and KzPO, (0.30 mmol, 63.7 mg) were added in
a nitrogen-filled glovebox. PhCHz (1.0 mL) and H,O
(0.25 mL) were added via a gastight syringe under a
nitrogen atmosphere. The mixture was stirred at 110 °C
for 12 h. When the reaction was completed, the mixture
was quenched with H,O (5 mL) and extracted with Et,O
(5 mL x 3). The organic phase was dried over anhydrous
Na,SO,4, and the solvent was concentrated in vacuo. The
crude product was purified by silica gel column chroma-
tography using petroleum ether/ethyl acetate as the
eluent. More experimental details and characterization
are available in the (Supporting Information Schemes
S2-S3, and Figures S56-570).

QP
B . &P _cFmmin SN
2-Nap” “H A7 Ry DMF (0.1 M)
.0 ezqauiv) (1.0 equiv) RT.1-4h ZNap™ Ry
X Conv. [%] Yield [%]

Ar =Ph or Py, Rf= CF3 or C,F5 100 0 0
Ar = Ph, Ry = C(CF3)3 100 >99 0

Ar = Ph, R¢ = CF(CF3), 100 >99 83

Ar = Py, Ry = CF(CF3), (1) 20 >99 >99

Scheme 1| Reactivity evaluation of representative fluor-
oalkyl sulfones. Conversions and yields were determined
by F NMR analysis. Nap = naphthyl; Py = 2-pyridyl;
Ar = aryl; Ph = phenyl; DMF = N,N-dimethylformamide;
RT = room temperature

General procedures for the nucleophilic
substitution of bromo-gem-
bis(trifluoromethyl) alkenes 5 to access 9

A sealed tube was charged with bromo-gem-bis(trifluor-
omethyl) alkenes 5f (0.10 mmol, 46.3 mg) under N, at-
mosphere. Sodium salt 11 (0.10 mmol) and THF (2.0 mL)
were added in a nitrogen-filled glovebox. The mixture
was stirred at room temperature for 10 h. When the
reaction was completed, the mixture was quenched with
H->O (5 mL) and extracted with Et,O (5 mL x 3). The
organic phase was dried over anhydrous Na,SO,, and the
solvent was concentrated in vacuo. The crude product
was purified by silica gel column chromatography using
petroleum ether/ethyl acetate as the eluent. More experi-
mental details and characterization are available in the
(Supporting Information Figures S71-S74).

Results and Discussion

Enabling formal insertion of aldehydes into
the C-S bonds of sulfones

We began by evaluating formal insertion of aldehyde into
the C-S bond of representative fluoroalkyl sulfones as the
pivotal step toward tetrasubstituted olefins (Scheme 1).
Despite literature precedent for nucleophilic activation of
fluoroalkyl sulfones,®" trifluoromethyl- and pentafluor-
oethyl-substituted aryl and heteroaryl sulfones proved
entirely unreactive under fluoride activation. No sulfonate
formation was detected, even in the presence of strong
alkoxide bases.’%%° Likewise, perfluoro-tert-butyl sul-
fones, although susceptible to fluoride-induced C-S
cleavage,®*?* failed to engage in formal insertion of alde-
hyde. These findings highlight the stringent steric and
electronic requirements for formal C-S insertion and un-
derscore the intrinsic difficulty of this transformation in
conventional sulfone systems.

In sharp contrast, heptafluoroisopropyl 2-pyridyl sul-
fone (HFIPS, 1) displayed distinctive and robust reactivity.
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Under catalytic CsF (20 mol %) in anhydrous N,N-
dimethylformamide (DMF) at room temperature, reaction
with 2-naphthaldehyde (2a) furnished sulfonate ester in
quantitative yield (°F NMR) (for details, see the Support-
ing Information Table S1). Phenyl-based analogs deliv-
ered significantly lower vyields (83%), even under
stoichiometric fluoride activation, underscoring the cru-
cial role of the 2-pyridyl sulfone framework in enabling
efficient formal insertion of aldehyde.

A broad range of aromatic and heteroaromatic alde-
hydes underwent smooth addition to afford sulfonates
3a-3n in good to excellent yields (Scheme 2a) (for
details, see Supporting Information Scheme S1and Table
S2). Functional groups including 2-pyrimidinyl (39),
morpholino (3h), bromo (3k, 31), iodo (3j), tert-butylthio
(3m), and trifluoromethyl (3f) substituents were well
tolerated. The structure of 3f was unambiguously con-
firmed by single-crystal X-ray diffraction analysis (for
details, see Supporting Information Figure S6 and Table
S5),% revealing a pronounced intramolecular n-n stack-
ing interaction between the pyridyl and aryl fragments.
Treatment of 4,4’-biphenyldicarboxaldehyde with
2.0 equiv of HFIPS resulted in double addition at both
carbonyl groups, furnishing 3i in excellent yield. Aliphat-
ic aldehydes were also competent substrates, affording
the corresponding sulfonates in moderate yields, as ex-
emplified by 30 (60%). These results establish HFIPS as
uniquely competent for fluoride-triggered formal inser-
tion of aldehyde into C-S bonds.

Mechanistic elucidation of the fluoride-
initiated pathway

To elucidate the origin of the unigque reactivity of HFIPS
toward aldehydes, combined experimental and compu-
tational studies were conducted (Figure 2). Treatment of
HFIPS with CsF in the absence of aldehyde led to com-
plete conversion into PySO,F (Figure 2a, Eq. 1, Support-
ing Information Figure S1), confirming efficient fluoride-
induced C-SO, bond activation. Because both HFIPS and
PySO,F coexist under catalytic CsF conditions, their rel-
ative reactivity toward the alkoxide intermediate was
directly compared to identify the operative sulfonylating
species. Notably, potassium tert-butoxide also initiated
the reaction (Figure 2a, Eq. 2, Supporting Information
Figure S2), albeit slightly less effectively than CsF,
indicating that HFIPS itself can directly engage in the
alcoholate sulfonylation step. Given the convenient prep-
aration of potassium alkoxides, stoichiometric experi-
ments employing a potassium ion as the counterion
were performed to clarify the dominant sulfonylation
pathway under catalytic conditions (Figure 2a, Egs. 3 and
4, Supporting Information Figure S3 and S4). These stud-
ies revealed that HFIPS furnished the sulfonate ester in
significantly higher yield than PySO,F, demonstrating

that HFIPS preferentially undergoes direct sulfonylation
of the alkoxide under fluoride activation.

Based on these observations, two fluoride-initiated
pathways can be envisioned (Figure 2b). Fluoride attack
on HFIPS generates a hypervalent sulfur species, releas-
ing CF(CFz3),~ (1) and PySO,F (6). Nucleophilic addition
of | to the aldehyde affords alkoxide intermediate Int1,
which subsequently undergoes sulfonylation either with
PySO,F to form sulfonate ester 3, or directly with HFIPS,
regenerating | in the process.

Density functional theory (DFT)-computed reaction
profiles for the reaction of aldehyde 2b with 1
(Figure 2c, Supporting Information Schemes S4-S8) iden-
tify nucleophilic addition as the rate-determining step
[AG'(TS1) = +10.6 kcal-mol™; intl at +7.5 kcal-mol™].
In contrast, subsequent sulfonate formation proceeds
through low-energy transition states with either HFIPS
or PySO,F [AG'(TS2-RF) = +5.0 kcal-mol™; AG'(TS3-
F) = +4.3 kcal - mol™], ultimately delivering the thermody-
namically stable sulfonate 3 and regenerating I (-=9.0 kcal -
mol™). Although computation suggests a slightly lower
barrier for sulfonylation via PySO,F, experimental studies
establish HFIPS as the predominant sulfonylating species.
Overall, the reaction coordinate analysis demonstrates
that the transformation is kinetically governed by the
initial aldehyde addition, whereas sulfonate formation
is fast and largely irreversible under the reaction
conditions.

Overcoming steric constraints: olefination via
bromination-elimination strategy

With sulfonate intermediates in hand, we sought to ac-
cess tetrasubstituted alkenes via base-induced elimina-
tion. Direct elimination” proved unsuccessful, likely due
to steric congestion imposed by the heptafluoroisopropyl
group, which disfavors benzylic deprotonation. To cir-
cumvent this barrier, we envisioned replacing the sulfo-
nate with a less sterically demanding substituent prior to
elimination. Screening identified MgBr, as uniquely effec-
tive in promoting sulfonate displacement (Scheme 2b)
(for details, see the Supporting Information Table S3). In
contrast, analogous benzenesulfonates exhibited sub-
stantially lower reactivity, highlighting the key role of
pyridyl nitrogen coordination in facilitating magnesium-
mediated substitution. Notably, switching the solvent
from DMF to MeCN enabled direct bromination following
formal insertion of aldehyde. Under optimized conditions,
bromide intermediate 4f was isolated in 85% vyield. Sub-
sequent treatment with LIHMDS furnished bromo-gem-
bis(trifluoromethyl) alkene 5f in 77% yield. These findings
established a mechanistically required bromination-elim-
ination sequence, converting an otherwise unreactive
sulfonate into a synthetically versatile brominated alkene
scaffold.
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(a) HFIPS addition to aldehydes: isolated sulfonate intermediates
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(b) Olefination validated through bromination of sulfonate intermediates
Q,,0
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o ¥ cr, CsF (20 mol %) o Py MgBrz*Et,0 (2.0 equiv) oF LiHMDS (1.5 equiv) CF
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2f HFIPS (1) 3f 4f, 85% 5f, 77%
(c) One-pot olefination of aldehydes to tetrasubstituted alkenes?
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g e e S
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Scheme 2 | HFIPS-enabled aldehyde olefination: isolated intermediates, stepwise validation, and one-pot scope.
(a) HFIPS addition to aldehydes: isolated sulfonate intermediates; (b) olefination validated through bromination of
sulfonate intermediates; (c) one-pot olefination of aldehydes to tetrasubstituted alkenes. Yields refer to isolated
products. Yields determined by °F NMR analysis are shown in the parentheses. °Reactions were conducted on a
0.50 mmol scale: 1 (1.0 equiv) and aldehyde 2 (1.0 equiv) in MeCN (0.1 M) with CsF (0.2 equiv) at RT for 4 h; then
MgBr,- Et>O (2.0 equiv) at 80 °C for 12 h; after filtration and solvent removal, Et-O (10 mL), HMPA (1.0 mL), and
LIHMDS (1.5 equiv) were added at O °C for 30 min under N, LiIHMDS = Lithium bis(trimethylsilyDamide;

HMPA = hexamethylphosphoramide.
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(a) Control experiments? . (b) Proposed mechanism
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Figure 2 | Mechanistic investigation and reaction coordinate diagram for HFIPS addition to aldehydes. (a) Control
experiments. (b) Proposed mechanism. (c) DFT-computed potential energy surface and optimized TS geometries for
the reaction starting with aldehyde 2b and heptafluoroisopropy! anion.?

Development of a one-pot olefination (5a-5e, 5i, 5j), moderately electron-rich (5h), and mod-
protocol erately electron-deficient (5f, 5g) aryl aldehydes.

Building on these insights, a streamlined one-pot Strongly electron-deficient substrates (3n), sterically

process integrating formal insertion of aldehyde, mag- encumbered electron-deficient aldehydes (3I), and ali-
nesium-mediated bromination, and base-induced Phatic aldehydes (30) were ineffective due to inefficient
elimination was developed (Scheme 2c). The olefination  bromination. These limitations reflect the combined
proceeded efficiently with electronically neutral steric and electronic constraints inherent to the
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Scheme 3 | Downstream functionalization and materials application. (a) Boronic acids (Conditions A). (b) Heteroatom
nucleophiles (Conditions B). (c) Modification of AlE-active framework.?’Reactions were conducted on a 0.10 mmol
scale. Yields refer to isolated products. Yields determined by °F NMR analysis are shown in the parentheses. °Fluor-
escence spectra of 8o (1.0 x 107* M) in DMF upon the addition of various amounts of water (lex = 330 nm). Inset:
photographs of 8o solutions in DMF and DMF/water (v/v = 1:99) under UV illumination (365 nm). The fluorescence
quantum yield (®) was measured using a calibrated integrating sphere. °An apparent fluorescence decay time
constant (<r>) was determined using the equation <> = X(A; X ©)/ZA; (i = 1-n, n = 2), where 1; and A, represent the
individual exponential decay time constants and their corresponding pre-exponential factors, respectively (for details,
see Supporting Information Figures S8-S13, and Table S7). dba = dibenzylideneacetone; TDMPP = Tris(2,6-dimethox-
yphenyDphosphine; TPE = tetraphenylethene; Fl = fluorescence.
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mechanistically essential bromination-elimination se-
guence. To our knowledge, no general synthetic strategy
for accessing brominated gem-bis(trifluoromethyl)
alkenes of this type has been previously reported.

Downstream functionalization and materials
application

Importantly, bromination is mechanistically indispens-
able for enabling the olefination sequence while simul-
taneously introducing a versatile functional handle for
downstream diversification. The synthetic versatility of
the resulting brominated alkenes was further demon-
strated (Scheme 3).

Under Suzuki coupling conditions,*? model substrate 5f
reacted smoothly with aryl and vinyl boronic acids to
furnish unsymmetrical tetrasubstituted gem-bis(trifluor-
omethyl) alkenes (8a-8n) (Scheme 3a). In contrast,
Suzuki coupling of 1,1-dibromo-3,3,3-trifluoro-2-(tri-
fluoromethyl)prop-1-ene (Bro,C=C(CF3),) typically pro-
ceeds through rapid double cross-coupling, affording
only symmetrical diaryl alkenes.*® Selective monocou-
pling cannot be achieved, precluding stepwise introduc-
tion of two different aryl groups. These observations
underscore the strategic advantage of the monobromi-
nated intermediates, which enables controlled sequen-
tial functionalization and access to unsymmetrical
gem-bis(trifluoromethyl)olefin architectures. The mon-
obrominated alkenes also underwent nucleophilic
substitution with sodium alkoxides, phenolates, and
thiolates to afford structurally diverse heteroatom-
substituted tetrasubstituted alkenes (9a-9d)
(Scheme 3b). In contrast, sterically demanding nucleo-
philes such as sodium isopropoxide or tert-butoxide
were ineffective. This pronounced steric discrimination
may be exploited for chemoselective transformations in
complex molecules bearing multiple nucleophilic sites.

To illustrate its potential in materials chemistry, a
tetraphenylethene (TPE)-derived aldehyde was sub-
jected to the olefination/Suzuki sequence to furnish
compound 80, a stable AlE-active molecule with
markedly enhanced quantum vyield (0.45-0.63) and
prolonged emission lifetime versus simple TPE*%
(Scheme 3c). Single-crystal analysis of 8o (for details,
see Supporting Information Figure S7 and Table S6)
reveals that all phenyl rings directly attached to the
double bond adopt highly twisted dihedral angles with
the adjacent double bond (67.2° and 70.4° for the
(CF3),C=C unit; 44.7°-65.7° for the 4-TPE unit, slightly
larger than 47°-58° in simple TPE*®), reflecting enhanced
restricted intramolecular rotation.*” The TPE core shows
inter-phenyl angles ranging from 51.1° to 85.8°, more
dispersed than in simple TPE (54.3°-80.0°),*® indicating
a modest increase in overall rigidity.*” These structural
features demonstrate that CFz-induced local twisting,

together with slightly increased core rigidity, suppresses
intramolecular rotation, leading to reduced non-radia-
tive decay. Consequently, long-lived emission compo-
nents and apparent decay constants (<t>) are enhanced,
rationalizing the pronounced AIE behavior.

Conclusions

In summary, we report a HFIPS-enabled strategy that
unlocks fluoride-triggered formal insertion of aldehyde
into C-S bonds, overcoming the intrinsic limitations of
conventional fluoroalkyl sulfones. Mechanistic studies
reveal that aldehyde addition is rate-determining and
identify HFIPS as the operative sulfonylating species
under catalytic fluoride activation. A mechanistically in-
dispensable bromination-elimination sequence enables
efficient access to tetrasubstituted gem-bis(trifluoro-
methyl) alkenes under mild conditions. The resulting
monobrominated intermediates provide a versatile han-
dle for modular downstream functionalization. Structural
and photophysical analyses demonstrate that CFz-in-
duced steric restriction enhances solid-state AIE behav-
ior. Collectively, this work establishes a unified platform
linking formal C-S insertion chemistry with fluorinated
alkene synthesis and functional materials development.
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