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ABSTRACT: The direct oxidative addition of CF3 and H2O to
alkynes was achieved with photoredox catalysis to obtain α-
trifluoromethyl ketones via rapid enol-keto tautomerization. The
reaction exhibits high functional group tolerance and regioselectiv-
ity. Heterocycles of various sizes containing CF3 were synthesized
from the α-CF3-substituted diketones obtained through the
protocol, thereby demonstrating the versatile applicability of the
method. Mechanistic studies of the reaction with isotopes provided
insight into the reaction pathway.

The incorporation of a fluoro-substituent in organic
molecules has been studied extensively, because of its

significant impact on biological properties, such as lipophilicity,
binding affinity, and metabolic stability.1 Among these
reactions, the formation of α-CF3 substituted ketones in
particular is very attractive, because of their use as versatile
building blocks for a variety of complex CF3-containing
molecules. The most common route to α-CF3 ketones involves
the use of enolates or enol ethers as substrates. For example, in-
situ-generated Li, Ti, and Zn enolates were used to form α-CF3
ketones in combination with a CF3 radical.

2 In addition, silyl
enol ethers were successfully employed by MacMillan and
Kappe (see Scheme 1a).3 Recently, Li and Kamimura reported
the formation of α-CF3 ketones using vinyl triflates via oxidative
radical fragmentation (see Scheme 1b).4 However, these types
of reactions could not proceed without the prerequisite
formation of appropriate enol-type substrates and needed

existing carbonyl moieties.5 Alternatively, the direct formation
of α-CF3 substituted ketones from alkenes was achieved
(Scheme 1, c).6 These bis-functionalization approaches are
highly beneficial, because of the high availability of alkenes and
no required preformation. Further attempts were made to
extend this attractive approach to alkyne substrates. Hu used
propionic acids in an electrophilic decarboxylative mechanism
with Cu(OAc)2 (Scheme 1d).

7 In addition, Maiti reported CF3
radical and O2 incorporation using AgNO3 (Scheme 1e).8

However, these methods still have major limitations, such as
stoichiometric use of Cu(OAc)2 (2 equiv) and high catalytic
loading of AgNO3 (20 mol %). In addition, only terminal
alkynes and alkynyl acids can be employed to produce
unsubstituted α-CF3 ketones (Scheme 1, R2 = H) as a result.
Thus, an atom-economical and versatile method for use with a
broad range of alkynes remained elusive and needed to be
developed to obtain diversely substituted α-CF3 ketones.
Herein, in continuation of our efforts to develop novel CF3-
related bis-functionalization reactions,9 we disclose the multi-
component oxidative trifluoromethylation of various internal
and terminal alkynes with visible light catalysis for the
formation of α-CF3 substituted ketones. To the best of our
knowledge, this reaction is the first direct synthesis of α-CF3
substituted ketones from internal and terminal alkynes using
photoredox catalysis (Scheme 1f).
We envisioned the possibility of a regioselective and

chemoselective direct one-step conversion of aryl alkynes
employing visible-light-mediated photoredox catalysis using a
CF3 radical and H2O, as depicted in Scheme 2. Excitation of the

Received: February 5, 2018

Scheme 1. Synthesis of α-Trifluoromethyl Ketones
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photoredox catalyst (from IrIII to *IrIII) with visible light can
generate the CF3 radical from Umemoto’s reagent (E1/2 =
−0.37 V vs SCE), because of a high reducing power of fac-

Ir(ppy)3 (E1/2
IV/*III = −1.73 V vs SCE).10 The CF3 radical can be

captured by alkynes to produce the vinyl radical Int-I.
Regioselecive generation of the vinyl radical is anticipated,
because of the stabilization effect of the adjacent aromatic
ring.9a,11 The resulting vinyl radical species can be oxidized by
IrIV to a vinyl cation Int-II since the reduction potential of IrIV

is sufficiently high (E1/2
IV/III = 0.77 V vs SCE).10,12 This oxidation

regenerates the catalyst IrIII to close the catalytic cycle. In
addition, the formed vinyl cations can easily be trapped with
H2O to generate Int-III. Deprotonation with the anion BF4

−

produces the enol Int-IV. The desired product could be readily
obtained by enol-keto tautomerization.
Based on the proposed pathway, we attempted the reaction

with the internal alkyne 1a under various photoredox catalytic
conditions (see Table 1). To our delight, the desired product
2a was obtained in 60% yield when H2O and Umemoto’s
reagent were added with a catalytic amount of fac-Ir(ppy)3
under blue LED irradiation (entry 1, Table 1). When the
amount of H2O was decreased, the yield was increased to as
much as 77% (entries 1−3, Table 1). Catalyst screening
enabled fac-Ir(ppy)3 to be identified as the optimal catalyst
(entries 3−6, Table 1).13 The use of two equivalents of
Umemoto’s reagent resulted in improvement with an isolated
yield of 77% (entry 7, Table 1). The absence of light irradiation
completely quenched the reaction, proving that a light-
mediated reaction was involved (entry 8, Table 1). Interest-
ingly, without the catalyst, the reaction yielded 26% of the
product, which is suspected to form via an inefficient radical
pathway, resulting from the direct absorption of light by
Umemoto’s reagent (entry 9, Table 1).9a

Using this optimization protocol, various alkynes were
subjected to the reaction conditions. First, substrates with
substituents on the aromatic rings were tested with 1-phenyl-1-
propyne and its various derivatives (Table 2, 1a−1n). Acetyl
and tosyl protected amines containing alkynes were smoothly
converted to their product in 77% (2a), 81% (2b), and 81%

(2c) yields, respectively. In addition, a Boc-protected amine
gave the desired product in moderate yield (2d, 50%). A
tertiary amine substituent such as in dimethyl aniline also
produced the desired product with moderate reactivity (2e,
51% yield). Methoxy- and mesyl-protected alcohols were
efficiently transformed to the α-CF3 substituted ketones in
75% and 63% yields, respectively (2f and 2g). In particular,
unprotected alcohol substituents in the form of phenolic and
benzyl alcohols were also not detrimental to forming the
desired products 2h (81%) and 2i (65%). In addition,
substrates with halide substituents on the aromatic rings were
stably converted to the products (2j−2l) in good to moderate
yields (68%−50%). Unsubstituted (2m) and alkyl-substituted
(2n) aromatic rings proved to be good substrates for the
reaction (70% and 77% yields).
In another set of experiments, we varied the R2 group as in

substrates 3a−3l to investigate the steric effect and functional
tolerance on the alkynic position (see Table 3). Longer alkyl
chains from Me to n-Bu did not hinder the progress of the
reaction to give 4a (71%). Even the bulky cyclopentyl and
cyclohexyl rings were found to be tolerant under the reaction
conditions to give the desired products (4b (80%) and 4c
(63%)). Interestingly, the benzyl product (4d) was obtained in
moderate yield (50%). Noticeably, the bis α-trifluoromethy-
lated ketone (4e, 66%) can be formed when the CF3-containing
alkyne 3e is used as a starting material. It is important to note
here that terminal alkynes were also proven to be efficient
substrates for the transformation, as shown in the examples of
the formation of 4f−4h in good to high yields (55%−70%).
Most interestingly, we could also achieve the formation of the
CF3-containing ketoester 4i in satisfactory yield (62%), thereby

Scheme 2. Proposed Pathway for Direct α-
Trifluoromethylation of Alkynes

Table 1. Optimization of the Oxidative Trifluoromethylation
of Alkynesa

entry catalyst solvent yield (%)b

1 fac-Ir(ppy)3 acetone:H2O (9:1, 0.1 M) 60
2 fac-Ir(ppy)3 acetone:H2O (19:1, 0.1 M) 69
3 fac-Ir(ppy)3 acetone:H2O (39:1, 0.1 M) 77
4 Ru(bpy)3 acetone:H2O (39:1, 0.1 M) 23
5 [Ru(phen)3]Cl2 acetone:H2O (39:1, 0.1 M) 55
6 Ir(dFppy)3 acetone:H2O (39:1, 0.1 M) 60
7c fac-Ir(ppy)3 acetone:H2O (39:1, 0.1 M) 81 (77)
8d fac-Ir(ppy)3 acetone:H2O (39:1, 0.1 M) 0
9e acetone:H2O (39:1, 0.1 M) 26

aReactions were carried out under N2 atmosphere at 25 °C for 12 h
using 1a (0.1 mmol), catalyst (2 mol %), and Umemoto’s reagent
(0.15 mmol). bYields were determined by 1H NMR using 1,1,2,2-
tetrachloroethane as internal standard (isolated yield after flash silica
gel column given in parentheses). cUmemoto’s reagent (0.20 mmol).
dIn darkness. eWithout a catalyst.
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demonstrating the strong tolerability of the reaction and its
extensibility to the synthesis of complex molecules.14 Similarly,
other 1,3-diketo compounds were produced with methyl (4j
(71%)), isopropyl (4k (72%)), and heteroaromatic (4l (55%))
substitutions.
The formation of trifluoromethylated dicarbonyl products

(4i−4l) highlights the importance of the protocol over
previously reported procedures. The strong versatility in the
application of dicarbonyl compounds as synthons is well-
established and was demonstrated here by the synthesis of
various trifluoromethylated heterocyclic compounds,15 using
the diketo product 4m (Scheme 3).16 For example, five-
membered rings, such as isoxazole (5a, 62%) and pyrazole (5b,
57%) were efficiently synthesized by condensation with
hydroxylamine hydrochloride and phenyl hydrazine, respec-

tively.17 Furthermore, simple urea treatment gave the 2-hydroxy
pyrimidine product (5c (52%)). Particularly, the CF3-
incorporated pyrazole (5b) shares the core structure with the
nonsteroidal anti-inflammatory drug (NSAID) Celecoxib and
its structural analogues,18 which highlights the high applicability
of this methodology to the field of medicinal chemistry.
The reaction pathway was examined more closely by

conducting isotope labeled experiments, as shown in Scheme
4. Even though the optimized solvent system is acetone/H2O,
in these experiments MeCN was used instead of acetone,
because the high exchange rates of deuterium with the methyl
protons of acetone19 and 18O with the carbonyl oxygen of
acetone20 would complicate the interpretation. When H2

18O
was used under the optimized conditions, 18O was incorporated
into 87% of the product 6a (see Scheme 4, eq 1). In addition,
when D2O was used, we observed that 72% of the deuterium
was incorporated in the product 6b (Scheme 4, eq 2). These
isotope studies clearly show that the product is formed as a

Table 2. Direct Oxidative Trifluoromethylation of Alkynes
1a,b

aReactions were carried out under N2 atmosphere at 25 °C for 12 h
using alkyne (0.2 mmol), fac-Ir(ppy)3 (2 mol %) and Umemoto’s
reagent (0.4 mmol). bIsolated yields after column chromatography are
given in parentheses.

Table 3. Direct Oxidative Trifluoromethylation of Alkynes
3a,b

aReactions were carried out under N2 atmosphere at 25 °C for 12 h
using alkyne (0.2 mmol), fac-Ir(ppy)3 (2 mol %) and Umemoto’s
reagent (0.4 mmol). bIsolated yields after column chromatography are
given in parentheses.
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result of an attack by water and tautomerization of the enol, as
depicted in Scheme 2.
In conclusion, we developed a direct oxidative trifluorome-

thylation using photoredox catalysis to obtain various α-CF3
incorporated ketones from various alkynes. The mechanistic
study revealed that H2O can be used as a nucleophile, and that
enol-keto tautomerization is occurring. The broad scope of
functional group tolerance, operational simplicity, and the
synthesis of various CF3-incorporated heterocyclic compounds
demonstrate the strong versatility of the reaction.
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Rosello,́ M.; Aceña, J. L.; del Pozo, C.; Sorochinsky, A. E.; Fustero, S.;
Soloshonok, V. A.; Liu, H. Chem. Rev. 2014, 114, 2432. (c) Hagmann,
W. K. J. Med. Chem. 2008, 51, 4359. (d) O’Hagan, D. Chem. Soc. Rev.
2008, 37, 308. (e) Kirk, K. L. Org. Process Res. Dev. 2008, 12, 305.
(f) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem. Soc.
Rev. 2008, 37, 320. (g) Müller, K.; Faeh, C.; Diederich, F. Science 2007,
317, 1881−1886. (h) Shah, P.; Westwell, A. D. J. Enzyme Inhib. Med.
Chem. 2007, 22, 527. (i) Biffinger, J. C.; Kim, H. W.; DiMagno, S. G.
ChemBioChem 2004, 5, 622. (j) Gerebtzoff, G.; Li-Blatter, X.; Fischer,
H.; Frentzel, A.; Seelig, A. ChemBioChem 2004, 5, 676. (k) Dunitz, J.
D. ChemBioChem 2004, 5, 614. (l) Jeschke, P. ChemBioChem 2004, 5,
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C. O. Org. Lett. 2014, 16, 896. (b) Pham, P. V.; Nagib, D. A.;
MacMillan, D. W. C. Angew. Chem., Int. Ed. 2011, 50, 6119.
(c) Jacquet, J.; Blanchard, S.; Derat, E.; Desage-El Murr, M.;
Fensterbank, L. Chem. Sci. 2016, 7, 2030. (d) Li, L.; Chen, Q.-Y.;
Guo, Y. J. Org. Chem. 2014, 79, 5145. (e) Ma, J.-A.; Cahard, D. J. Org.
Chem. 2003, 68, 8726.
(4) (a) Su, X.; Huang, H.; Yuan, Y.; Li, Y. Angew. Chem., Int. Ed.
2017, 56, 1338. (b) Kawamoto, T.; Sasaki, R.; Kamimura, A. Angew.
Chem., Int. Ed. 2017, 56, 1342.
(5) For more examples, see: (a) Deng, Q.-H.; Wadepohl, H.; Gade,
L. H. J. Am. Chem. Soc. 2012, 134, 10769. (b) Herrmann, A. T.; Smith,
L. L.; Zakarian, A. J. Am. Chem. Soc. 2012, 134, 6976. (c) Novaḱ, P.;
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