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A complementary oxidative photocatalytic strategy is pre-
sented. In the presence of 4-nitroanisole, hexafluoroisopropanol
(HFIP) as a proton source is activated and the proton photo-
reduction is enhanced, enabling a range of cyclizative
aryltrifluoromethylations of alkenes and CF3SO2Na (Langlois’
reagent) with hydrogen evolution. Such a protocol is general,
for both activated and unactivated olefins could be used as the
substrates, affording a variety of CF3-containing heterocycles
such as indolines, indolin-2-ones, 3,4-dihydroisoquinolin-1-ones,

5,6-dihydrobenzoimidazo[2,1-a]isoquinolines, benzoimidazo
[2,1-a]isoquinolin-6(5H)-ones and 1,2,3,4-tetrahydroisoquino-
lines, under mild and metal- and oxidant-free conditions with a
good functional-group tolerance. Extensive mechanistic inves-
tigations revealed that p-nitroanisole (p-NA) does not react with
the photocatalyst directly as an oxidant, but rather activates
HFIP via proton-coupled electron transfer (PCET) and scavenges
some of the reduced protons to improve proton photo-
reduction.

Introduction

Stimulated by the growing global concern regarding
sustainability,[1] photoredox catalysis, which is usually mild and
green, emerged in recent years as a potent synthetic tool to
effect redox event and access molecular complexity.[2] By taking
advantage of visible light as an energy input, such a technique
is of particular power in redox-neutral syntheses.[3] Net-
oxidative[4] or -reductive transformations[5] could be achieved as
well by incorporating a terminal oxidant and reductant,
respectively, into the photocatalytic cycle, albeit with additional
chemical wastes. From the point of view of minimal waste,
using the proton as an innocuous sacrifice to accept an
electron, which is a common practice in electrochemical
oxidation,[6] to achieve photooxidation with hydrogen as the
sole byproduct, is an appealing and ideal concept. Nevertheless,
oxidative photocatalysis with hydrogen evolution to give value-
added organic molecules remains a formidable challenge, and
such examples are rare.[7] A visible-light photon (400–700 nm)
possesses an energy of only 1.8–3.1 eV, and it is further

diminished via intersystem crossing or nonradiative pathways,[8]

rendering the excited state of a photosensitizer usually not
reducing enough to release an electron to the proton
efficiently. The combination of, say, a cobaloxime co-catalyst
might improve the efficiency of proton reduction to allow
matched oxidation and H2 production rates (Scheme 1a),[9,10]

and some oxidative transformations were achieved by merging
photocatalysis with electrochemistry (Scheme 1b).[11,12] We wish
to communicate a complementary oxidative photosynthetic
strategy with hydrogen evolution, wherein the proton reduction
efficiency is improved by activating the proton source of
hexafluoroisopropanol (HFIP) with p-nitroanisole[13] (p-NA) via
proton-coupled electron transfer (PCET, Scheme 1c).[14]

Organofluorine compounds exhibit improved biological,
physical, and chemical properties compared to those of their
C� H counterparts, and combining several biologically active
segments in one molecule is a cornerstone of pharmaceutical
research and drug development.[15] In this regard, cyclizative
aryltrifluoromethylation of alkenes is a reliable protocol to
construct CF3-containing carbo-/heterocycles.[16] Existing meth-
ods fall into three categories: (a) Redox-neutral cyclizations
using highly reactive CF3SO2Cl,[17] gaseous CF3I

[18] or other
elaborated CF3 sources bearing an atom-uneconomic leaving
group (LG),[19] induced by visible light or heat and/or catalyzed
by a noble metal (Scheme 2a). (b) Oxidative aryltrifluorometh-
ylation of, say, Togni reagent,[20] PhICF3Cl,[21] CF3SO2Na[22] or
Me3SiCF3,

[23] mediated by a stoichiometric excess of an external
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oxidant often enough at an evaluated temperature and/or in
the presence of a metal catalyst (Scheme 2b).[24] (c) Electro-
chemical oxidation with hydrogen evolution performed with
expensive electrodes and specialized electrochemical appara-
tuses in the presence of large amounts of supporting electrolyte
(Scheme 2c).[25] Among these, reactions involving CF3SO2Na, a
neutral, benchtop-stable and inexpensive solid termed as
Langlois’ reagent,[26] are the most attractive, yet they need to be
carried out under oxidizing conditions using either an oxidant[22]

or an anode.[25] He, Guan and co-workers reported an oxidative
photosynthesis of sulfonyl-containing isoquinolinediones with
hydrogen evolution from activated alkenes and sodium sulfi-
nate, but with CF3SO2Na as the radical precursor the corre-
sponding trifluoromethylated product was obtained in only a
poor yield of 37%.[27] As part of our ongoing interest in green
radical chemistry,[28] herein we report a visible light-induced
oxidative aryltrifluoromethylation of CF3SO2Na with a range of
alkenes under mild and exogenous oxidant-free conditions
(Scheme 2d). HFIP serves as the proton source to produce
hydrogen, and p-NA is used to activate HFIP and scavenge
some of the reduced protons to improve proton photo-
reduction. Such an electrochemistry-like methodology is prac-
tical and general, and both activated and unactivated olefins
could be used as the substrates, affording a variety of CF3-
containing heterocycles such as indolines, indolin-2-ones, 3,4-
dihydroisoquinolin-1-ones, 5,6-dihydrobenzoimidazo[2,1-a]
isoquinolines, benzoimidazo[2,1-a]isoquinolin-6(5H)-ones and
1,2,3,4-tetrahydroisoquinolines. The mild oxidizing environment
contributes to a good functional group tolerance.

Results and Discussion

We began our investigation using an unactivated alkene of N-
(2-methylallyl)-N-phenylacetamide 1a as the model substrate
(Table 1; see the Supporting Information for full details). In the
presence of 1 mol% of Mes-Acr+BF4

� and 2 equiv. of CF3SO2Na

in MeCN/HFIP (4 : 1, v/v, 0.05 M) at room temperature under
blue light-emitting diode (LED) irradiation for 24 h, 1a under-
went the oxidative trifluoromethylation/cyclization sequence to
afford CF3-containing indolines 2a with a newly formed
quaternary center in 34% yield, along with hydrotrifluorometh-
ylated byproduct 3a with an anti-Markovnikov selectivity in
11% yield (entry 1). We unfortunately failed to isolate any pure
product of 3a, yet its formation was evidenced by the gas
chromatography-mass spectrometry (GC-MS) analysis. Further-
more, the pure product of 3b, a derivative of 3a bearing an
acetyl group on the phenyl ring, was obtained (see Table 2).
The use of a pure solvent, such as MeCN (entry 2) or HFIP
(entry 3), or of another proton source like MeOH (entry 4) both
led to a compromised yield of 2a. Other photocatalysts (PCs)
such as 4CzIPN (entry 5) or Ir(ppy)3 (entry 6) performed worse
than Mes-Acr+BF4

� . The formation of the redox-neutral product
3a suggests that the reaction rate of the proton reduction step
of the photocatalytic cycle is low, and thus an efficient oxidative
counterpart could not be effected directly. Whilst attempts to
improve the reduction efficiency by combining the cobaloxime
catalysis (entry 7) or constant current electrolysis (CCE, entry 8)
with photocatalysis met with no success, the reaction carried
out at an elevated temperature of 50 °C gave 2a in only a
marginally higher yield (entry 9). Whereas the inclusion of air
oxidatively degraded substrate 1a to deliver acetanilide (en-
try 10), K2S2O8 is not an effective terminal oxidant at ambient

Scheme 2. Cyclizative aryltrifluoromethylations of alkenes.

Table 1. Optimization of reaction conditions.

Entry Conditions[a] 2a/3a [%][b]

1 Mes-Acr+BF4
� (1 mol%), CF3SO2Na (2 equiv),

MeCN/HFIP (4 :1, 10 mL), blue LEDs, Ar, rt, 24 h
34/11

2 entry 1 but CH3CN as the solvent 19/5
3 entry 1 but HFIP as the solvent 15/8
4 entry 1 but MeCN/MeOH (4 :1) as the solvent 16/5
5 entry 1 but 4CzIPN as the PC 26/13
6 entry 1 but Ir(ppy)3 as the PC trace/–
7 entry 1 and Co(dmgH)2PyCl (3 mol%) nr/–
8 entry 1 and CCE=2 mA[c] 5/1
9 entry 1 but at 50 °C 36/–
10 entry 1 but under air trace/–
11 entry 1 and K2S2O8 (0.5 equiv) 28/5
12 entry 1 and PhNO2 (1 equiv) 30/4
13 entry 1 and p-DNB (1 equiv) trace/–
14 entry 1 and p-NA (1 equiv) 51/–
15 entry 14 but Mes-Acr+BF4

� (2 mol%),
MeCN/HFIP (9 :1, 5 mL), 48 h

60/–

[a] Reaction conditions: 1a (0.5 mmol), CF3SO2Na (2.0 equiv), Mes-Acr+BF4
�

(2 mol%), p-NA (1.0 equiv), MeCN/HFIP (9 :1, v/v, 5.0 mL), 6 W blue LEDs,
Ar, room temperature, 48 h. [b] 2a and 3a, possessing similar polarities,
were collected together by column chromatography, and subjected to 1H
NMR analysis to determine the ratio. 3a was detected by GC-MS analysis,
and the pure product of 3b, a derivative of 3a bearing an acetyl group on
the phenyl ring, was obtained, see Table 2. [c] Undivided cell, carbon cloth
anode (15 mm×15 mm×0.33 mm, WOS1009, Taiwan CeTech), platinum
plate cathode (15 mm×15 mm×0.3 mm), nBu4NBF4 (1.0 equiv) as the
supporting electrolyte, CCE at 2.0 mA while irradiation.
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temperature (entry 11). Some hydrogen acceptors were eval-
uated as additives, and the use of nitrobenzene (entry 12) or p-
dinitrobenzene (p-DNB, entry 13) led to inferior results probably
due to their ability to inhibit single-electron transfer (SET). To
our delight, indoline 2a was obtained in a better yield of 51%
upon addition of p-NA (entry 14), with the hydrotrifluorometh-
ylated byproduct 3a eliminated, suggesting that the efficiency
of the proton reduction might be improved. Finally, the yield of
indoline 2a was further improved to 60% using 2 mol% of
Mes-Acr+BF4

� in MeCN/HFIP (9 : 1, v/v, 0.1 M, entry 15) for 48 h.
Using proton as an innocuous oxidant, a variety of

trifluoromethylated indolines 2 could be prepared under
optimized conditions (Table 2). Allylated anilides bearing a
methyl, methoxy, bromo, chloro, trifluoromethyl, or cyano
group at the para position of the N-aryl group reacted with
Langlois’ reagent to give 5-substituted indolines 2b–2g in
moderate to high yields. Though both electron-donating and
-withdrawing groups were compatible with this transformation,
the use of olefins having an electron-deficient N-aryl group
provided higher yields. para-Phenyl-substituted N-(2-meth-
ylallyl) acetanilide proved to be a challenging substrate,

delivering the corresponding trifluoroethyl indoline 2h in a
poor yield. 5-Acetyl indoline 2 i was synthesized from the
corresponding 4-acetyl aniline in 51% yield, along with anti-
Markovnikov hydrotrifluoromethylation byproduct 3b produced
in 24% yield. Notably, the pyridyl functionality was tolerated,
and allylated N-(pyridin-4-yl) acetamide reacted smoothly to
afford 2,3-dihydropyrrolo[3,2-c]pyridine 2 j in 64% yield. This
protocol might be sensitive to steric factors, and the allyl
acetanilide with a 3,5-dichloro group reacted to give the
corresponding 4,6-dichloro indoline 2k in a modest yield.

The scope of the N-protecting group (PG) was also
investigated. Allylated anilines bearing a propionyl, octanoyl or
pivaloyl N-PG participated in this cyclization to furnish the
related indoline products 2 l–2p in good yields. The tert-
butyloxy-carbonyl (Boc)-protected allyl aniline is a competent
substrate as well, furnishing indoline-1-carboxylate 2q in 84%
yield. An evaluation of various sulfonyl PGs revealed that
alkylsulfonyl, such as methylsulfonyl and ethylsulfonyl, arylsul-
fonyl, including phenylsulfonyl, tosyl and o-tolylsulfonyl, and
N,N-dimethylsulfamoyl groups, were all tolerated, providing
related sulfonyl indolines 2r–2x in moderate yields.
Trifluoromethylated small organic molecules are often volatile,
and thus some isolated yields might have been damaged
during purification.

In an effort to explore the potential of the p-NA-facilitated
strategy to induce oxidative photocyclization, the title reaction
was extended to other alkenes, either unactivated or activated
(Table 3). Using an aroyl group as the inbuilt radical trap, N-allyl
benzamides 4 with a methyl, methoxy or bromo substituent on
the aryl ring reacted smoothly with CF3SO2Na under optimized
reaction conditions, providing CF3-containing 3,4-dihydroisoqui-
nolin-1-ones 5a–5c in 45–63% yields. N-Arylacrylamide 6, a
classic substrate for radical cyclization, also underwent a similar
aryltrifluoromethylation to give the desired indolin-2-one prod-
uct 7. N-Allylated or -acryloylated 2-phenyl benzoimidazoles 8
and 10 are both good performers, providing trifluorometh-
ylated 5,6-dihydrobenzoimidazo[2,1-a]isoquinoline 9 or benzoi-
midazo[2,1-a]isoquinolin-6(5H)-one 11 in 54% and 48% yields,
respectively. The inbuilt radical trapping moiety could be
extended to the benzyl group as well, and 1,2,3,4-tetrahydroiso-
quinoline 13 was successfully prepared from N-benzyl allyl-
amine 12.

It is worthy of notice that a gram-scale synthesis could be
readily carried out, and trifluoromethylated indoline 2a was
furnished in only a slightly diminished yield of 56% from
6 mmol of allylated aniline 1a (Scheme 3), rendering the
present protocol highly practical.

Table 2. Photosynthesis of CF3-containing indolines.[a]

[a] Reaction conditions: 1 (0.5 mmol), CF3SO2Na (2.0 equiv), Mes-Acr+BF4
�

(2 mol%), p-NA (1.0 equiv), MeCN/HFIP (9 :1, v/v, 5.0 mL), 6 W blue LEDs,
Ar, room temperature, 48 h.

Scheme 3. Gram-scale synthesis.
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In order to ascertain the role of p-NA, a range of
spectroscopic experiments was carried out. Stern-Volmer
quenching studies revealed that the excited state of Mes-Acr+

BF4
� can be quenched by p-NA (Figure 1a), and the quenching

effect could be eliminated by introducing large amounts of
HFIP (Figures S5–S7). Cyclic voltammetry (CV) tests indicated
that p-NA has a reduction potential of � 1.17 V vs. Ag/AgCl
(Figure S19, see the Supporting Information), which is much
higher than that of HFIP (� 0.86 V vs. Ag/AgCl, Figure S15) and
even the solvent MeCN (� 0.81 V vs. Ag/AgCl, Figure S16).
Furthermore, the reduction waves of p-NA disappeared upon
inclusion of HFIP, whereas the reduction profile of the MeCN/
HFIP mixture (9 : 1) changed remarkably in the presence of p-NA
(Figure 1b). It became much steeper, and the current response
substantially increased. These data suggest that HFIP might be
preferentially reduced over p-NA in the reaction, and that the
reduction of HFIP could be significantly improved by incorpo-
rating p-NA. In voltammograms involving small amounts of
HFIP (100 μL), while the reduction potentials of HFIP decreased
upon inclusion of p-NA, a new and stronger reduction peak
(� 1.02 V vs. Ag/AgCl) was observed (Figures 1c and S22),
indicating that there might be a strong non-bonding interaction
between the two molecules.[29] Such an interaction was further
evidenced by the downfield and hypochromatic shifts observed
in the NMR (Figures 1d, S28, and S29) and UV-vis spectra
(Figure 1e), respectively, upon mixing HFIP with p-NA. Density

functional theory (DFT) calculations[30] revealed that HFIP and p-
NA are hydrogen-bonded, and that other non-bonding inter-
actions are negligible (Figure 1f, see the Supporting Informa-
tion). Hydrogen detection tests confirmed the hydrogen
evolution (Figure 1g), which was somewhat attenuated by
adding p-NA, suggesting that p-NA might scavenge some of the
reduced protons probably via PCET to give H2O and 4-
nitrosoanisole.[13,31] The SET from CF3SO2Na to the excited PC
was also confirmed by Stern-Volmer quenching experiments
(Figures 1h, S8–S11).

To probe the radical nature of this transformation, quench-
ing experiments were conducted (Scheme 4a). The model
reaction under otherwise optimal conditions was suppressed by
doping with either 1 equiv. of 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) or 3 equiv. of 1,1-diphenylethylene (DPE), whereas
the use of 5 equiv. of 2,6-di-tert-butyl-4-methylphenol (BHT) as
the radical scavenger compromised the yield of 2a. In addition,
DPE-CF3 adduct 14 was detected by 19F NMR analysis in DPE
experiment. In the presence of 2 equiv. of a SET inhibitor of p-
DNB or 1 equiv. of an electron scavenger of CuCl2, the model
reaction under standard conditions did not proceed as well.
These results indicate that a radical and SET pathway might be
involved in this methodology. The kinetic isotope effect (KIE)
was determined through parallel experiments with allyl
acetamide 1a and the aryl-deuterated substrate 1a–d5 under
standard conditions (Scheme 4b), and the minor KIE value of 1.1
indicates that the C� H bond cleavage of the aryl moiety is not
the rate-limiting step. The intermittent irradiation experiments
showed that the trifluoromethylation/cyclization sequence was
fully suppressed in the absence of light (Scheme 4c), thus a
constant irradiation is necessary for effective product formation.

Table 3. Strategy extension.[a]

[a] Reaction conditions: 1 (0.5 mmol), CF3SO2Na (2.0 equiv), Mes-Acr+BF4
�

(2 mol%), p-NA (1.0 equiv), MeCN/HFIP (9 :1, v/v, 5.0 mL), 6 W blue LEDs,
Ar, room temperature, 48 h.

Scheme 4. Further mechanistic investigations.
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A quantum yield of 0.529 was determined (see the Supporting
Information), and a value below unity suggests that the reaction
should proceed by a sequential redox process rather than a
radical chain pathway.

On the basis of the observations above, a plausible reaction
mechanism is proposed (Scheme 5). Irradiation of the organic
dye Mes-Acr+BF4

� leads to its excited state of Mes-Acr+* with a
reduction potential of 1.78 V vs. Ag/AgCl in MeCN/HFIP (9 : 1) on
the basis of electrochemical and spectroscopic measurements
(see the Supporting Information), and Mes-Acr+* is oxidizing
enough to enable a SET from CF3SO2Na (1.32 V vs. Ag/AgCl in
MeCN/HFIP (9 : 1), Figure S13) to afford a molecule of SO2 and a
trifluoromethyl radical (CF3

*). The addition of CF3
* to the alkene

bond of 1a delivers alkyl radical A. A then cyclizes to ring
closure intermediate B via intramolecular radical tapping by the

aryl group, and the SET from B to Mes-Acr+* affords cationic
intermediate C. Finally, the deprotonation of C gives the CF3-
containing indoline 2a. As for the reduction part of the
photocatalytic cycle, HFIP or the complex of HFIP and p-NA[29]

Figure 1. a) Emissions of Mes-Acr+BF4
� (10� 3 M) and an equimolar mixture of Mes-Acr+BF4

� and p-NA (10� 3 M) in MeCN/HFIP (9 :1). b) Cyclic voltammograms
of p-NA (10� 3 M) in MeCN or MeCN/HFIP (9 :1) containing 0.1 M nBu4NBF4. c) Cyclic voltammograms of reaction mixtures in MeCN containing 0.1 M nBu4NBF4.
Gray line, 1a (10� 3 M) and CF3SO2Na (2.0 equiv); black line, 1a (10� 3 M), CF3SO2Na (2.0 equiv) and p-NA (1.0 equiv); blue line, 1a (10� 3 M), CF3SO2Na (2.0 equiv)
and HFIP (100.0 μL); red line, 1a (10� 3 M), CF3SO2Na (2.0 equiv), HFIP (100.0 μL) and p-NA (1.0 equiv). d) 1H NMR spectra of HFIP (0.1 M) and an equimolar
mixture of HFIP and p-NA (0.1 M) in CDCl3. e) UV-vis spectra of HFIP (0.1 M), p-NA (0.1 M), and an equimolar mixture of p-NA and HFIP (0.1 M) in MeCN. f)
Theoretical calculations of non-bonding interactions between HFIP and p-NA. g) Hydrogen detection tests in the absence or presence of p-NA (1.0 equiv)
using 6 mmol of 1a under otherwise optimized conditions. h) Fluorescence quenching of Mes-Acr+BF4

� (10� 3 M) in the presence of CF3SO2Na (5.0 equiv) in
petroleum ether.

Scheme 5. Proposed mechanism.
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reacts with the reduced form of PC (Mes-Acr*) via direct and
PCET reduction, respectively, to produce H2 or water,[31] along
with the ground-state PC of Mes-Acr+ regenerated.

Conclusion

In conclusion, a complementary oxidative photo-strategy
assisted by p-NA and a visible light-induced aryltrifluorometh-
ylation of alkenes and Langlois’ reagent with hydrogen
evolution to afford a range of CF3-containing heterocycles such
as indolines, indolin-2-ones, 3,4-dihydroisoquinolin-1-ones, 5,6-
dihydrobenzoimidazo[2,1-a]isoquinolines, benzoimidazo[2,1-a]
isoquinolin-6(5H)-ones and 1,2,3,4-tetrahydroisoquinolines,
have been developed. This protocol is general, practical, and
metal- and oxidant-free with a good functional-group tolerance.
Extensive mechanistic investigations revealed that p-NA does
not react with the PC directly as an oxidant, but rather activates
HFIP via PCET and scavenges some of the reduced protons to
improve proton photoreduction.

Experimental Section
General procedure for the synthesis of CF3-containing hetero-
cycles. A 25-mL reaction tube, equipped with a magnetic stirring
bar, was charged sequentially with substrate 1, 4, 6, 8, 10, or 12
(0.5 mmol), CF3SO2Na (2.0 equiv, 1.0 mmol, 156 mg), p-NA
(1.0 equiv, 0.5 mmol, 77 mg), and Mes-Acr+BF4

� (2 mol%,
0.01 mmol, 4 mg) under argon, followed by the addition of
degassed MeCN (4.5 mL) and HFIP (0.5 mL). The mixture was stirred
at room temperature under blue LED irradiation for 48 h, then it
was quenched with water (20.0 mL), and extracted with CH2Cl2
(20.0 mL) three times. The residue obtained after evaporation of the
solvent was purified by column chromatography on silica gel
(petroleum ether-ethyl acetate) to afford the product. Polyfluor-
oalkylated small organic molecules are often volatile, and thus the
solvents were removed under low-vacuum or ambient-pressure
conditions.

For further experimental details including experimental procedures,
spectral data, and copies of NMR and GC-MS spectra, see the
Supporting Information.
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Radical reactions: A p-nitroanisole (p-
NA) assisted strategy to achieve
oxidative photocatalysis with H2

evolution is presented. Using hexa-
fluoroisopropanol (HFIP) as a proton
source and p-NA to activate HFIP, the
proton photoreduction is enhanced,
enabling a range of aryltrifluorometh-
ylative cyclizations of alkenes and

Langlois’ reagent to afford various
CF3-containing heterocycles. 4-Nitroa-
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