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A practical and straightforward protocol to access trifluoromethyl-
ated/perfluoroalkylated heteroarenes via radical-type nucleophilic
substitution rather than typical radical-type electrophilic substi-
tution is described here. The substrate scope was observed to be
broad and diverse—covering arenes, heteroarenes (containing N,
O, S), bioactive cores, and allylic cores. Mechanistic studies
confirmed a radical-mediated reaction pathway.

Over several decades, strategies for synthesizing fluorinated
scaffolds have seen an incredible transformation and even
today constitute a subject of immense interest." This unparal-
leled interest is attributed to the major influence of the fluo-
rine group on the physiochemical and biological activities of
organic molecules.? Organofluoro compounds are widely used
in the fields of materials science®** and agriculture®®
(Scheme 1A). The ability to add trifluoromethyl and/or per-
fluoroalkyl groups to arenes and heteroarenes is thus impor-
tant—but has become a specific bottleneck in efforts at
effecting easy translation of the above strategies into commer-
cially viable methods. Derivatizing arenes and heteroarenes
with trifluoromethyl and/or perfluoroalkyl groups is also
important industrially as such processes are necessary for gen-
erating the precursors used to manufacture commercial medi-
cations such as mapracorat,” fluoxetine,">  and
penthiopyrad.*

To address the above-described bottleneck, various
attempts at designing methods for the practical synthesis of
trifluoromethylated/perfluoroalkylated motifs have been
reported. Most methods involving heteroarene trifluoromethyl-
ation documented in the literature involve the use of metals
such as Pd,” Ag,° Cu,” Ru,® Ir,° and Ni.’® These approaches,
though elegant, suffer from various limitations including the
need to carry out pre-functionalizations such as with halides
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or boronic acids the need to use directing groups, and by-
product formation. In addition, some of the traditional strat-
egies also exploit oxidative trifluoromethylation using corrosive
gaseous, namely CF;I'" and CF;S0,Cl,"* electrophiles such as
Umemoto’s reagent,"”> Togni reagent,” and Shibata’s
reagent,"” nucleophiles such as Rupert-Prakash reagent
(CF;SiMe,),"® etc. In addition to these methods being impracti-
cal due to their use of expensive metals and designer trifluoro-
methylating reagents, they also display limited utilization due
to functional group intolerance for various classes of
heterocycles.

Recently, visible light photoredox catalysis has emerged as
a powerful tool for achieving easy activation of C-C bonds.
Photoredox-mediated radical trifluoromethylation protocols
complement the traditional approaches. In pioneering work
reported by Nagib and Macmillan, they showcased photolytic

A) Selected examples of pharmaceuticals containing CF- functional groups
HOOC,
O¢819
MeO. '
\ CFs

NHMe HN
O

B) Strategies for installation of trifluoromethyl on heteroarenes

[CF3] Source CF4SO,Na N
1)@ e, (\/f\g—ca f Bt O 0
J

ref 18

CF3S0,CI or
PASOCHN m « Ir(ppy)s
D O PR e S
2 ) oo | xPor, Ker LJ 9
26W Light Source Blue LED X
ref17 = - refe

Precious metal Environmentally unfriendly Elevated temperature
C) Site-selective trifluoromethylation/perfluoroalkylation of heteroarenes (Our Approach)

* CaFans1

.E_) OO @@TR'}F)” m& A,

X

+ Metal free +NoOS enes o/ P

+/ Upto 90 % Yield

Scheme 1 (A) Biologically relevant trifluoromethylated scaffolds. (B)
Previous strategies for trifluoromethylation. (C) Our work: trifluoro-
methylation/perfluoroalkylation of heteroarenes.
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trifluoromethylation of heteroarenes using trifluorosulfonyl
chloride (CF;S0,Cl)."” Baran et al. presented a direct C-H
trifluoromethylation of a heterocycle using CF;SO,Na as a CF;
radical precursor.’® Li et al. disclosed trifluoromethylation of
heteroarenes using CF;SO,Na and UV light irradiation.'
Bottecchia et al. developed a trifluoromethylation protocol of
heteroarenes using CF;I and 5,5 -bis(((2-trifluoromethyl)
phenyl)ethynyl)-2,2'bithiophene as a photocatalyst.>® Diaz
Diaz et al. presented trifluoromethylation of heteroarenes
using CF;S0,Cl and Ir(ppy)s; as a photocatalyst.”! Xiao dis-
closed trifluoromethylation of heteroarenes via trifluoro-
methylsulfonyl-pyridinium salts (TFSP) in the presence of Ir
(ppy)s photocatalyst.” However, note that similar to the tra-
ditional procedures involving metal catalysis, these strategies
are also impractical as they too use either expensive/toxic
metal catalysts or are restricted to just a few select fluoro-
methylation products due to narrow substrate scopes
(Scheme 1B). Therefore, there remains a dire need to develop a
straightforward, environmentally benign, scalable and econ-
omical method that enables the synthesis of various classes of
trifluoromethylated/perfluoroalkylated heterocycles.

To develop a protocol addressing the trifluoromethylation
gap, the indole-ring-containing motif was chosen as the het-
erocycle. Of the important classes of pharmaceutically relevant
scaffolds, alkaloids such as tryptamines,*” which contain each
an indole ring as a core nucleus, holds an important place in
synthetic organic chemistry. The tryptamine skeleton serves as
the basis for many synthetic, semi-synthetic, and naturally
occurring pharmacological medications. Our interest>® and
previous work on heteroarene®® motifs led us to hypothesize
that the relatively low energy required for the activation of het-
eroaromatic C-H in the tryptamine skeleton can be easily pro-
vided by a photoredox reaction, allowing us to investigate a
mild strategy for achieving trifluoromethylation and perfluor-
oalkylation (Scheme 1C).

We commenced our initial investigation with NHCbz-trypta-
mine 1a and bench-stable Langlois reagent 2a under photo-
redox conditions. After extensive tests, the optimal conditions
were established to be 1a (1.0 equiv.), 2a (3.0 equiv.), eosin Y
(2.5 mol%), and (NH4),S,0g (2.0 equiv.) in MeCN (0.1 M),
under photoirradiation (12 W blue LED irradiation (525 nm))
and stirring at rt for 12 h. The reaction conditions achieved
the desired coupling, which afforded 3a in 72% isolated yield
(Table 1, entry 1).

Control experiments demonstrated that the exclusion of any
component in the reaction, specifically light, photocatalyst or
oxidant, failed to give the desired product (Table 1, entries
2-5). A screening of various photocatalysts revealed eosin Y as
optimal and high yielding; others were less effective (Table 1,
entries 6-9). A survey of various solvents indicated MeCN to be
the optimal solvent, and replacing it led to a significant
decrease in reactivity (Table 1, entries 10-12). Note that
inclusion of additives did not result in any significant increase
in the yield of the desired product (Table 1, entry 13). After
successfully optimizing the reaction conditions for NHCbz
-tryptamine, we then investigated the tolerance of our protocol

This journal is © The Royal Society of Chemistry 2024

View Article Online

Communication

Table 1 Optimization of C—H trifluoromethylation of NHCbz-trypta-
mine (1a) with Langlois reagent (2a)?

NHCbz (@)
+ CF38O)Na ——————————»
condition A?

N\

N

H

1a 2a 3a

Entry Deviation from “condition A” Yield® (%)
1 None 72
2 Absence of light(dark) N.D.
3 Np photcatalyst N.D.
4 No oxidant N.D.
5 No inert atmosphere N.D.
6 TPT instead of Eosin Y 11
7 [Mes-Arc-Me'|BF,~ instead of Eosin Y 60
8 RoseBengal instead of Eosin Y 25
9 [Ru(bpy)s] instead of Eosin Y 68
10 DCM instead of MeCN 60
11 DCE instead of MeCN 35
12 Dioxance instead of MeCN 65
13 With DIPEA as additive 69

“Reactions were carried out with 1a (0.2 mmol), CF;SO,Na 2a
(0.6 mmol), (NH,),S,05 (3 equiv.), eosin Y (2.5 mol%) in 2 mL MeCN
under 12 W green LED irradiation at room temperature for 12 h.
b1solated yield. MeCN = acetonitrile, DCM = dichloromethane, DIPEA
= diisopropyl ethyl amine, ND: no reaction.

for trifluoromethylation of functional indole cores and other
classes of heteroarenes (Table 2). Boc-protected tryptamine
derivative performed well, affording C-2 product in excellent
yield (Table 2, 3b).

Furthermore, the broad scope of this protocol was validated
by the observation of heteroarenes bearing sensitive functional
groups (such as aldehyde and nitro groups) providing C-2 pro-
ducts in moderate yields (Table 2, 3c-3d). The electron-with-
drawing cyano group was tolerated, affording the desired C-2
adduct in good yield (Table 2, 3e). We found that the reaction
proceeded with high substrate generality as aliphatic cyclic
chain substituents afforded the respective desired C-2 adducts
in good yields (Table 2, 3f-3g). Additionally, trifluoromethyl-
ation of indole cores bearing bioactive scaffolds and redox-
active component substrates were also felicitous and gave
corresponding C-2 adducts in good to excellent yields (Table 2,
3h-3i). Similarly, a hydrolysis-prone hexafluoro-isopropanol-
derived ester component was well tolerated in this C-H
trifluoromethylation, giving product with a good yield
(Table 2, 3j). Interestingly, an unsymmetrical heteroarene
bearing multiple sites of reaction also provided site-selective
C-5-coupled products in excellent yield (Table 2, 3Kk).
Subsequently, imidazo[1,2-a]pyridine and benzothiophene
3-carbaldehyde scaffolds were tested; they performed well, and
the corresponding adducts were formed in good to excellent
yields (Table 2, 31-3m). We next turned our attention towards
arene functionalization, due to it offering the possibility of a
valuable pharmaceutically active core. Delightfully our protocol
demonstrated complementary reactivity for trifluoromethyl-
ation of an arene in a site-selective fashion in moderate to
good yields (Table 2, 3n). The nonsteroidal drug indomethacin

Org. Biomol. Chem., 2024, 22, 4072-4076 | 4073
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Table 2 Scope of heteroarene trifluoromethylation/perfluoroalkyla-
tiona,b,c

MeCN, rt

NHCbz NHBoc
\ oFs \ CFs \ e \ CFs @f\g—ca

A A\ EosinY

» o | ) + rRsoNa ——

X7y X (NHA)zszos
1 2

3a (72 %) 3b (67 %) 3c (50 %) 3d (45 %) 3e (52 %)
3f (69 %) 39 (64 %) 3h (85 %) 3i (55 %)

CHO CHO
| CF3
&C e Qo CQ
H CF3
3j (60 %) 3K (90 %) 31 (88 %) 3m (79 %) 3n (70 %)°

*@éf ©> soulives

30 (45 %) P (90 %) q (75 %) 3r (65 %)
NHCbz NHCbz NHCb2
Cafo gt CoFrr
N
H
3s (66 %) 3t (60 %) 3u (53 %)

“Reactions were carried out with 1 (0.2 mmol), 2 (0.6 mmol),
(NH,),S,05 (3 equiv.), eosin Y (2.5 mol%) in 2 mL solvent under 12 W
green LED irradiation at room temperature for 12 h. ®Isolated yield.
¢ GC-determined yield.

was directly functionalized and yielded a C-4-trifluoromethyl-
ated adduct in moderate yield (Table 2, 30). A highly reactive
bromo-derived MBH ester scaffold also reacted efficiently
under the optimized protocol, yielding the corresponding
trifluoromethylated adduct in excellent yield (Table 2, 3p). The
generality of the methodology was further established by
extending the reaction to coumarin and N-benzyl quinoxali-
none. These reactions afforded C-3-trifluoromethylated
adducts in good yields (Table 2, 3q-3r). We next evaluated
whether the transformation could be performed with other
perfluoroalkyl sulfinate salts. Gratifyingly, our protocol was
found to tolerate a wide range of perfluoroalkyl substituents
and resulted in C-2-perfluoroalkylated tryptamine adducts in
good yields (Table 2, 3s-3u).

To gain mechanistic insights into this coupling reaction,
radical scavengers 2,2,6,6-tetramethyl-1-peperidyloxy (TEMPO)
and BHT were added; they suppressed the reactivity and the
corresponding radical adduct was detected using GC-MS
(Scheme 2). Based on putting together these pieces of experi-
mental evidence, the reaction was concluded to proceed via a
radical mechanism. Note that in situ EPR studies of the corres-
ponding reaction mixture also indicated the presence of a
radical intermediate in the reaction system (Fig. 1A). To elim-
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Fig.1 (A) EPR experiment. (B) UV-visible studies. (C) Fluorescence
quenching with (NH4),S,0g. (D) Stern—Volmer plot for (NH,4),S,0s.

inate the possibility of an interaction between eosin Y and the
substrates during the catalytic cycle and to observe the
ground/excited state of the reactants, experiments involving
UV studies were performed. These studies revealed a lack of
formation of electron donor-acceptor (EDA) complex (see the
ESIY}), indicating no possibility of an EDA complex in the reac-
tion medium (Fig. 1B). Based on the established mechanism
of action for such photoactive dyes, it was speculated that
eosin Y, on being irradiated with green light, would undergo
excitation with it further undergoing single-electron oxidation
with (NH,),S,05 to produce oxidized eosin Y™ and corres-
ponding sulfate dianion (SO,*”) and sulfate radical anion
(SO47), which would then oxidize the Langlois reagent to
generate the reactive CF; radical. To further validate our
hypothesis, fluorescence quenching experiments were carried
out with 1a, 2a and (NH,4),S,0s. A fluorescence quenching
effect was witnessed in the presence of (NH,),S,0s (Fig. 1C).
The corresponding Stern-Volmer plot indicated that the
excited state of eosin Y was quenched by (NH,4),S,0s and an
increase in quenching was noticed with an increasing oxidant
concentration (see the ESIf).

Furthermore, quenching constants were determined by car-
rying out Stern-Volmer analyses (Fig. 1D).

Based on the information in the literature and the obser-
vations made in the present study (see ESIf), a plausible
mechanism was derived for this reaction. According to this
proposed mechanism, photoirradiation of eosin Y* with green
light followed by single-electron oxidation of catalyst resulted
in the formation of sulfate dianion (S0,>7), which in turn oxi-

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Plausible mechanism.

dized CF;SO,Na to generate a trifluoromethyl radical. This
radical was intercepted by heteroarenes 1 to form 1’, which
subsequently underwent single-electron oxidation (SET) and
protonation to ultimately afford the desired compounds 3
(Scheme 3).

Conclusions

In summary, we have developed a transition-metal-free, visible-
light-mediated trifluoromethylation/perfluoroalkylation of het-
eroarenes. This simple protocol employs bench-stable, easy-to-
handle and inexpensive sodium triflinate (Langlois reagent) as
a CF; source and eosin Y as a photoredox catalyst. This strategy
allows direct installation of both trifluoromethyl and per-
fluoroalkyl groups into various classes of heterocycles, thus
providing an opportunity for a one-step direct functionali-
zation of heteroarenes, and exhibits excellent functional group
tolerance, and is thus suited for late-stage functionalization of
natural products and pharmaceuticals.
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