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The development of complex fluorinated bicyclic scaffolds as benzene bioisosteres has emerged as a powerful strategy in
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drug discovery, yet efficient and general synthetic routes to these structures remain limited. Here, we report a visible-light-

driven, energy transfer (EnT)-catalyzed dearomative [2+2] photocycloaddition that converts heteroaromatic-containing

gem-difluoro alkenes into complex difluorinated bicyclo[2.1.1]hexane bioisosteres. This method operates under mild

conditions, exhibits broad heteroaromatic compatibility, and delivers the desired products in good yields with excellent

diastereoselectivity. Mechanistic studies are consistent with an energy transfer pathway involving triplet-state diradical

intermediates. This work provides a complementary and conceptually new approach to fluorinated bioisosteres that are

otherwise difficult to access via classical difluorocarbene insertion or conventional cycloaddition strategies.

Introduction

The replacement of benzene rings with non-aromatic or
heteroaromatic bioisosteres has become a powerful strategy in
modern drug discovery, offering opportunities to modulate
metabolic stability, enhance solubility, and improve target
selectivity while preserving the three-dimensional architecture
of lead compounds.’™@ Among these, fluorinated bicyclic
scaffolds have emerged as particularly attractive bioisosteres,
as the introduction of fluorine can profoundly influence
lipophilicity, membrane permeability, and metabolic profiles.”
Consequently, efficient synthetic methods to access such
fluorinated frameworks are in high demand.8-10

Classically, difluorocarbene insertion reactions have served as a
reliable approach to construct bicyclic systems (Figure 1A).11-16
For example, Ma and co-workers at Merck achieved a selective
synthesis of 2,2-difluorobicyclo[1.1.1]pentanes via
difluorocarbene insertion into bicyclo[1.1.0]butanes.!?
Mykhailiuk and co-workers developed a practical approach to
difluoro-substituted bicyclo[1.1.1]pentanes (2F-BCPs) using a
CFsTMS/Nal system,? and further extended this strategy to
fluoro-substituted bicyclo[1.1.1]pentanes (F-BCPs) through
direct fluorocarbene addition to bicyclo[1.1.0]butanes.!3
However, these methods typically require multi-step syntheses
of strained radical precursors such as bicyclo[1.1.0]pentanes or
bicyclo[1.1.0]butanes, limiting their overall efficiency and
accessibility.17-2°
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More recently, photochemical [2+2] cycloadditions have been
exploited for the construction of fluorinated bicyclic scaffolds
using various gem-difluoro-1,5-dienes as precursors (Figure
1B).26-2° Remarkably, Bi, Hong, and co-workers developed an
elegant thermal [2+2] cycloaddition as a route to gem-difluoro
heterobicyclo[n.1.1]alkanes (Figure 1C).3° Despite these
advances, the development of a general, mild, and visible-light-
driven method to access complex fluorinated bicyclic
bioisosteres directly from readily available heteroaromatic
precursors remains an unmet challenge.

Recently, we developed the first example of time-dependent
photochemical rearrangements driven by energy transfer (EnT)
catalysis31™° under visible light conditions, enabled by the
introduction of fluorine atoms at the alkene terminus.*!
Inspired by elegant precedents in radical dearomatization4244
and our recent work on bioisostere synthesis using radical-polar
strategies,*>*’ we hypothesized that replacing a simple
aromatic ring with a heteroaromatic ring would enable the
synthesis of difluoro bicyclo[2.1.1]hexane bioisosteres through
a dearomative [2+2] photocycloaddition.*8>8 Herein, we report
the successful realization of this hypothesis (Figure 1D). We
disclose a visible-light-driven, EnT-catalyzed dearomative [2+2]
photocycloaddition that converts heteroaromatic-containing
di-fluoro alkenes into complex difluorinated
bicyclo[2.1.1]hexane scaffolds in good yields with excellent
diastereoselectivity. This method features various
heteroaromatic compatibility, mild reaction conditions, and
operational simplicity, providing a complementary and
conceptually new approach to complex fluorinated bioisosteres
that are otherwise difficult to access via classical
difluorocarbene insertion or cycloaddition
strategies.
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Figure 1. Background and reaction design

Results and Discussion

Reaction design and optimization

Based on our conceptual framework, we efficiently synthesized
difluoro-olefin 1a in three steps. Employing 1 mol% of Ir-F as the
photocatalyst in acetonitrile under irradiation with the 30 W
450 nm blue LEDs, gem-difluoro-bicyclo[2.1.1]hexane 2 was
obtained in 92% isolated vyield (Figure 2). Screening of
alternative solvents demonstrated that ethyl acetate or

dichloromethane derivatives can also afford high yields.
However, switching the solvent to N,N-dimethylacetamide
resulted in a significantly lower yield. Besides, the Ir-Me also
worked well and provided a useful alternative to Ir-F. In
contrast, replacing Ir-F with other common organic
photocatalysts—such as Benzophenone, Thioxanthone or
4CzIPN resulted in only moderate yields of the desired product.
Control experiments confirmed that no product formation
occurred in the absence of light, ruling out a thermal process.
Omitting the photocatalyst resulted in low product yields,
indicating that 1a can be directly excited at 365 nm.
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Figure 2. Reaction Design and Optimization. Standard condition: 1a (0.2 mmol, 1 equiv.), Ir-F (1 mol%), and MeCN (0.1 M) at room

temperature under 30 W 450 nm LEDs with a cooling system for
standard).

12 h under N,. ? Isolated yield.  'H NMR yield (CH2Br; as an internal

Substrate scope

Having secured the initial outcomes, we undertook a systematic
investigation into the substrate scope (Figure 3). Pleasingly, a
range of functional groups including methyl (4), tert-butyl (5),
bromide (6), fluoro (7), chloride (8, 9), methoxyl (12),
trifluoromethoxyl (13) and naphthyl (16, 17) were all well
tolerated, affording good to high isolated vyields. The
stereochemistry of the major isomer of 17 was confirmed by X-
ray analysis (CCDC 2541039). The method also demonstrated
tolerance to heterocycles, including benzothiophene (18),
quinoline (19), dibenzofuran (20) and dibenzothiophene (21).
Furthermore, the substrate scope was further extended to
include compounds with diene (22) and alkyne motifs (23-25).
These proved to be well-tolerated under the standard
conditions, and the desired products were successfully
obtained in good to excellent isolated vyields. Finally, we
screened several complex substrates containing natural
product motifs (26-33), which successfully yielded the target
products in 71% to 85% isolated yields, underscoring the
potential for late-stage functionalization.

The reaction was also applicable to substrate 34, which bears
two hydrogen atoms, albeit affording a lower isolated yield of
40% (Figure 4). Notably, substrates incorporating both a methyl
and an ester group (1ah and 1ai) were well-tolerated, delivering
the desired products 35 and 36 in excellent isolated yields of
81-87%. Subsequently, we will shift our focus to studying the
various functional groups attached to thiophene motifs. The
reaction demonstrated broad compatibility with alkyl (38- 40),
ester (41) and phenyl (42-44) groups, and also tolerated a
dimethyl-substituted thiophene ring (45), generally providing
the desired products in good to high yields. Other heterocyclic
systems, including furan (46), 3-thiophene (47) benzothiophene
(48) and benzofuran (49), also proved amenable to this
dearomatization protocol. Unfortunately, the indole motif was
also explored, the desired product (50) could not be formed
successfully.

When we attempted to use olefins lacking the difluoro group
(1ax), a significant decrease in reaction yield was observed (51).
This result indicates that difluoroalkenes are very important in

Please do not adjust margins
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our structure. We speculate that it may be due to the
interaction between the C—F o* orbital and the SOMO orbital
which lowers the energy barrier for diradical generation and

facilitates the reaction. However, the use of olefins, bearing
dichloro groups (1ay) or a methyl group Xz} t+&S&HeESH poor
reaction efficiency.

F_F Ir-F (1.0 mol%) H Dearomative [2+2] cycloaddition
| > S M Fluorinated Bicyclo[2.1.1]hexanes
S
\ MeCN (0.1 M) \ E M Visible Light Condition
s 450 nm LEDs, 12 h
1a-1af 2.33 M Energy Transfer Catalysis
@
5
° co,M CO,Me co,M CO,Me
5 Meo,c._FO2Me Me0,C.j~2"° MeO,C 2 MeO,C.j°2"¢ MeO,C-/ >
B s s s s s
8 N\ F Ph \N F \N F Me \\ F tBu N\ F Br
S F F F F F
2 2,92% 3,50% 4,62% 5, 60% 6, 85%
. B8
z 3 CO,Me
CO,Me CO,Me CO,Me 2 CO,Me
_;.f E MeO,C MeO,C. MeO,C. al MeO,C cl MeO,C o
q @ s s s \S s
p S \ F F | F cl N\ F F \ F cl
S ¢ F F F F G F
QS
@ 3 7,49% 8, 80% 9,77% 10, 72% 11, 74%
S 5
5§ <
) CO,Me
c CcOo,M CO,Me CO,Me 2
g g MeO,C/ 2 MeO,C—/ 2 MeO,C—/ 2 ome  MeO:C oMe
o g S S s S
% S Q r OMe N\ F OCF, N\ F cl N F
[ F F F F OMe F
S B
S5 12,79% 13, 50% 14, 83% 15, 72% 16, 75%
E ©
o]
5, 2 CO,Me
N MeO,C
c
5 g s
g O
o= F
2 F s
G = 17, 90% X-ray structure of 17 18, 74% 19, 71% 20, 80%
S & (CCDC 2541039)
2o
< <
- Me Me Me
@ Me0,C Me0,C i Me0,C3 Me0,Ci
s s S s
< — — —
) N\ F N\ F - Ph '\ F o N F o
cl OMe
& F F F F

m 21, 89% 22, 81%, dr = 3:1 23, 77%, dr > 20:1 24, 75%, dr > 20:1 25, 61%, dr > 20:1
[
Me,
- O e
Me M
Me Me O e
E Me Me
X
0" o oY 0=\
HJ From Ibuprofen J o From Flurbiprofen _é_/ (o) From Gemfibrozil
. 26, 85%° ¥ 27, 72%2 28, 71%2
Me
H =
Me i Me 0 ' ?
Me (%8 Me 2o o
0\>_ R me :L(lL o~ °>
(o) Me e
T Me’
From Diacetone-D-glucose From L-(-)-Borneol From L-Citronellol From Isopulegol From Piperonylic acid
29, 80%° 30, 82%* 31, 83%° 32, 79%° 33, 72%°

4| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03721f

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Open Access Article. Published on 23 June 2026. Downloaded on 6/23/2026 11:51:41 PM.

=215 -=Chemicat Sciencel- 21+

ARTICLE

View Article Online

DOI: 10.1039/D6SC03721F

Figure 3. Substrate scope to construct fluorinated bicyclo[2.1.1]hexanes. Reaction condition: 1a-1af (0.2 mmol, 1 equiv.), Ir-F (1.0
mol%) and MeCN (2.0 mL, 0.1 M) at room temperature under 30 W 450 nm LEDs with a cooling system for 12 h under N,. ? Using

MeCN (3.0 mL, 0.067 M) as solvent.
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Figure 4. Substrate scope with various heteroaromatic rings. Reaction condition: 1ag-1az (0.2 mmol, 1 equiv.), Ir-F (1.0 mol%) and
MeCN (2.0 mL, 0.1 M) at room temperature under 30 W 450 nm LEDs with a cooling system for 12 h under Na.

Synthetic application and mechanistic studies

To further investigate the robustness of this mild protocol, we
first performed gram-scale reactions using substrate 1a. Under
the optimized conditions, an isolated yield of 88% was achieved
at a 3.5 mmol scale (Figure 5A). Additionally, the reaction was
successfully implemented in a continuous-flow photo-reactor,
which significantly shortened the reaction time (tg = 180 min)
and delivered product 6 in 75% isolated yield at the gram-scale
level (Figure 5B). Notably, product 6 could be efficiently

transformed into various functionalized products (Figure 5C)
through Suzuki coupling (54), reduction followed by
Nucleophilic substitution (55), Sonogashira coupling (56), and
hydrogenation (57). Furthermore, radical inhibition and triplet
state quenching experiments were conducted. In these studies,
the formation of product 2 was substantially suppressed,
demonstrating that radical species are involved in the catalytic
system and suggesting that the protocol may proceed via an
energy transfer mechanism (Figure 5D). UV/Vis experiments
confirmed that only the photocatalyst absorbs visible light

Please do not adjust margins
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(Figure 5E); fluorescence studies (Figure 5F) and Stern—Volmer
guenching experiments (Figure 5G) revealed that substrate 1a
effectively quenches the photoexcited photocatalyst.
Moreover, the measured quantum yield (¢ = 0.045) suggests
the reaction unlikely proceeds via a radical chain mechanism.
Based on these mechanistic investigations, we propose that the
key diradical species 1a* efficiently is generated via an energy

iMargins

Journal Name

transfer mechanism under visible light conditigns, which
subsequently undergoes dearomatizationttoifornmintesriediate
I, followed by intersystem crossing (I1SC), to afford the diradical
intermediate Il, which ultimately participates in radical coupling
to yield the final product 2 (Figure 5H).
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Figure 5. Synthetic transformations and mechanistic studies. ¢ 3,6-dihydro-2H-pyran-4-boronic acid pinacol ester (1.5 equiv,),
Pd(PPhs)s (5.0 mol%), K,CO3 (2.0 equiv.), THF/H,0 (v/v = 3/1, 0.1 M), 60 °C, overnight; 2 1) LiAlH, (3.0 equiv.)THR (0zb/NMYs@Ct6
RT; 2) NaH (3.0 equiv.), THF (0.1 M) then Mel (3.0 equiv.); ¢ Pd(PPh;)Cl; (5.0 mol%), 4-ethynylanisole (1.5 equiv.), Cul (10.0 mol%),
EtsN (0.1 M), 60 °C, overnight; ¢ Pd/C (10 mol%), Hz (1 atm), MeOH (0.1 M), RT, 12 h.

—— A. Mechanisti
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Figure 6. Computational studies of dearomative [2+2] photocycloaddition to difluoro bicyclo[2.1.1]hexane bioisosteres. A. Gibbs
free energy profile for the reaction pathway. B. Exit-vector analysis.

Computational studies

To corroborate the experimental observations and elucidate
the detailed energy landscape, density functional theory (DFT)
calculations were conducted for substrate 1a at the
SMD(MeCN)/wB97X-D/Def2-TZVPP//wB97X-D/Def2-SVP level
(see the Supporting Information for details). The computed
Gibbs free energy profile (Figure 6A) reveals that the excitation
of 1a to its first triplet state (1a*) requires 44.8 kcal/mol. For

This journal is © The Royal Society of Chemistry 20xx

convenience, 1a* was taken as the zero point on the potential
energy surface. The reaction is initiated by energy transfer,
which promotes substrate 1a to its triplet state 1a*.
Subsequently, 1a* undergoes 5-exo-trig cyclization via TS1 with
a low energy barrier of 2.4 kcal/mol, leading to spirocyclic
diradical species INT I (-20.1 kcal/mol). This intermediate then
undergoes the intersystem crossing (ISC) via a minimum energy
crossing point (MECP, -20.3 kcal/mol) to give open-shell singlet
diradical species INT Il (-19.5 kcal/mol). Owing to the spirocyclic
structure, the intramolecular coupling is not readily feasible.

J. Name., 2013, 00, 1-3 | 7
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Nevertheless, thermodynamically driven by the formation of a
stable product, INT Il overcomes a barrier of 12.8 kcal/mol via
TS2 to form the C—C bond, yielding the final product 2 (-38.1
kcal/mol), thereby completing the construction of the difluoro
bicyclo[2.1.1] framework within the molecule. An alternative
reaction pathway involves B-scission of INT I via TS3 (-5.1
kcal/mol) to achieve rearomatization, followed by ISC and
radical coupling to afford the thiophene ring-migration product.
However, the B-scission step is associated with a relatively high
activation barrier (AG* = 15.0 kcal/mol), rendering this pathway
less favorable. Consistent with the computational prediction,
such a product was not observed experimentally.

To evaluate the structural relevance of difluorinated
bicyclo[2.1.1]hexane (BCHs) 2 and its aromatic counterparts 58
, we performed an exit-vector analysis (Figure 6B). The relative
spatial arrangement of the vectors is described by four
geometric parameters: the distance between carbon atoms (r),
the distance between two substituents (d), the dihedral angle
(), and the angle (8), which is the angle between the two
vectors pointing outward from the ring along the two covalent
bonds. For difluorinated BCHs 2, computational evaluation
revealed that the parameters r, d and ¢ are closely comparable.
However, the angle (8) is 17¢ larger than that observed in meta-
benzene. This comparison is skewed by the benzo[b]thiophene-
induced angular contraction in 58 (9 = 114.0°). These data serve
as compelling evidence corroborating difluorinated BCHs 2 as a
bioisostere of the benzene ring.

Conclusions

In summary, we have developed a visible-light-driven, energy
transfer-catalyzed dearomative [2+2] photocycloaddition that
converts readily available heteroaromatic-containing gem-
difluoro alkenes into complex difluorinated
bicyclo[2.1.1]hexane scaffolds. This method operates under
mild conditions, exhibits broad functional-group tolerance—
including compatibility with various heteroarenes and natural-
product-derived motifs—and delivers the desired products in
good to excellent yields with exceptional diastereoselectivity.
Mechanistic and computational studies support an energy-
transfer pathway involving triplet-state diradical intermediates.
The resulting fluorinated bicyclic frameworks serve as
promising bioisosteres of benzene rings, offering opportunities
to modulate physicochemical properties in drug discovery.
More broadly, this work establishes a conceptually new
paradigm for constructing fluorinated three-dimensional
architectures from planar aromatic precursors, paving the way
for further innovations in bioisostere design and photochemical
synthesis.
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