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ABSTRACT: We report a photocatalytic method for the selective defluorofunctionalization of trifluoromethylanilines, enabling the
synthesis of structurally diverse difluoromethylene-containing aza-heterocycles with broad functional group tolerance. A wide range
of alkenes—including di-, mono-, and cyclic olefins—undergo efficient intramolecular cyclization to furnish complex tricyclic
scaffolds. Mechanistic investigations, supported by experimental and computational studies, reveal that the observed regioselectivity
in defluorohydrogenation is governed primarily by steric effects. This work expands the toolkit for C—F bond activation and offers

valuable insights into the design of fluorinated scaffolds for pharmaceutical and materials applications.

Nitrogen-containing heterocycles are foundational motifs
in pharmaceuticals and agrochemicals (Figure la).'
Compounds such as oxamniquine, tolvaptan, and argatroban
exemplify the therapeutic relevance of these scaffolds.” " In
parallel, the incorporation of fluorinated groups—particularly
the difluoromethylene (—CF,—) unit—has become increas-
ingly important in drug design due to its unique ability to
modulate lipophilicity, metabolic stability, and 3D molecular
architecture.”® The selective integration of — CF,— groups
into aza-heterocycles thus presents a valuable yet underex-
plored synthetic opportunity. A direct and appealing approach
involves the selective defluorofunctionalization of trifluoro-
methyl groups.” Traditional methods for C—F bond activation,
such as electrochemical reduction,® low-valent metal systems,9
or frustrated Lewis pairs,’’ often suffer from poor selectivity
due to the high bond dissociation energy of C(sp®)—F bonds
(~481 kJ/mol)."" In response, pioneering work by Kénig, Jui,
Gouverneur, and others'>™"> has shown that photoredox
catalysis enables efficient generation of difluoromethyl radicals
from trifluoromethylarenes under mild conditions.

Among these, Shang’s development of o-phosphinopheno-
lates represents a key advance in organophotocatalysis.'® These
metal-free, anionic catalysts exhibit exceptional reducing
power, enabling selective C—F bond cleavage across a wide
range of trifluoromethyl substrates. Mechanistic studies further
revealed that the phosphino substituent promotes intersystem
crossing and enhances photocatalytic efficiency.'*® Related
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work has demonstrated that other anionic organocatalysts such
as BINOLates can also achieve potent reductive activation of
challenging substrates like PhCF;.'” These advances under-
score the growing potential of rationally designed, strongly
reducing organic photocatalysts in sustainable fluorine
chemistry.

Inspired by this progress, we envisioned a new approach for
constructing aza-heterocycles bearing difluoromethylene units
via selective defluorination of trifluoromethylanilines. Our
strategy involves photocatalytic single-electron reduction of
trifluoromethylanilines to form radical anions, followed by
fluoride elimination and intramolecular alkene difluoroalkyla-
tion. Herein, we report a mild and general method for the
synthesis of difluoromethylene-containing aza-heterocycles,
showcasing broad functional group tolerance and expanding
the toolbox for C—F activation and heterocycle synthesis.

To evaluate our proposed strategy, we initiated studies on
the intramolecular difluorocarbon hydrogenation of alkenes,
selecting ortho-trifluoromethylaniline la as the model
substrate for the synthesis of fluorinated tetrahydroquinolines.
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a) Representative Aza-heterocyclic bioactive molecules
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b) Recent development of photocatalytic C-F bond cleavage:
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Figure 1. Background of selective defluorofunctionalization and
reaction design.

Gratifyingly, under visible-light irradiation, the transforma-
tion proceeded efficiently with the organophotocatalyst
developed by Shang and co-workers,'® delivering 2a in 93%
yield under the optimized conditions: (2-hydroxyphenyl)-
diphenylphosphine (photocatalyst), potassium formate
(HCO,K, reductant), 1-adamantanethiol (HAT catalyst), and
DMSO as solvent under blue LED irradiation at ambient
temperature (See detailed conditions optimization in SI). To
systematically explore the generality of the selective defluor-
ofunctionalization of trifluoromethylated anilines, we con-
ducted substrate scope investigations under the optimized
reaction conditions, as illustrated in Scheme 1. Initially, we
assessed the impact of various N-protecting groups (Ac, Boc,
Bz, and Pivaloyl) on substrate 1. Remarkably, the reactions
proceeded smoothly, yielding the corresponding products 2a-
2d in moderate to high yields, ranging from 45% to 93%.

Subsequently, a diverse array of alkenes was scrutinized in
this transformation. Disubstituted alkenes of substrate 1 were
well-tolerated, affording the desired products (2e—2j)
excellent yields, ranging from 85% to 95%. Terminal and

Scheme 1. Substrate Scope”
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“General conditions: 1 (0.2 mmol), Base (0.4 mmol), 1-AdSH (0.04
mmol), PC (0.02 mmol), DMSO (4.0 mL), blue LED (420—430 nm)
with fan, rt, N,, 24 h.

monosubstituted alkenes within substrate 1 were also
amenable to the reaction, obtained the corresponding products
2k—2m in good yields. Notably, cyclic olefins of substrate 1
demonstrated compatibility with this method, resulting in the
formation of the expected products with moderate yields.
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Specifically, a notable yield of 2p was achieved via a 7-exo
radical cyclization of 1p, while a 7-endo radical cyclization of
1q delivered 2q in a 70% yield. Furthermore, we probed the
influence of the electronic properties of the aromatic rings in
substrate 1 on the reaction outcomes (Scheme 1).
Introduction of electron-donating substituents such as alkyl
groups and methoxyl/phenoxyl groups onto the aromatic ring
led to the formation of the corresponding products 2r—2y in
yields ranging from 44% to 96%. Notably, the lower yield of 2t
(65%) compared to 2s (92%) is attributed to steric effects, as
the bulkier tert-butyl group in 2t likely restricts favorable
substrate—photocatalyst orientations during the SET step,
thereby increasing the SET barrier and reducing efficiency.
Conversely, incorporation of electron-withdrawing substituents
(as exemplified in Schemes 1, 1ab, lac, 1ad) on the aromatic
ring resulted in the synthesis of products 2ab (64%), 2ac
(67%), and 2ad (87%). Additionally, this strategy facilitated
the synthesis of a tricyclic compound 2z with a yield of 73%.
The presence of a pinacolborane group on the aromatic ring
was tolerated (2aa), broadening the scope of the reaction.
To investigate the influence of N-substitution on defluor-
ohydrogenation reactivity (Scheme 2), we first examined a Ts-

Scheme 2. Mechanistic Studies”
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“General conditions: 1/3 (0.2 mmol), Base (0.4 mmol), 1-AdSH
(0.04 mmol), PC (0.02 mmol), DMSO (4.0 mL), blue LED (420—
430 nm) with fan, rt, N,, 24 h.

protected trifluoromethylaniline (1af), which proved unreac-
tive under standard conditions, likely due to unfavorable redox
properties. In contrast, the NHAc-protected substrate 1c
afforded the desired product 2c in 45% yield. Further
evaluation of positional effects using N-phenylacetamide
derivatives revealed that only the ortho-substituted trifluor-
omethylarene underwent productive defluorination (4a, 48%),
while meta- and para-substituted analogs (4b, 4c) remained
unreactive. Notably, in a substrate bearing both ortho- and
meta-CF; groups, defluorination occurred exclusively at the
ortho position (4d, 66%), suggesting that regioselectivity is
governed not solely by SET efficiency but also possible by

differential C—F bond cleavage kinetics. The ortho NHAc
group may promote both electron transfer and facilitate C—F
bond fragmentation, whereas distal CF; groups are more prone
to unproductive back-electron transfer. To better understand
these observations, we conducted computational studies to
assess the electronic and energetic factors underlying this
selectivity.

To elucidate the mechanistic origins of this regioselectivity,
we performed thorough computational studies using the
wB97X-D/6—311G(d,p) level of theory'® with the SMD
DMSO implicit solvent model.'” Transition states and
intermediates were optimized, and zero-point energy and free
energy corrections were applied. The single-electron transfer
(SET) was calculated using classical Marcus theory,”” where
the reorganizational energy (4) and free energy difference
between the charge states (AGggr) were calculated for each of
the ortho, meta, and para isomers. The reaction follows a
photocatalytic cycle in which the ground state photocatalyst
(PC™) absorbs light and undergoes intersystem crossing to
form a triplet species (TPC—). The SET reaction between
TPC- and the trifluoromethyl substrate (3) results in the
formation of an intermediate (3'), followed by a spin-center
shift (SCS) to form the difluoromethyl intermediate (3"’). The
final hydrogen atom transfer (HAT) step from 1-AdSH
regenerates the photocatalyst and furnishes the product (4).
The overall reaction is highly exothermic, and each step (SET,
SCS, and HAT) is associated with its own barrier. Among
these, the SET step has the highest absolute barrier, while the
HAT step shows the highest relative barrier. However, the SET
step remains the rate-limiting process under our experimental
conditions.”’ We calculated the excitation energy of the
photocatalyst (PC~, T,) from its ground state (PC~, S,) to be
66.8 kcal-mol™'; although this plus the SET barrier represents
the largest effective span, photoexcitation is efficient, making
SET kinetically dominant.

The free energy profile in Figure 2 was generated after a
comprehensive conformational search that explores the
molecular complexes formed between the substrate and the
photocatalyst. Approximately 190 conformers were generated
and optimized using a multistep process involving MMFF
force fields”* and DFT reoptimization. The SET barriers were

Relative Free Energy (kcal/mol)

-35

Figure 2. Free energy profile of the defluorohydrogenation reaction.
The free energy profile of steps B, and C, and D are shown using
classical Marcus theory for step B; ortho, meta, and para are shown in
black, blue, and red, respectively. Example optimized geometries are
shown for the ortho isomer.
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calculated for the most stable complexes, with the ortho-isomer
(black curve in Figure 2) displaying the lowest free energy
barrier of 5.8 kcal/mol. This result supports the hypothesis that
the SET step is the RLS. If the HAT step (blue curve in Figure
2) were the RLT, one would expect the meta-isomer to be the
most reactive.

Further analysis of the electronic coupling (V,;) between
the substrate and catalyst showed that the ortho isomer
facilitated superior orbital overlap compared to the meta and
para isomers. This was reflected in the dihedral angle scans
(Figure 3), where the ortho-isomer exhibited a broader range
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Figure 3. Free energy profiles for the ortho, meta, and para isomers.
At top and center, the dihedral € defined as P-C*-C’-CF;, is scanned,
with example dihedrals of the optimized geometries shown at bottom.
In the center, distances characterizing the closeness of PC™ and 3 of
the optimized geometries (described in main text) are plotted as a
function of the dihedral. At the top, the electronic coupling is shown
for the optimized geometries in kcal/mol. Relatively close distances
between the catalyst and substrate as well as large electronic couplings
are used to designate when an optimized substrate-catalyst geometry
has an interaction, as shown by the colored bands (red for ortho, blue
for meta, and green for para).

of geometries conducive to SET, contributing to its enhanced
reactivity. The Boltzmann-weighted average rates for the SET
reaction confirmed that the ortho isomer was the most
reactive, with relative rates of 100:26:13 for the ortho, meta,
and para species, respectively (Table S1).

It is important to note that while the dihedral scan analysis
focused on one particular orientation of the 3/PC™ molecular
complex, other orientations were found as well in the full
conformational search. As detailed in the SI, configurations
roughly fell into four types as a result of different approaching
directions of 3: “T'1” conformers where 3 is close to and nearly
parallel to the phenolate ring of PC~, “T2” conformers where 3
is instead parallel with the nonphenolate ring, “T3” conformers
where 3 is in the opposite nonphenolate pocket altogether, and
“T4” conformers where 3 is not in any particular pocket but is
close to the PC™. However, of these, only the “T'1” conformers
have an “ideal” orientation of the molecules that are suspected
to maximize the electronic coupling: ie., where the donor
HOMO on the PC™ phenolate ring and the acceptor LUMO
on the 3 phenyl ring would have maximal overlap (see Figures
S1, S2).

In conclusion, through a combined experimental and
computational study, we have demonstrated that the
regioselectivity of trifluoromethylaniline defluorohydrogena-
tion is strongly influenced by the substrate’s molecular

conformation and its interaction with the photocatalyst. The
ortho-substituted species exhibits significantly higher reactivity
due to favorable electronic coupling and low SET barriers, as
confirmed by Marcus theory calculations. This study provides
valuable insights into the design of selective defluorination
reactions and highlights the potential for computational
chemistry to predict and rationalize complex reaction
mechanisms.
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