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Difluoromethylene-containing molecules and azoles, independently, have wide applications in materials
science, pharmaceuticals, agrochemicals and as biological diagnostic probes. However, compounds
bearing the N-a,a-difluoroalkyl azole [(azole)N-CF,R] motif remain scarce in academic and patent
literature, presumably due to a lack of synthetic methods. Such compounds could be convergently
accessed in a single step via the hydroazolation of gem-difluoroalkenes. However, most existing

functionalization reactions of gem-difluoroalkenes proceed through a B-fluoride elimination pathway
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Accepted 21st October 2025 at generates monofluorinated derivatives. Herein, we report a photocatalytic hydroazolation of gem
difluoroalkenes to generate (azole)N-CF;R that employs an uncommon diselenide co-catalyst to avoid
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Introduction

N-Heterocycles and fluorinated motifs are two frequently
encountered substructures with applications in materials
science, medicinal chemistry, agricultural chemistry, and as
diagnostic probes.'” Strategies that enable access to novel and/
or underrepresented combinations of these substructures have
the potential to impact a variety of applied fields. One such
combination, N-o,a-difluoroalkyl azoles [(azole)N-CF,R, 1,
Scheme 1A], have displayed medicinal potential in neurode-
generative disease,*® oncology,® and inflammation.”® Notwith-
standing these examples, (azole)N-CF,R remain underutilized
in medicinal and agricultural chemistry (<30 compounds with
experimentally determined pharmacological activity for R =
alkyl, SciFinder, Octcober 2025). This deficiency represents
a missed opportunity to explore biologically relevant chemical
space, as the perturbations of molecular physicochemical
properties imparted by fluorine on (azole)N-CF,R containing
compounds presumably mimic those observed for N-
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ultimately enabling facile access to underexplored medicinally and
agriculturally-relevant chemical space.

trifluoromethyl azoles [(azole)N-CF;], a more common N-
fluoroalkyl azole substructure in medicinal chemistry.>**
Specifically, (azole)N-CF; possess decreased pK,, increased
lipophilicity, and greater stability towards metabolic N-deal-
kylation relative to their non-fluorinated counterparts.'>**
Despite these attributes, the trifluoromethyl group precludes
further growth of a ligand off the azole's nitrogen atom in
(azole)N-CFs. In contrast, the (azole)N-CF,R substructure could
benefit from fluorine-induced perturbations while also allowing
for elaboration of the N-alkyl group.

The underutilization of the (azole)N-CF,R group can be
partially attributed to the lack of viable synthetic methods to
access this moiety. Existing methods for azole N-fluoro-
alkylation typically form N-fluoromethyl azoles'®'” or higher
order N-perfluoroalkyl azoles (e.g., C,F4, C3F¢)'®" — few strate-
gies exist for generating simple, hydrocarbon (azole)N-
CF,R.2** To access this substructure, an attractive retro-
synthetic disconnection across the N-CF, bond might reveal
gem-difluoroalkene (2)**2* and azole (3) synthons, two readily
accessible substrates (Scheme 1A). In the forward reaction,
regioselective C-N bond formation would occur through attack
of the azole at the electrophilic difluorinated carbon of 2.7
Indeed, azole nucleophiles do react with 3,3-difluoropropen-1-yl
ammonium salt 4 to generate N-gem-difluoroallyl azoles (5) by
an Sy2’ process in the presence of stoichiometric NaH (Scheme
1B).** However, the singular gem-difluoroalkene coupling
partner prevents this reaction from serving as a convergent
approach to generate a diverse array of (azole)N-CF,R.

In the absence of a quaternary ammonium leaving group,
base-mediated nucleophilic addition of azoles to gem-di-
fluoroalkenes proceeds through an unstable anionic
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A. Context and Retrosynthetic Analysis B. Nucleophilic Addition to gem-Difluoroalkenes
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Scheme 1 Accessing (azole)N—-CF,R: azolation of gem-difluoroalkenes.

intermediate 6 that readily loses a B-fluoride anion to form N-(a-
fluorovinyl) azoles (7, Scheme 1B),***** not (azole)N-CF,R.
Alternatively, single electron-mediated azolation of gem-di-
fluoroalkenes represents a strategy that could circumvent the
limitations of B-fluoride elimination and the necessity for
specialized gem-difluoroalkene coupling partners (Scheme 1C).
Specifically, the addition of azoles to diverse gem-di-
fluoroalkenes under oxidative conditions generates a radical
intermediate 8 that could be quenched by an appropriate
radical source, thus avoiding anionic intermediate 6 and fluo-
ride elimination.” Such reactions of gem-difluoroalkenes have
been accomplished using photocatalysts and electrolytic cells as
single-electron oxidants to promote difunctionalization reac-
tions that add azoles with O,,**** fluoride,***” alcohols, and an

22702 | Chem. Sci,, 2025, 16, 22701-22710

additional azole molecule (Scheme 1C).*® However, a simple
hydrofunctionalization of gem-difluoroalkenes with azoles to
form (azole)N-CF,R remains elusive.

To address this synthetic deficiency, we herein disclose
a diselenide-mediated photocatalytic hydroazolation of gem-di-
fluoroalkenes with both monocyclic and benzannulated azoles
that delivers previously unreported (azole)N-CF,R. In this
reaction, the diselenide co-catalyst promotes the desired
hydrofunctionalization process and avoids undesired reactivity
with gem-difluoroalkenes, similarly to a hydroalkoxylation
reaction of gem-difluoroalkenes previously reported by our
group.** However, amongst a series of tested dichalcogenide co-
catalysts, (PhSe), uniquely reversed selectivity for defluorinative
azolation.  Additionally, experimental data  supports

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a mechanism initiated by direct photocatalyst oxidation of gem-
difluoroalkenes, which contrasts the previous report.**

By merging two commonly exploited substructures found in
biologically active compounds (azoles and fluoroalkyl groups),
this approach opens numerous possibilities for expanding the
synthetically accessible chemical space that could impact the
development of therapeutics, biological probes, agrochemical
agents, and materials.

Results and discussion

In the initial reaction design, we aimed to generate azole radi-
cals that would react with gem-difluoroalkenes to afford carbon-
centered radical intermediate 8, which, after quenching by
a hydrogen atom transfer (HAT) step, would deliver the desired
(azole)N-CF,R (11). This strategy was inspired by previous
reports of gem-difluoroalkene hydrothiolation that are initiated
by a photocatalyst-mediated oxidation/PCET of thiols that
generates thiyl radicals.”®* To test this hypothesis, photo-
catalysts spanning a range of excited state reduction potentials
were reacted with benzimidazole and electron-rich gem-di-
fluorostyrene 10a as model substrates on a 50 pmol scale (Table

Table 1 Reaction optimization®
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1, entries 1-6). Conversion of the gem-difluorostyrene occurred
only when photocatalysts with excited state reduction potentials
greater than +0.45 V were employed; however, only trace
product formed (entries 4-6). Instead, these reactions formed
monofluorovinyl azole side-product 12, suggesting that the
system lacked an adequate hydrogen atom source to quench
presumed radical intermediate 8 (see Scheme S5 for a mecha-
nistic proposal for the formation of side-products 12 and 13).
Initial attempts to identify catalytic additives that could donate
hydrogen atoms and generate desired product 11aa (e.g., aryl-
amines, N-hydroxyphthalimide (NHP), silanes, and thiols)
failed to increase selectivity for the desired (azole)N-CF,R 11aa
(entries 7-10). However, dichalcogenide additives improved the
reaction (entries 11-14), with the best yield and selectivity
observed with (PhSe), (entry 14). Notably, (PhSe), was not
consumed by a hydroselenolation side-reaction with gem-di-
fluorostyrene 10a, which distinguishes the diselenide from
a more common disulfide additive (entry 11).*** Reduction of
(PhSe), loading from 20% to 5% further improved reaction
performance (entry 15). Final optimization on a 0.50 mmol scale
revealed optimal loadings of reagents [1.2 equiv. azole, 5%

1.2 equiv. benzimidazole
5% photocatalyst
additive

40 W 427 nm LED
DCE [0.20 M], 30 °C, 18 h

Ey), [PCHYPC™ 1] % Conv. % Yield %Yield % Yield
Entry Photocatalyst (V vs. Fe/Fc™)? Additive 10a 11aa 12 13
1 [Ir(dtbbpy)(ppy).]PFs +0.28 (ref. 39) None <5 0 0 N.D.4
2 Rose Bengal lactone +0.28 (ref. 40) None <5 0 0 N.D.¢
3 Eosin Y (dibasic) +0.45 (ref. 40) None <5 0 0 N.D.4
4 4CzIPN +1.00 (ref. 40) None 67 <1 66 N.D.4
5 PC-I +1.30 (ref. 41) None 69 5 64 N.D.?
6 PC-II +1.70 (ref. 42) None 66 <1 64 N.D.¢
7 PC-I +1.30 (ref. 41) m-Anisidine (10%) 61 3 56 0
8 PC-1 +1.30 (ref. 41) TRIP-SH (30%)° 53 3 44 0
9 PC-I +1.30 (ref. 41) NHP (50%)° 72 <1 66 0
10 PC-I +1.30 (ref. 41) (TMS),SiH (50%) 70 8 56 0
11 PC-I +1.30 (ref. 41) (PhS), (20%) >99 26 42 17 (X = SPh)
12 PC-1 +1.30 (ref. 41) (BnS), (20%) 81 4 68 0
13 PC-I +1.30 (ref. 41) (BnSe), (20%) 82 21 44 <1(X=F)
14 PC-I +1.30 (ref. 41) (PhSe), (20%) >99 81 4 2(X=F)
15 PC-1 +1.30 (ref. 41) (PhSe), (5%) >99 93 0 0

“ Reaction conditions: gem-difluorostyrene 10a (50 pmol), benzimidazole (1.2 equiv.), additive, and photocatalyst (5 mol%) in DCE (0.25 mL)
irradiated with a 40 W 427 nm LED under an atmosphere of N,. Conversion and yields were determined by "’F NMR using (trifluoromethyl)
benzene as an internal standard. ” Literature-reported reduction potentials were corrected to the Fc/Fc* redox couple.® ¢ TRIP-SH = 2,4,6-
triisopropylbenzenethiol, NHP = N-hydroxyphthalimide. ¢ N.D. = not detected.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(PhSe),, and 5% PC-I], solvent (DCE, Table S2), and concentra-
tion (0.25 M). Additionally, while the presence of H,O (up to 1
equiv.) had no deleterious effect on the reaction, O, was detri-
mental. In parallel efforts, an alternate set of conditions derived
from a previously reported gem-difluoroalkene hydro-
alkoxylation reaction** were developed for the more strongly
oxidizing PC-II [1.2 equiv. azole, 5% (PhSe),, 3% PC-II, 0.25 M
PhMe, Table S4] and would eventually be essential for certain
substrates. Control experiments verified that photocatalyst,
visible light, and (PhSe), were all necessary for successful
hydroazolation of gem-difluorostyrenes (Table S1).

A range of azoles successfully reacted with gem-di-
fluorostyrene 10a using the optimized PC-I conditions (Table 2).
Specifically, unsubstituted benzimidazole reacted to afford
product 11aa in 87% yield. 5-Monosubstituted benzimidazoles
bearing electron-withdrawing -Cl, -Br, -CO,Me, and -NO,
groups reacted with moderate to excellent yield (11ab-ae, 40—
91%). A mixture of N-regioisomers was generated, but the 6-
substituted products predominated, for which the major
regioisomer was assigned by a combination of X-ray crystal-
lography (see Data availability on p. 8) and 'H{'°F} Nuclear
Overhauser Effect (NOE) NMR. Other benzannulated azoles,
such as indazoles (11af and 11ag, 92% and 61%) and benzo-
triazole (11ah, 96%) reacted with good yield and near exclusive

Table 2 Scope of azole substrates®
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regioselectivities. Notably, the high N2-regioselectivity for
indazoles 11af and 11ag supports a process involving nucleo-
philic C-N bond formation from a neutral indazole molecule.*
Additionally, the FDA-approved drugs theophylline and tri-
clabendazole were reacted with these conditions (11ai and 11aj,
43% and 86%). 7-Azaindoles also coupled successfully with
slight alterations to the standard conditions, albeit in low yields
and with long reaction times (11ak and 11al, 13% and 20%, 46 h
and 44 h). Interestingly, these reactions exhibit exclusive N-
regioselectivity for functionalization at the pyridyl nitrogen
rather than the indole nitrogen, which is consistent with the
observed inability of indoles to react in this system. However, 6-,
5-, and 4-azaindoles do not achieve net hydrofunctionalization
and instead form monofluorovinyl azaindole products (ArCH =
CFN(azaindole), 7).

Reactions of monocyclic pyrazoles bearing electron-
withdrawing groups (4-Br and 4-CO,Et, 11am and 11ao, 88%
and 89% [H,O required for 11ao0, see Notes section]), electron-
donating groups (3,5-Me and 4-BPin, 11ap and 11ar, 91% and
88%), and sterically restrictive 3,5-disubstitution (11ap and
11aq, 91% and 87%) all furnished products in excellent yields.
Importantly, the reaction’s ability to tolerate bromide (11am,
88%), iodide (11an, 74% [H,O required, see Notes section]), and
boronate ester (1lar, 88%) substituents enables further

5% PC-l

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

' V= Ar
! : 5% (PhSe)
| MeO o F 2 N(Azole)
| ; + HN(Azole) Ar/y
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‘. ......._OMe . 10a 1.2 equiv. 11aa-at
Benzannulated Azoles
—N N
o N 2 N= = Me
S [~ R'=H, 11aa, 87% N= R | N/// N
N =NO,, 11ab, 40% (1.7:1)2P N_/ Ar Ar
£ Cl, 11ac, 87% (1.2:1) F F F F N
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= Br, 11al, 20%2¢

11aj
86% (1:1) cl
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X ge = 4COoEt 1120, 89%°
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R*= 4-Br, 11am, 88%
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=3,5-Me, 11ap, 91% Ar/Y

=3,5-Ph, 11aq, 87% FF <
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91%
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“ Reaction conditions unless otherwise noted: gem-difluorostyrene 10a (0.50 mmol), azole (1.2 equiv.), 1,2-diphenyldiselane (5 mol%), and PC-I: {Ir
[dF(CF3)ppylz-(5,5'-dCF3bpy)}PFs (5 mol%) in DCE (2.0 mL) irradiated with a 40 W 427 nm LED under an atmosphere of N,. Isolated yields represent
an average of two independent reactions. Ratios in parentheses represent the major and minor N-regioisomeric ratio of the crude reaction mixture
as determined by '°F NMR. ? Structure of the major product was assigned by X-ray crystallography (see Data availability on p. 8). ¢ Structure of the
major product was assigned by 'H{'’F} NOE. ¢ Reaction contained N,-sparged H,O (0.50 equiv.). * With 7-azaindole (1.5 equiv.), 1,2-
diphenyldiselane (15 mol%), and PC-I: {It[dF(CF;)ppyl,-(5,5'-dCF3bpy)}PFs (1 mol%) for 46 h./ With 1,2-diphenyldiselane (25 mol%) and PC-II:
9-mesityl-3,6-di-tert-butyl-10-phenylacridinium tetrafluoroborate (3 mol%) in PhMe (2.0 mL) for 44 h.

22704 | Chem. Sci,, 2025, 16, 22701-22710
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divergent functionalization by cross-coupling reactions. 4,5-
Dichloro-1H-imidazole was successfully coupled (11as, 91%),
and 1,2,3-1H-triazole reacted with excellent yield and exclusive
Ni1-regioselectivity (11at, 90%). While the reaction demon-
strated a broad scope of azole coupling partners, some poor-
performing and unreactive substrates were identified (Table
S5).

Using pyrazole as a model substrate, a wide range of gem-
difluoroalkenes coupled in moderate to excellent yields under
either PC-I or PC-II catalysis (11a-t, 24-88%, Table 3). To select
the appropriate photocatalyst for the reaction of each gem-di-
fluoroalkene, conditions derived for PC-I and PC-II were
preemptively screened on a 50 pumol scale (Table S6) and
successful reactions were repeated on a 0.50 mmol scale. The
reaction tolerated a range of heterocyclic gem-difluorostyrenes
(11b-f, 41-86%), including pyrazoles, benzothiophenes,
benzofurans, indoles, and pyrroles. Additionally, though
a rarely reported glucose-derived difluorinated enol substrate
(10g) reacted sluggishly with pyrazole (5 days to achieve ~50%
yield on a 50 pumol scale), indazole successfully coupled with
saccharide 10g to generate a single diastereomer at C2 (11g,
44%, determined by X-ray crystallography, see Data availability
on p. 8). Surprisingly, the N1-substituted indazole regioisomer

Table 3 Scope of gem-difluoroalkene substrates®
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predominated in this reaction (13 : 1 N1 : N2, determined by '°F
NMR and X-ray crystallography, see Data availability on p.8),
which contrasts the coupling reactions of indazoles with gem-
difluorostyrene 10a (11af and 11ag, Table 2) and gem-di-
fluorostyrenes 10c, 10e, 10f, and 10j (Table S5) that display
almost exclusive substitution at N2. Electronically neutral and
rich gem-difluorostyrenes afforded moderate to high yields of N-
a,a-difluoroalkyl pyrazoles (11a, 11j-p, 57-88%). However, gem-
difluorostyrenes with electron-withdrawing substituents reac-
ted in lower yields and with slower conversion (11q and 11r,
24% and 25%, 42 and 48 h). Notably, these substrates required
the more strongly oxidizing acridinium-based photocatalyst
(PC-II conditions) to generate detectable yields of the desired
(azole)N-CF,R products, a correlation that was not apparent for
electronically neutral and rich substrates. Interestingly, neither
gem-difluorostyrenes bearing strongly electron-withdrawing
substituents (e.g., 4-CN) nor aliphatic gem-difluoroalkenes
reacted with azoles employing either PC-I or PC-II conditions
(Table S6), which, supplemented by luminescence quenching
studies and a comparison of substrate and photocatalyst redox
potentials (see mechanistic discussion below), suggests that
only gem-difluoroalkene substrates that can be oxidized by PC-I
and PC-II will successfully react. Regardless, this limitation in

PC-l or PC-ll Conditions

PC-I Conditions: 5% PC-I, DCE [0.25M]

R4
' 5% (PhSe),
R3)\( F + HN(Azole)
F 40 W 427 nm LED
10a-r 1.2 equiv. 30°C, 14-48h

R4
1
. RS/YN(AzoIe)
F F

PC-ll Conditions: 3% PC-II, PhMe [0.25M]

11a-r

11c
PC-1: 63%, 38 h

F F

l"l/
N/
11h
PC-ll: 79%, 15 h

BnO F F N=
|
119 N}
PC-I: 44% (13:1),, 48 h
F F

1
PC-ll: 56%, 15 h

PC-lI: 56%,% 16 h

v =y e
o D D
] / W
FF N F F \ F F

/
11d PhOS  q1e

PC-1: 53%, 15 h

11f
PC-lI: 41%, 15 h

N=\ R®=34,550Me,11a, PC-I: 88%, 14 h
ﬁ} = 4-NHAc,11j, PC-lI: 76%, 15 h
7N = 4-SMe, 11k, PC-ll: 83%, 15 h
. _J F F = 4-OBn, 111, PC-II: 88%, 14.5 h
=3-0OBn, 11m, PC-: 57%, 38 h
= 4-Ph, 11n, PC-II: 87%, 14 h, (70%, 4h)°
=2,4-Me, 110, PC-II: 61%, 44 h
= 4-OMe-3-Cl, 11p, PC-l: 85%, 14 h
= 4-Br, 11q, PC-lI: 24%, 42 h
= 4-OTs, 11r, PC-lI: 25%, 48 h

“ Reaction conditions: gem-difluorostyrene 10a-r (0.50 mmol), azole (1.2 equiv.), 1,2-diphenyldiselane (5 mol%), and either PC-I: {Ir[dF(CF;)ppy].-
(5,5"-dCF3bpy)}PFs (5 mol%) in DCE (2.0 mL) or PC-II: 9-mesityl-3,6-di-tert-butyl-10-phenylacridinium tetrafluoroborate (3 mol%) in PhMe (2.0 mL)
irradiated with a 40 W 427 nm LED under an atmosphere of N,. Isolated yields represent an average of two independent reactions. ? 15 mol% 1,2-
diphenyldiselane was used. ¢ Ratio represents the major and minor N-regioisomeric ratio of the crude reaction mixture as determined by '°F NMR.
Structure of the major product was assigned by X-ray crystallography (see Data availability on p. 8). ¢ Data in parentheses: gem-difluorostyrene 10n
(4.6 mmol, 1.0 g), pyrazole (1.2 equiv.), 1,2-diphenyldiselane (5 mol%), and PC-II (3 mol%) in PhMe (18.5 mL) irradiated with a 40 W 427 nm LED
under an atmosphere of argon. Isolated yield represents an average of two independent reactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substrate scope contrasts a previously reported hydro-
alkoxylation method that utilizes a similar co-catalytic system.**
Sterically hindered tetra-vinyl- and mono-ortho-substituted gem-
difluorostyrene substrates reacted successfully (11h and 110, 79
and 61%); however, a 2,6-dimethyl gem-difluorostyrene could
not be coupled (Table S6). Notably, the reaction was successful
on a gram scale, albeit with modification to the photochemical
reactor (see SI, S30) and worsened conversion efficiency (11n,
70% on 4.6 mmol scale vs. 87% on 0.5 mmol scale).

A combination of physicochemical data and literature
precedent for photocatalyzed functionalization reactions of

A. Proposed Mechanism

View Article Online
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both nonfluorinated and gem-difluorinated alkenes supports
a mechanism involving oxidation of gem-difluorostyrene 10 by
excited state PC* to form radical cation 10°*,33375152 nucleo-
philic attack by azole 14 to afford acidic radical cation 15,
deprotonation to generate carbon-centered radical 16 and
selenol 19,*%*** and subsequent hydrogen atom transfer to
form (azole)N-CF,R 11 (Scheme 2A). Several routine experi-
ments suggest a radical process. In support of the existence of
radical 16, both PC-I and PC-II-catalyzed reactions of tetra-
substituted gem-difluorostyrene 10s produced cyclopropane
ring opening product 11s (Scheme 2B). Notably, an azole-

1/2 (PhSe),

|9 |
R)Y N(Azole)

’ pcn PhSe-
/ 17 FF
PC*"
RNF 11
F pcnt PhSe© PhSe-H
10 18 19
H@
o ®
C)
F HN(Azole) - N(Azole) -H - N(Azole)
R/Y R R
" e K
F F F F F
10™* 15 16
B. Cyclopropane Ring Opening Experiment
1.2 equiv. pyrazole He
5% (PhSe), N= N=
PC-l or PC-II conditions | |
: | D i)
N -
L 40 W 427 nm LED FF FF
MeO 30°C, 14 h MeO MeO
10s 11s

PC-I: 76% (12.3:1)?
PC-II: 76% (19:1)?

C. Light On/Off Experiments®

PC-I Conditions

% Compound
(4]
o

off

0 30 60 90 120 150 180

—-10n_ -11n Time (min)

XN F
F
Ph
10n
N3 20
|
10
N 0 off off
F F
Ph
11n

PC-ll Conditions
100

90
80

60
50

% Compound

30
20

0 off off
240 0 30 60 90 120
Time (min)

off

210 150 180 210 240

Scheme 2 Mechanistic studies. “Reaction conditions: gem-difluorostyrene 10s (0.50 mmol), pyrazole (1.2 equiv.), 1,2-diphenyldiselane (5 mol%),
and either PC-I: {Ir[dF(CF3)ppyl,>-(5,5-dCF3bpy)}PFs (5 mol%) in DCE (2.0 mL) or PC-Il: 9-mesityl-3,6-di-tert-butyl-10-phenylacridinium
tetrafluoroborate (3 mol%) in PhMe (2.0 mLl) irradiated with a 40 W 427 nm LED under an atmosphere of N, for 14 h. Isolated yield represents
a single reaction. A single diastereomer was isolated, but the ratio in parentheses represents the crude reaction E/Z ratio as determined by °F
NMR. ®Reaction conditions: gem-difluorostyrene 10n (0.25 mmol), pyrazole (1.2 equiv.), 1,2-diphenyldiselane (5 mol%), (trifluoromethyl)benzene
(9.6 mol%), and either PC-I: {Ir[dF(CF3)ppyl,-(5,5-dCF3bpy)}PFg (5 mol%) in DCE (1.0 mL) or PC-II: 9-Mesityl-3,6-di-tert-butyl-10-phenyl-
acridinium tetrafluoroborate (3 mol%) in PhMe (1.0 mL) irradiated with a 40 W 427 nm LED under an atmosphere of N,. Conversion and yield were
determined by *°F NMR using (trifluoromethyl)benzene as an internal standard.
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Table 4 Correlation between redox potentials, luminescence quenching data, and productive conversion

{Ir[dF(CF 3)ppyl>~(5,5'-dCF 3bpy)}PFg

PC-I

Eqp (PC*"/PC™") = +1.30 V

Mes

o
By By

N/

@
|
1 OBF,
PC-ll

Eqp (PC*"/PC™) = +1.70 V

Entry Substrate® Photocatalyst Luminescence quenching” (M~" s™) % Yield® % Conv. (time)®
MeO N F
8
1 MeO F PC-1 kqg=7.3 x 10 92 >99 (14 h)
OMe
2 10a (E, = +1.0 V) PC-II kq =83 x 10° 31 35 (14 h)
- F 5
3 ! PC-1 kq=1.2x 10 70 >99 (14.5 h)
MeS
4 10k (E, = +1.0 V) PC-II kq = 1.6 x 10" 94 >99 (14.5 h)
o F
5 m PC-1 no quenching observed 93 >99 (15.5 h)
Ph
6 10n (E, = +1.3 V) PC-II kq =83 x 10° 83 >99 (15.5 h)
~oF
7 /©/\Fr PC-1 No quenching observed 0 0 (12.5 h)
TsO
8 10r (E, = +1.5 V) PC-II kg = 4.9 x 10° 26 46 (12.5 h)
~F
9 F PC-1 No quenching observed 0 6 (14.5 h)
NC
10 10t (E, = +1.8 V) PC-II No quenching observed 0 18 (14.5 h)

¢ Experimental procedures and data for cyclic voltammetry and luminescence quenching studies can be found in the supporting information
document (S31-44). E, = anodic peak potential [vs. Ey,(Fc/Fc')]; k, = bimolecular quenching rate constant. ” Reaction conditions: gem-
difluorostyrene (50 pmol), pyrazole (1.2 equiv.), 1,2-diphenyldiselane (5 mol%), and either PC-I: {Ir[dF(CF3)ppy].-(5,5'-dCF3;bpy)}PFs (5 mol%) in
DCE (200 pL) or PC-II: 9-mesityl-3,6-di-tert-butyl-10-phenylacridinium tetrafluoroborate (3 mol%) in PhMe (200 pL) irradiated with a 40 W
427 nm LED under an atmosphere of N, at 30 °C. Conversion and yields were determined by '°’F NMR using (trifluoromethyl)benzene as an

internal standard.

functionalized product bearing an intact cyclopropane ring was
not observed. Additionally, light on/off experiments support
a mechanism involving quenching of product-forming radical
intermediates upon completion of a photocatalytic cycle, as
reaction progression was not detected during dark periods
(Scheme 2C).

Alternatively, both the formation of intermediate 16 and
a lack of reaction progression in the dark are also consistent
with a mechanism involving attack of an azole-based radical
into the neutral gem-difluoroalkene (Scheme S2). This alterna-
tive hypothesis is supported by (a) photophysical data that
suggests oxidation of azoles is possible in this system: pyrazole,
indazole, and benzimidazole quench the fluorescence of PC-II
(but not PC-I) with comparable rate constants to gem-di-
fluorostyrenes (see SI S33-42), and (b) measured oxidation
potentials of these azoles (pyrazole: E, = +1.6 V; indazole: E, =

© 2025 The Author(s). Published by the Royal Society of Chemistry

+1.2 V; benzimidazole: E, = +1.1 V) that are similar to the
excited state reduction potentials of PC-I [Ey,(PC-T*™/PC-I") =
+1.30 V]** and PC-II [E; ,(PC-IT*'/PC-II") = +1.70 V].*> However,
though several radical traps did capture azoles using PC-II
conditions, radical traps did not capture azole radicals using
PC-1 conditions, and for both catalyst systems, radical traps
failed to inhibit the photocatalytic reactions (Table S7). All
combined, this data suggests that azole radicals might form
under the conditions, but that the reactions do not proceed by
addition of azole radicals to gem-difluoroalkenes.

Notably, in this process, PhSe-containing intermediates
facilitate a polar/radical crossover event by acting as (1) an
oxidant to turn over ground-state photocatalyst (17 — 18), (2)
a Brensted base (18 — 19), and (3) a hydrogen atom source (19
— 17), respectively, as supported by a variety of physicochem-
ical measurements. Specifically, blue light initiates the

Chem. Sci., 2025, 16, 22701-22710 | 22707
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homolytic fragmentation of (PhSe), to form selenyl radical
17,%%¢ which serves as an oxidant for reduced-state photo-
catalysts PC-I [E; ,(PC-I"/PC-T") = —1.07 V]*" or PC-II [E, ,(PC-
II'/PC-II') = —0.97 V]** to regenerate ground-state photo-
catalysts PC-I/I and form selenolate 18. (PhSe), does not
directly oxidize the reduced-state photocatalysts given its low
measured reduction potential (E, = —1.8 V). Subsequently,
selenolate 18 (pK, = 4.60 in H,0)*” sequesters the proton from
radical cation 15 to generate carbon-centered radical 16 and
selenol 19. Finally, hydrogen atom abstraction from selenol 19
[BDE = 78 4 4 keal mol " (H-SePh)J*® by radical 16 [BDE = ~85-
96 kcal mol ™" (H-C)J*® affords (azole)N-CF,R product 11 and
regenerates selenyl radical 17. Interestingly, multiple radical
traps did not inhibit the reaction (Table S7), which could indi-
cate that the sequence of 15 + 18 — 16 + 19 — 17 + 11 occurs
rapidly within the solvent cage.

In contrast to a prior proposal suggesting that the diselenide
mediates oxidation of the gem-difluorinated alkene (see further
discussion in SI S49-51),** experimental data supports an
initiation step involving direct photocatalyst oxidation of gem-
difluorostyrenes 10 (Table 4). More specifically, reactions
proceed when the oxidation potential of a gem-difluorostyrene
(Ep) is lower than the excited-state reduction potential of
a photocatalyst (E;,) and typically require the gem-di-
fluorostyrene to quench the luminescence of the tested photo-
catalyst. For example, electron-rich gem-difluorostyrenes 10a (E,
= +1.0 V) and 10k (E, = +1.0 V) quench the luminescence of
both PC-T* [E, ,(PC-T*"™/PC-I") = +1.30 V]** and PC-II* [E,,(PC-
II*"/PC-II') = +1.70 V],** and these reactions all generate prod-
ucts (entries 1-4). Furthermore, gem-difluorostyrene 10r (E, =
+1.5 V) only quenches the luminescence of PC-II* and thus only
couples with pyrazole when reacted with PC-II (entries 7 and 8).
Finally, gem-difluorostyrene 10t (E, = +1.8 V) does not quench
the luminescence of either PC-I* or PC-II* and does not react
with any of the tested azoles (entries 9 and 10).

However, in contrast to this general correlation between
luminescence of photocatalyst quenching and gem-di-
fluorostyrene conversion, gem-difluorostyrenes 10n (E, = +1.3
V) and 100 only quench the luminescence of PC-II* despite
reacting successfully under both PC-I and PC-II catalysis
(entries 5 and 6). In these reactions, only (PhSe), quenched PC-
I* luminescence, though evidence for [(PhSe),]*-mediated gem-
difluorostyrene oxidation was not found (see SI, S49-51).
Therefore, for certain substrates, a plausible alternate mecha-
nistic hypothesis for PC-I might involve an oxidative quenching
cycle (Scheme S4) as opposed to a reductive quenching cycle
(Scheme 2A). Specifically, PC-TI* [Ey,,(PC-T*"™/PC-TV) = —0.81 V]*°
might first reduce selenyl radical 17, thus generating strong
oxidant PC-IV [E,(PC-I"/PC-IV) = +1.56 V]* which oxidizes gem-
difluorostyrenes 10n and 10o.

Conclusion

In conclusion, the disclosed photocatalyst and diselenide co-
catalyzed method couples azoles with gem-difluoroalkenes to
deliver a range of N-o,a-difluorinated azoles in a single,
convergent step. This strategy convergently generates the (azole)

22708 | Chem. Sci., 2025, 16, 22701-22710
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N-CF,R substructure and thus has the potential to increase the
utilization of this underexplored fluorinated motif in medicinal
and agricultural chemistry. Further, the optimization of two
separate conditions for readily oxidizable azoles (PC-I condi-
tions) or electron-deficient gem-difluoroalkenes (PC-II condi-
tions) enables future practitioners to adapt the method to their
substrate-dependent redox restrictions. Importantly, the
(PhSe), co-catalyst reverses selectivity for defluorinative azola-
tion and suppresses undesired side-reactions, perhaps by
facilitating a radical-polar crossover event. Ongoing work aims
to address limitations in scope.

Notes

In the reactions generating examples 11an and 11ao, yields
failed to exceed 10% after 24 h of irradiation in the absence of
H,0, and the reactions predominantly formed monofluorvinyl
azole[ArCH=CFN(azole)] and vinyl gem-diazole [ArCH=C
{N(azole)},]. The specific yield-enhancing role of H,O in these
reactions is presently unclear and failed to extend to other poor-
performing reactions (11ab, 11ag, and 11ai).
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