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The photoactivation of electron donor—acceptor complexes to obtain fluoroalkyl arenes provides an
economical and environment-friendly means of directly installing fluoroalkyl groups (-CF,H, —CFs3,
—C4Fg, —CeFy3, etc.) in late-stage drug discovery. However, recent progress in the field has been con-
strained to the use of electron-rich arenes as electron donors due to their inherent electronic properties.
In comparison, the role reversal strategy of using commercial fluoroalkyl reagents as donors and various
aromatic substrates as acceptors remains an unexplored frontier. Herein, we proposed a photoactivation
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of electron donor—acceptor (EDA) complexes between fluoroalkyl sulfonates (donors) and in situ-gener-
ated protonated aromatic hydrocarbons (catalytic acceptors) to achieve the C-H fluoroalkylation and
tandem cyclization/fluoroalkylation of more than 80 (hetero)arenes. The process relies on available
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Introduction

The distinctive effect of introducing fluorine containing
groups towards lipophilicity, metabolic stability, and bio-
availability enables organofluorine chemistry to play a critical
role in drug development." Direct C(sp?)-H fluoroalkylation
using abundant (hetero)aromatic resources can eliminate the
requirement for pre-functionalization in traditional methods,
thus offering atom-economical approaches.> The crucial
advance was made by Baran and MacMillan who pioneered the
direct fluoroalkylation of (hetero)arenes using conventional oxi-
dation of fluoroalkyl precursors by peroxide and photocatalysis to
generate CF; and CF,H shell-opening intermediates.> However, a
large portion of the trifluoromethyl radicals are consumed by
side reactions, resulting in the use of super-stoichiometric fluor-
oalkyl reagents and peroxides to achieve desirable yields. To
avoid harsh reaction conditions, the application of metal catalysts
(Cu, Pt, Pd, Co, Ni)," organic dyes (rose bengal),” homogeneous
photoconjugates of transition metals (Ru-, Ir-, and Ni-),° and
non-homogeneous semiconductor photocatalysts (g-C3Ny, TiO,,
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reagents, avoiding the need for metals, exogenous photocatalysts, and additives.

CdSe)’ has been advanced for the radical aryl C-H fluoroalkyla-
tion (Scheme 1a). These procedures eliminate the necessity for
using substantial quantities of peroxide through the utilization
of 5-10 mol% catalyst. However, the requirement for less abun-
dant ruthenium- and platinum-based metals, the problem of
metal residues, and the cost of catalyst procurement have stimu-
lated the search for economical, safe, and environmentally
friendly fluoroalkylation strategies.

The utilization of visible light to trigger the desired radical
reactivity has transformed many traditional reaction pathways
by virtue of its high efficiency and gentleness.® Unfortunately,
both (hetero)aromatic and conventional fluoroalkyl precursors
are colorless presenting absorption curves in the ultraviolet
region, which cannot independently absorb low-energy
photons to trigger high-energy shell-opening intermediates in
the absence of external photocatalysts. To compensate for this
deficiency, recent photocatalytic protocols using electron-
deficient fluoroalkyl molecules (acceptors) and additional
amines (sacrificial donors) or electron-rich aromatic molecules
(donors) to form colored electron donor-acceptor (EDA) com-
plexes with smaller HOMO-LUMO gaps that can absorb lower
energy radiation in the visible region compared to the individ-
ual components have recently been developed (Scheme 1b).°
Stephenson and coworkers have achieved (hetero)arene
trifluoromethylation through the formation of EDA complexes
between the pyridine N-oxide/trifluoroacetic anhydride adduct
and arenes.'® Later, the Stephenson group converted the
donor from an aromatic substrate to a catalytic amount of an
exogenous donor (2-methoxynaphthalene), providing opti-

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Background and our working hypothesis.

mized trifluoromethylation conditions."* A similar EDA
pathway was recently reported by the Li group who designed
various perfluoroalkyl precursors containing aryl ketones as a
recognition element of the EDA receptor.”> The above EDA
strategies rely on modification of fluoroalkyl precursors via
preinstalling recognition fragments (acetylated pyridine
N-oxide, aryl ketone, etc.). Neutral and electron-rich aromatic
hydrocarbons have a high ionization potential, leading them
to consistently act as donors.” If an EDA complex can be
developed employing available fluoroalkyl reagents as donors
and arenes as acceptors, it would enable a trifluoromethylation
pathway with role reversal.

The commercial Langlois reagent (CF;SO,Na, an in-
expensive stable solid) was considered as a potential electron-
donor molecule because of the existence of an appropriate
leaving group (SO,) that can trigger irreversible cleavage events
to form radical fragments at a rate competing with the back
electron transfer (BET)."* The Mulliken theory predicts that the
charge transfer (CT) bands of the complexes will be redshifted
with increasing electron donation or electron acceptance.'®
Therefore, a suitable reactive label needs to be sought that can
enhance the electron affinity of the arenes to become accep-
tors. As a conceptual blueprint, the interaction of arenes (Ar)
with acids to afford [Ar-H'] adducts provided inspiration.'®
Owing to the high electron acceptance of protonated aromatics
with reduced LUMO orbital energy,'”” we envisage proton
adducts as catalytic acceptors to acquire EDA complexes with
CF3;SO,Na through electrostatic recognition, then SgAr pro-
cesses regenerate the protons to complete the cycle

This journal is © The Royal Society of Chemistry 2024
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(Scheme 1c). Herein, we first propose an EDA complex
between in situ-generated protonated aromatic hydrocarbons
(catalytic acceptors) and fluoroalkyl sulfonates (donors) to
achieve the fluoroalkylation of a series of (hetero)arenes. This
approach avoids the need for super-stoichiometric oxidants,
metals, and electron sacrificial agents, and can effectively
initiate fluoroalkyl radicals through the catalytic in situ-gener-
ated protons (Scheme 1d).

Table 1 Optimization of the reaction conditions?

OMe OMe
i CF
/@\ . CF,S0,Na 0.1 equiv H,SO4 3
MeO OMe 400-405 nm, DMSO MeO OMe
1a 2a 3a
Entry Variation from standard conditions® Yield® of 3a (%)
1 None 76
2 CF3;SO;H as a proton source 79
3 HCI as a proton source 74
4 H;PO, as a proton source 70
5 CH;CO,H as a proton source 67
6° 1 equiv. CF3SO;3H as a proton source 76
7¢ 2 equiv. CF3SOzH as a proton source 67
8 No acid 49, 784
9 In the dark 0

“Standard conditions: 1a (0.3 mmol), 2a (1.5 equiv.), acid (0.1 equiv.),
DMSO (2 mL), air, rt, 5 h under 400-405 nm irradiation. b Isolated
yield. ©3 h under 400-405 nm irradiation. “10 h under 400-405 nm
irradiation.
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Results and discussion

Considering the above factors, we made a preliminary attempt
to react 1,3,5-trimethoxybenzene (1a) with CF;SO,Na (2a) after
the addition of 0.1 equiv. H,SO, under 400-405 nm
irradiation, and the desired CF;-substituted product 3a was
obtained in 76% yield (Table 1, entry 1). Encouraged by this
result, a variety of acids were investigated for this transform-
ation process (Table 1, entries 2-5). The experiment showed
that CF;SO;3H (pK, = 0.3 in DSMO) promoted the reaction best
and CH3COOH (pK, = 12.6 in DMSO) worst with the same
irradiation time, which was positively correlated with the
ability of the acid to provide protons. When adding 2 equiv.
CF3;SO;H, the reaction rate is decreased as compared to 1

H + RSO Na

1

400-405 nm LEDs

View Article Online

Green Chemistry

equiv. CF;SOz;H (Table 1, entries 6 and 7), which may be due
to the reduction of concentration of free aromatic hydro-
carbons in the system. Surprisingly, the target product 3a was
obtained in 78% yield by prolonging the reaction time without
the addition of a Brensted acid (Table 1, entry 8). The pH
value, high-resolution mass spectrometry, and '’F NMR
showed that 2a was transformed into CF;SO3;H at a slow rate
under continuous 400-405 nm irradiation in air, which leads
to in situ generation of protons (see the ESI, Fig. S2-4, for
detailst). Considering the cost of the reagents and the environ-
mental impact, entry 8 sacrificing some of the reaction rate
but representing greener conditions, was determined to be the
optimal conditions. The control experiments suggested that
light was necessary for this transformation (Table 1, entry 9).

DMSO, Air, rt
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Scheme 2 Substrate scope of aromatic fluoroalkylation. Reaction conditions: 1 (0.30 mmol, 1.0 equiv.), 2 (0.45 mmol, 1.5 equiv.), DMSO (2.0 mL),
6-32 h, under 400—405 nm irradiation in air. *Gram-scale.
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In order to further assess the scope of the protocol, C-H
trifluoromethylation of other (hetero)arenes was investigated
under the optimized conditions (Scheme 2). Electron-rich and
neutral arenes were converted to valuable trifluoromethylated
derivatives in high yields (3a-3c). Notably, alkyl aromatics,
halohydrocarbons, and arylamines that are not tolerated with
many reaction conditions (such as oxidants, transition metals,
chemically equivalent acids, and ultraviolet light) can yield
chemicals needed for industrial production (3d-3i). In
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addition, the electron-withdrawing groups NO, and CN are tol-
erated although in a lower yield (3j, 3p). Thiophene, furan,
pyrrole, pyridine, pyrazine, pyrimidine, pyridone, pyrone, and
other five- and six-membered heterocycles as drug pharmaco-
phores are compatible with the trifluoromethylation strategy
(3k-3t). The indoles, quinoline, coumarin, and 7-diazapurine

with various potential reaction sites displayed high regio-

selectivity for C-H trifluoromethylation at the most electron-
rich positions (3u-3y). In addition, the application of other

Late-stage Functionalization of Drugs and Biomolecules
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fluoroalkyl sulfonates to 1,3,5-trimethoxybenzene, quinoline
and pentoxifylline was successful in the incorporation of per-
fluoroalkyl and CF,H groups that commonly act as bioequiva-
lents of hydroxyls and amides (3z-3ac). Gratifyingly, several
drugs, bioactive molecules, and hormones, including di-
methyluracil 1ad (RNA base analogue), tryptophol 1ae (metab-
olite), heteroauxin 1af (endogenous phytohormone), flavone
lag (vitamin P), theophylline 1ah (respiratory drug), allopuri-
nol 1ai (uric acid lowering drug), pentoxifylline 1aj (PDE
inhibitor), dibenzo-18-crown-6 1lak (phase-transfer catalyst),
and estrone 1al (steroid hormone) are capable of late-stage
functionalization through a simple trifluoromethylation strat-
egy (Scheme 3). In addition, the antiviral drug trifluridine 3am
can be prepared in one step by simply mixing 2'-deoxyuridine
lam with CF;SO,Na without adding any additives needed in

RSO,Na

@

4 2

400-405 nm LEDs
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the conventional production process. The structurally complex
peptides in the presence of Gly (1an), Phe (1a0), Asp (1ap), and
Lys (1aq) units afforded trifluoromethylated peptides at the C2
position of the Trp residue with retention of chirality, provid-
ing a mild and efficient tool for late-stage modifications in
protein engineering.

Besides arene C(sp*)-H direct radical fluoroalkylation, we
sought to extend the strategy to C(sp®)-H fluoroalkylation/
tandem cyclization for accessing fluoroalkyl-substituted poly-
cyclic backbones with pharmaceutical potential (Scheme 4).'®
The study was initiated with benzimidazoles containing unac-
tivated alkenes without further optimization of the previously
determined reaction conditions (5a). Regardless of electronic
bias, substituted benzimidazoles, containing methyl, ester,
halogen, cyano, and trifluoromethyl substituents on the
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Scheme 4 Substrate scope of fluoroalkylation/cyclization. 4 (0.30 mmol, 1.0 equiv.), 2 (0.45 mmol, 1.5 equiv.), DMSO (2.0 mL), 12 h, under

400-405 nm irradiation in air.
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benzene ring, can be employed to access the polycyclic benzi-
midazoles 5b-5h in 70%-83% yield. Benzimidazoles di-
substituted and monosubstituted at different positions can be
smoothly transformed into the corresponding products (5i-
5m). Moreover, pyridine, naphthalene, imidazole skeletons,
and diverse branched olefins are adaptable to the current strat-
egy (5n-5r). Inspiringly, the mild tandem cyclization strategy is
also applicable to the synthesis of trifluoromethylated polycyc-
lic indoles, dihydroisoquinolones, isoquinolinones, indolines,
tricyclic oxindoles, phenanthridines, polycyclic 1,4-naphtho-
quinones, and chromanones (5s-5ab). Finally, C(sp®)-H per-
fluoroalkylation cyclization provides the target products 5ac-
5ak in 68%-86% yield.

To explore the mechanism of aromatic trifluoromethyl-
ation, we have performed control experiments as shown in
Scheme 5 and the ESI.{ Firstly, the transformation was com-
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pletely restrained upon the addition of TEMPO or 1,1-
diphenylethylene radical scavengers under the standard con-
ditions, and the captured intermediates were detected by
ESI-MS or '°F NMR, which indicated the formation of trifluoro-
methyl radicals (Scheme 5a). When the template reaction was
performed with CF;SO,Na which was irradiated for 48 h the
desired product could not be obtained. However, if the pro-
portion of CF;SO,Na pre-irradiated was decreased to 6%, the
reaction could proceed smoothly to deliver 3a in 80% yield in
6 h, which is consistent with the conclusion that CF;SO3H is
formed from 2a when irradiated in air. Subsequently, the
desired product 3a was not observed when the template reac-
tion was irradiated under a nitrogen atmosphere. However, the
standard protocol gave 3a in 47% yield under a nitrogen atmo-
sphere with the addition of 1 equiv. CF;SO3H. These findings
support the key role of oxygen in promoting the in situ for-

a. Variation of standard conditions

OMe OMe
additives CF;
+  CF;SONa 0 - 405 nm
MeO OMe DMSO, RT, 8h MeO OMe
1a 2a 3a
Radical scavengers 3a Proportion of pre-irradiated CF;SO,Na  3a Nitrogen condition 3a
TEMPO (3equiv) N.D 100% N.D. N2 N.D.
1,1-diphenylethylene (3equiv) < 3% yield 6% 80% yield CF3SO3H (1 equiv) , N,  47% yield
b. C. d.s
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70 1 ll
- (Bl &5 20 36 e ol
60 23 2
. 3 | <s}
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Scheme 5 Mechanistic studies. (a) Variation of standard conditions. (b) Monitoring of reaction processes. (c) UV/vis absorption spectra. (d) Benesi—

Hildebrand plot. (e) NMR titration experiments. (f) Proposed mechanism.
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mation of protons from 2a. Next, adding CF;SO;H showed a
faster rate mainly due to eliminating the induction period for
the in situ formation of protonated aromatics. In contrast, the
addition of NaHCO; strongly inhibited the reaction, and no
product was provided even after extending the reaction time to
24 h (Scheme 5b). To clarify the effect of protons in the
process, the individual and mixed fractions were analyzed by
UV/vis absorption spectroscopy (Scheme 5c). The thiophene
(1Kk) or CF;SO;3Na (2a) only displayed absorption curves in the
UV region, while the redshift of the mixed solution of 1k and
CF;SO3;H demonstrates the possible formation of protonated
aromatic hydrocarbons (green line). The absorption band tail
of the mixture of 1k, 2a, and CF;SO;H extends to the visible
region (red line) compared with the mixture of 1k and 2a
(yellow line), indicating that the acid promotes the formation
of an EDA complex between the aromatic hydrocarbons and
the fluoroalkyl sulfonate. The same phenomenon was
obtained by performing UV/visible absorption experiments on
benzene (1c) (for details, see the ESI, Fig. S9t). Moreover, the
existence of the EDA complex was also verified using Benesi-
Hildebrand experiments with an association constant of 1.98
M~ in DMSO (Scheme 5d). NMR titration experiments were
carried out and the 'H NMR signal was gradually shifted
downfield as 2a was increased in the presence of CF;SO3;H and
toluene (1d) in a 1:1 ratio (Scheme 5e¢). The quantum yield (&
= 0.14) determined by chemical actinometry and on/off experi-
ments preclude a chain radical mechanism, as shown in
Fig. S16.7 Overall, these studies revealed the presence of proto-
nated aromatic hydrocarbons generated in situ and that they
play a crucial role in the formation of EDA complexes.

Based on the above experiments, a proposed mechanism is
depicted in Scheme 5f. The reaction is initiated by the for-
mation of CF;SO;H with 2a and H,O under 400-405 nm light
irradiation. Aromatic hydrocarbons then undergo protonation
to form EDA complexes with 2a. The charge transfer event
within the complex leads to the generation of trifluoromethyl
radicals with the release of sulfur dioxide under 400-405 nm
irradiation. In the presence of free aromatic hydrocarbons, the
former trifluoromethyl radical can be efficiently captured to
create a radical electrophilic adduct C. Subsequently, the oxi-
dation and deprotonation of the adducts provides the trifluoro-
methyl-substituted arene and regenerates the proton to acti-
vate another aromatic substrate.

Conclusions

In conclusion, EDA complexes of in situ-generated protonated
aromatic hydrocarbons with fluoroalkyl sulfonates are pro-
posed to achieve C-H fluoroalkylation and tandem cyclization/
fluoroalkylation of heteroaromatic hydrocarbons. Differing
from the previous approach of aromatics as donors and fluor-
oalkyl reagents as acceptors, a simple activation program
enabled a strategy for role reversal. This versatile activation
mode of EDA complexes was presented for the first time.
Various (hetero)arenes are used to construct fluorinated motifs
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in a green and efficient way without exogenous photocatalysts
and additives. The practicability of this protocol is also empha-
sized by the late-stage functionalization of bioactive molecules.
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