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ABSTRACT: We report herein an efficient four-component photoredox-catalyzed reaction. Under the optimized conditions
using [Ru(bpy)3(PF6)2] as the photocatalyst, a wide range of terminal and internal alkenes can efficiently undergo azidoalkoxy-
trifluoromethylation in the presence of Umemoto’s reagent, carbonyl compound, and TMSN3, giving rise to original and highly
complex molecules in a single operation.

The trifluoromethyl (CF3) group is an important structural
motif in a large number of pharmaceuticals, agro-

chemicals, and organic materials. Many research efforts have
been made to develop new efficient methods to incorporate
the CF3 group in the past years.1 Among the various
approaches, the photocatalyzed multicomponent trifluorome-
thylation reactions (PMCTRs) of alkenes have emerged as a
powerful and ecofriendly methodology from the viewpoint of
safety, simplicity, and efficiency.2−4 In addition, this strategy
offers access to diverse trifluoromethylated compounds in a
single step with high synthetic efficiency from three simple and
easily available reagents. In such a process, two bonds are
formed with the simultaneous incorporation of the CF3 group
with hydrogen,5 oxygen,6 nitrogen,6e,7 halogen,8 or carbon6e,9

into the alkenes. Despite the diversity, as far as we know, there
are few examples7a,10 in which more than three components
have been incorporated into the alkenes in order to generate
more elaborate trifluoromethylated products. The develop-
ment of such photocatalyzed multicomponent reactions is a
challenging task since one has to consider not only the
reactivity match of the components but also the reactivity of
the intermediates generated in situ and their compatibility.
Our group has previously developed a novel three-

component photoredox-mediated synthesis of CF3-containing
phthalans through an initial nucleophilic addition of azide to
vinylbenzaldehydes and a subsequent intramolecular oxy-

trifluoromethylation (Scheme 1).11 Based on this precedent

and our previous work,6e,j,7b,8e,9c,12 we questioned whether a

four-component reaction, in which both carbonyl and alkene
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Scheme 1. Synthetic Approach of Four-Component
Azidoalkoxy-Trifluoromethylation of Alkenes

Letter

pubs.acs.org/OrgLettCite This: Org. Lett. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.orglett.9b02152
Org. Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
SO

U
T

H
E

R
N

 I
N

D
IA

N
A

 o
n 

Ju
ly

 2
4,

 2
01

9 
at

 1
6:

12
:0

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.9b02152
http://dx.doi.org/10.1021/acs.orglett.9b02152


functionalities would not be linked together, could be achieved.
This PMCTR might provide a facile route to highly
functionalized azidoalkoxy-trifluoromethylated compound 5
through a sequence of C−CF3, C−N, and C−O bond-forming
processes. Although conceptually appealing, the execution of
this four-component reaction is quite challenging. Indeed,
TMSN3 has a high propensity to trap the β-trifluoromethylated
carbocation 11 to form azidotrifluoromethylated compounds
10.1k,3,6e,7b,e,13 In addition, the α-azido alcohol which is
reversibly generated from aldehyde and an azide anion is a
short-lived species.14 For the reaction to succeed, the trapping
of 11 by the in situ generated α-azido alcohol has to occur at a
much faster rate than its trapping by the azide ion.
To test the feasibility of the proposed four-component

reaction, TMSN3 (2, 2 equiv) was added to a mixture of 2-
vinylnaphthalene (8a, 1 equiv) and phenylpropionaldehyde
(7a, 1 equiv) in DCM, in the presence of Ru(bpy)3(PF6)2 4
under blue LED light (Table 1). Our initial experiment failed,

affording only the azidotrifluoromethylated three-component
product 10a in 65% yield. Gratefully, when 2 equiv of TMSN3
and 3 equiv of aldehyde 7a were employed, we did isolate the
four-component adduct 9a as a mixture of two diaster-
eoisomers (36% yield), together with 10a (25% yield). Based
on this encouraging result, we speculated that the yield could
be further improved by adjusting the stoichiometry of TMSN3
and phenylpropionaldehyde (7a). Indeed, after a careful
screening, 5 equiv of TMSN3 and 6 equiv of 7a were optimal
for obtaining satisfactory yield of the desired four-component
product 9a. In this condition, the formation of three-
component product 10a was minimized (10%). Interestingly,
when a catalyst such as SnCl2

14b or TfOH14g was added, lower
yield of 9a was obtained (entries 6−7).

Having identified the optimal conditions, we next inves-
tigated the scope of this four-component azidoalkoxy-
trifluoromethylation by varying the structure of carbonyl
components. As shown in Scheme 2, linear aldehydes 7b−e

were all compatible, leading to the respective adducts in decent
yields (up to 77% yield) with moderate diastereoselectivities.
β-Branched aldehydes participated effectively in the four-
component reaction, leading to compound 9h in 68% yield,
while α-branched aldehydes were much less reactive (9i, 37%
yield). It is also worth noting that the process was compatible
with aldehydes bearing functional groups such as halogen or
silyl ether, affording the expected products 9f and 9g in 52 and
51% yields, respectively.15 However, the four-component
reaction with acetone 7j as a partner did not proceed, and
only the three-component product 10a was observed. We
found after further optimization that the three-component
undesired reaction was minimized when the amount of
TMSN3 was reduced to 1.5 equiv. Pleasingly, the reaction
was scaled up without any decrease in the yield. However,
hindered ketones such as pentan-3-one and cyclobutanone led
to much lower yields (9k and 9l) with concurrent increase of
10a.16

We next examined the scope of this four-component
reaction by varying the structure of alkenes (Scheme 3). A
variety of substituents such as bromine, chlorine, methyl, tert-

Table 1. Survey of Reaction Conditions for the
Photocatalyzed Azidoalkoxy-Trifluoromethylation of 7aa

entry y equiv of 2 z equiv of 7a yield 9a (%)b yield 10a (%)b

1 2 1 0 65
2 2 3 36 25
3 3 4 19 37
4 5 6 61 10
5 5 5 39 30
6c 5 6 18 37e

7d 5 6 20 35e

8f 5 6 - -
9g 5 6 - -
10h 5 6 14 13

aGeneral conditions: 3 (0.15 mmol), 8a (0.10 mmol), 2 (0.y mmol),
7a (0.z mmol), and 4 (0.05 equiv) in distillated CH2Cl2 (2.0 mL)
irradiated under blue LEDs at rt for 2.5 h. bYields referred to
chromatographically pure product and 56:44 dr were determined by
1H NMR analysis. cWith 10 mol % of SnCl2.

dWith 1 mol % of TfOH.
eFormation of gem-diazide 10% yield. fWithout photocatalyst.
gWithout light. hWith Umemoto triflate salt.

Scheme 2. Scope of Carbonyl Compoundsa,b

aGeneral conditions: 3 (0.15 mmol), 8a (0.10 mmol), 2 (0.50 mmol),
7 (0.60 mmol), and 4 (0.05 equiv) in distillated CH2Cl2 (2.0 mL)
irradiated under blue LEDs at rt for 2.5 h. bYields refer to
chromatographically pure products. The dr’s were determined by
1H NMR analysis in all cases. cWith 1.5 equiv of 2. dReaction
performed with 1 mmol of 8a.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b02152
Org. Lett. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.orglett.9b02152


butyl, and acetate at different positions of the aromatic ring of
styrenes were tolerated, affording the expected four-compo-
nent adducts 9m−s in up to 67% yield. 1,1-Disubstituted
alkene was also compatible with this transformation, providing
the desired trifluoromethylated tertiary azido-ether 9s in 44%
yield. Remarkably, this process could also be successfully
extended to internal alkenes. For instance, trans-β-methylstyr-
ene, stilbene, as well as cyclic indene smoothly reacted to
afford the corresponding azidoalkoxy-trifluoromethylated
products 9t−9v, respectively, in 58−51% yields, with
diastereomeric ratios from 52:48 to 92:8. It is also worth
noting that only small amounts of three-component trifluor-
omethylated azides 10a were isolated in all cases (<10%), thus
pointing out the high selectivity in favor of the four-component
transformation. On the other hand, the reaction was not
limited to styrenes as dihydropyran was azidoalkoxytrifluor-
omethylated, furnishing the corresponding product 9w albeit
with moderate yield.17 To our delight, TMSCN could be
efficiently used instead of TMSN3, leading to cyanoalkoxy-
trifluoromethylation of 9w in 59% yield.
In order to understand the mechanism of the current four-

component reaction, a set of control experiments were
performed (see Supporting Information). The conversion of
aldehyde 7a into the corresponding trimethylsilylated azohy-
drin 12a (Scheme 4) was studied by 1H NMR monitoring of a
reaction mixture containing 7a and TMSN3 in DCM. It
revealed that in both cases the addition of TMSN3 was very
slow, and only a trace of 12a was observed after 24 h. When
the same reaction was carried out in the presence of the

Umemoto’s reagent 3, a slightly better conversion was noted.
Also, when the preformed trimethylsilylated azohydrin 12d14c

prepared by the reported procedure was used, the expected
azidoalkoxytrifluoromethylated product 9d was not formed,
and only a complex mixture was obtained. These results
suggest that the four-component reaction is unlikely to
proceed via a nucleophilic addition of 12 to 11. On the basis
of the above results as well as other reports,2−11 a plausible
reaction mechanism is shown in Scheme 5. First, irradiation

with visible light excites Ru(bpy)3
2+ into a strong reductant

species *Ru(bpy)3
2+, which performs a single electron transfer

(SET) to generate ·CF3 from Umemoto’s reagent 3 (see
Supporting Information for Stern−Volmer experiments and for
ST/EPR experiments).4,6−9,11

Subsequent regioselective addition of electrophilic ·CF3 to
alkene 8 leads to the radical species 13, which can be further
oxidized into cation 11 by SET from Ru(bpy)3

3+. Then, the
corresponding cation 11 can act as an electrophilic species
assisting the nucleophilic attack of TMSN3 to carbonyl
compound 7 with the tetrafluoroborate counteranion acting
as the source of fluoride ion.18 To support this assumption, an
additional experiment using Umemoto triflate salt 3b was
performed (Table 1, entry 10) where only a little amount of 9a
(14%) and 10a (13%) was recovered.
In conclusion, we have successfully developed an efficient

azidoalkoxy-trifluoromethylation reaction. A wide range of
terminal and internal alkenes as well as a variety of carbonyl
compounds are compatible with this MCR, affording the
corresponding trifluoromethylated compounds in up to 77%
yield. Importantly, this radical/cationic process represents an
efficient and straightforward example of four-component
photoredox-mediated reaction. Extension of this new concept

Scheme 3. Scope of Alkene Compoundsa,b

aGeneral conditions: 3 (0.15 mmol), 8 (0.10 mmol), 2 (0.15 mmol),
7j (0.60 mmol), and 4 (0.05 equiv) in distillated CH2Cl2 (2.0 mL)
irradiated under blue LEDs at rt for 2.5 h. bYields refer to
chromatographically pure products. The dr’s were determined by
1H NMR analysis in all cases. cReactions performed with TMSCN
(0.15 mmol) as a nucleophile.

Scheme 4. Control Experiments

Scheme 5. Plausible Reaction Mechanism
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of photoredox MCTR is currently underway in our laboratory
and will be reported in due course.
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Aceňa, J. L.; del Pozo, C.; Sorochinsky, A. E.; Fustero, S.; Soloshonok,
V. A.; Liu, H. Fluorine in Pharmaceutical Industry: Fluorine-
Containing Drugs Introduced to the Market in the Last Decade
(2001−2011). Chem. Rev. 2014, 114, 2432−2506. (k) Studer, A. A
“Renaissance” in Radical Trifluoromethylation. Angew. Chem., Int. Ed.
2012, 51, 8950−8958.
(2) For reviews on free radical multicomponent reaction, see:
(a) Pantaine, L.; Bour, C.; Masson, G. Photo-Induced Multi-
component Reactions; SPR in Photochemistry; The Royal Society of
Chemistry, 2018. (b) Liautard, V.; Landais, Y. Free-Radical
Multicomponent Processes. In Multicomponent Reactions in Organic
Synthesis; Zhu, J., Wang, Q., Wang, M.-X., Eds.; Wiley-VCH: Verlag
GmbH & Co. KGaA, 2015; pp 401−438. (c) Tojino, M.; Ryu, I. Free-
Radical-Mediated Multicomponent Coupling Reactions. In Multi-
component Reactions; Zhu, J., Bienayme, H., Eds.; Wiley-VCH Verlag
GmbH & Co. KGaA, 2005; pp 169−198. (d) Garbarino, S.; Ravelli,
D.; Protti, S.; Basso, A. Photoinduced Multicomponent Reactions.
Angew. Chem., Int. Ed. 2016, 55, 15476−15484. Angew. Chem. 2016,
128, 15702−15711. (e) Ravelli, D.; Protti, S.; Fagnoni, M. Carbon−

Carbon Bond Forming Reactions via Photogenerated Intermediates.
Chem. Rev. 2016, 116, 9850−9913. (f) Godineau, E.; Landais, Y.
Radical and Radical−Ionic Multicomponent Processes. Chem. - Eur. J.
2009, 15, 3044−3055. (g) Courant, T.; Masson, G. Recent Progress
in Visible-Light Photoredox-Catalyzed Intermolecular 1,2-Difunction-
alization of Double Bonds via an ATRA-Type Mechanism. J. Org.
Chem. 2016, 81, 6945−6952. (h) Cao, M.-Y.; Ren, X.; Lu, Z. Olefin
Difunctionalizations via Visible Light Photocatalysis. Tetrahedron Lett.
2015, 56, 3732−3742.
(3) For selected reviews on photocatalyzed muticomponent
trifluoromethylation, see: (a) Koike, T.; Akita, M. New Horizons of
Photocatalytic Fluoromethylative Difunctionalization of Alkenes.
Chem. 2018, 4, 409−437. (b) Oh, E. H.; Kim, H. J.; Han, S. B.
Recent Developments in Visible-Light-Catalyzed Multicomponent
Trifluoromethylation of Unsaturated Carbon−Carbon Bonds. Syn-
thesis 2018, 50, 3346−3358. (c) Dagousset, G.; Carboni, A.; Masson,
G.; Magnier, E. Visible Light-Induced (Per)fluoroalkylation by Photo-
redox Catalysis; Elsevier S&T Books, 2017; pp 389−426. (d) Koike,
T.; Akita, M. Recent Developments in Visible-Light-Catalyzed
Multicomponent Trifluoromethylation of Unsaturated Carbon−
Carbon Bonds. Acc. Chem. Res. 2016, 49, 1937−1945. (e) Chatterjee,
T.; Iqbal, N.; You, Y.; Cho, E. J. Controlled Fluoroalkylation
Reactions by Visible-Light Photoredox Catalysis. Acc. Chem. Res.
2016, 49, 2284−2294. (f) Koike, T.; Akita, M. A Versatile Strategy for
Difunctionalization of Carbon−Carbon Multiple Bonds by Photo-
redox Catalysis. Org. Chem. Front. 2016, 3, 1345−1349.
(4) For selected recent reviews on photocatalysis, see: (a) Prier, C.
K.; Rankic, D. A.; MacMillan, D. W. Visible Light Photoredox
Catalysis with Transition Metal Complexes: Applications in Organic
Synthesis. Chem. Rev. 2013, 113, 5322−5363. (b) Ravelli, D.;
Fagnoni, M.; Albini, A. Photoorganocatalysis. What For? Chem. Soc.
Rev. 2013, 42, 97−113. (c) Schultz, D. M.; Yoon, T. P. Solar
Synthesis: Prospects in Visible Light Photocatalysis. Science 2014, 343,
1239176. (d) Koike, T.; Akita, M. Visible-Light Radical Reaction
Designed by Ru- and Ir-Based Photoredox Catalysis. Inorg. Chem.
Front. 2014, 1, 562−576. (e) Kar̈kas̈, M. D.; Matsuura, B. S.;
Stephenson, C. R. J. Enchained by Visible Light−Mediated Photo-
redox Catalysis. Science 2015, 349, 1285−1286. (f) Meggers, E.
Asymmetric Catalysis Activated by Visible Light. Chem. Commun.
2015, 51, 3290−3301. (g) Shaw, M. H.; Twilton, J.; MacMillan, D.
W. C. Photoredox Catalysis in Organic Chemistry. J. Org. Chem.
2016, 81, 6898−6926. (h) Romero, N. A.; Nicewicz, D. A. Organic
Photoredox Catalysis. Chem. Rev. 2016, 116, 10075−10166.
(i) Ghosh, I.; Marzo, L.; Das, A.; Shaikh, R.; König, B. Visible
Light Mediated Photoredox Catalytic Arylation Reactions. Acc. Chem.
Res. 2016, 49, 1566−1577. (j) Gentry, E. C.; Knowles, R. R. Synthetic
Applications of Proton-Coupled Electron Transfer. Acc. Chem. Res.
2016, 49, 1546−1556. (k) Skubi, K. L.; Blum, T. R.; Yoon, T. P. Dual
Catalysis Strategies in Photochemical Synthesis. Chem. Rev. 2016,
116, 10035−10074. (l) Ravelli, D.; Protti, S.; Fagnoni, M. Carbon−
Carbon Bond Forming Reactions via Photogenerated Intermediates.
Chem. Rev. 2016, 116, 9850−9913. (m) Arias-Rotondo, D. M.;
McCusker, J. K. The Photophysics of Photoredox Catalysis: a
Roadmap for Catalyst Design. Chem. Soc. Rev. 2016, 45, 5803−5820.
(n) Matsui, J. K.; Lang, S. B.; Heitz, D. R.; Molander, G. A.
Photoredox-Mediated Routes to Radicals: The Value of Catalytic
Radical Generation in Synthetic Methods Development. ACS Catal.
2017, 7, 2563−2575. (o) Marzo, L.; Pagire, S. K.; Reiser, O.; Konig,
B. Visible-Light Photocatalysis: Does It Make a Difference in Organic
Synthesis. Angew. Chem., Int. Ed. 2018, 57, 10034−10072. (p) Zeitler,
K. Metal-free Photo(redox) Catalysis. In Visible Light Photocatalysis in
Organic Chemistry; Stephenson, C. R. J., Yoon, T. P.; MacMillan, D.
W. C., Eds.; Wiley-VCH: Weinheim, 2018.
(5) For selected examples, see: (a) Mizuta, S.; Verhoog, S.; Engle, K.
M.; Khotavivattana, T.; O’Duill, M.; Wheelhouse, K.; Rassias, G.;
Med́ebielle, M.; Gouverneur, V. Catalytic Hydrotrifluoromethylation
of Unactivated Alkenes. J. Am. Chem. Soc. 2013, 135, 2505−2508.
(b) Wilger, D. J.; Gesmundo, N. J.; Nicewicz, D. A. Catalytic
Hydrotrifluoromethylation of Styrenes and Unactivated Aliphatic

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b02152
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b02152
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b02152
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b02152/suppl_file/ol9b02152_si_001.pdf
mailto:geraldine.masson@cnrs.fr
http://orcid.org/0000-0001-8720-3828
http://orcid.org/0000-0003-3392-3971
http://orcid.org/0000-0003-2333-7047
http://dx.doi.org/10.1021/acs.orglett.9b02152


Alkenes via an Organic Photoredox System. Chem. Sci. 2013, 4,
3160−3165. (c) Pitre, S. P.; McTiernan, C. D.; Ismaili, H.; Scaiano, J.
C. Metal-Free Photocatalytic Radical Trifluoromethylation Utilizing
Methylene Blue and Visible Light Irradiation. ACS Catal. 2014, 4,
2530−2535. (d) Straathof, N. J. W.; Cramer, S. E.; Hessel, V.; Noel̈,
T. Practical Photocatalytic Trifluoromethylation and Hydrotrifluor-
omethylation of Styrenes in Batch and Flow. Angew. Chem., Int. Ed.
2016, 55, 15549−15553. Angew. Chem. 2016, 128, 1597−1614.
(e) Zhu, L.; Wang, L.-S.; Li, B.; Fu, B.; Zhang, C.-P.; Li, W.
Operationally Simple Hydrotrifluoromethylation of Alkenes with
Sodium Triflinate Enabled by Ir Photoredox Catalysis. Chem.
Commun. 2016, 52, 6371−6374. (f) Lefebvre, Q.; Hoffmann, N.;
Rueping, M. Photoorganocatalysed and Visible Light Photoredox
Catalysed Trifluoromethylation of Olefins and (Hetero)aromatics in
Batch and Continuous Flow. Chem. Commun. 2016, 52, 2493−2496.
(g) Cheng, Y.; Yu, S. Hydrotrifluoromethylation of Unactivated
Alkenes and Alkynes Enabled by an Electron-Donor−Acceptor
Complex of Togni’s Reagent with a Tertiary Amine. Org. Lett.
2016, 18, 2962−2965.
(6) For selected examples, see: (a) Yasu, Y.; Koike, T.; Akita, M.
Three-Component Oxytrifluoromethylation of Alkenes: Highly
Efficient and Regioselective Difunctionalization of C = C Bonds
Mediated by Photoredox Catalysts. Angew. Chem., Int. Ed. 2012, 51,
9567−9571. Yasu, Y. Angew. Chem. 2012, 124, 9705−9709. (b) Kim,
E.; Choi, S.; Kim, H.; Cho, E. J. Generation of CF3-Containing
Epoxides and Aziridines by Visible-Light-Driven Trifluoromethylation
of Allylic Alcohols and Amines. Chem. - Eur. J. 2013, 19, 6209−6212.
(c) Tomita, R.; Yasu, Y.; Koike, T.; Akita, M. Combining Photoredox-
Catalyzed Trifluoromethylation and Oxidation with DMSO: Facile
Synthesis of α-Trifluoromethylated Ketones from Aromatic Alkenes.
Angew. Chem., Int. Ed. 2014, 53, 7144−7148. Tomita, R. Angew.
Chem. 2014, 126, 7272−7276. (d) Yasu, Y.; Arai, Y.; Tomita, R.;
Koike, T.; Akita, M. Highly Regio- and Diastereoselective Synthesis of
CF3-Substituted Lactones via Photoredox-Catalyzed Carbolactoniza-
tion of Alkenoic Acids. Org. Lett. 2014, 16, 780−783. (e) Dagousset,
G.; Carboni, A.; Magnier, E.; Masson, G. Photoredox-Induced Three-
Component Azido- and Aminotrifluoromethylation of Alkenes. Org.
Lett. 2014, 16, 4340−4343. (f) Deng, Q.-H.; Chen, J.-R.; Wei, Q.;
Zhao, Q.-Q.; Lu, L.-Q.; Xiao, W.-J. Visible-Light-Induced Photo-
catalytic Oxytrifluoromethylation of N-Allylamides for the Synthesis
of CF3-Containing Oxazolines and Benzoxazines. Chem. Commun.
2015, 51, 3537−3540. (g) Noto, N.; Miyazawa, K.; Koike, T.; Akita,
M. Anti-Diastereoselective Synthesis of CF3-Containing Spirooxazo-
lines and Spirooxazines via Regiospecific Trifluoromethylative
Spirocyclization by Photoredox Catalysis. Org. Lett. 2015, 17,
3710−3713. (h) Wei, Q.; Chen, J.-R.; Hu, X.-Q.; Yang, X.-C.; Lu,
B.; Xiao, W.-J. Photocatalytic Radical Trifluoromethylation/Cycliza-
tion Cascade: Synthesis of CF3-Containing Pyrazolines and Isoxazo-
lines. Org. Lett. 2015, 17, 4464−4467. (i) Tomita, R.; Koike, T.;
Akita, M. Photoredox-Catalyzed Stereoselective Conversion of
Alkynes into Tetrasubstituted Trifluoromethylated Alkenes. Angew.
Chem., Int. Ed. 2015, 54, 12923−12927. Tomita, R. Angew. Chem.
2015, 127, 13115−13119. (j) Ran, Y.; Lin, Q.-Y.; Xu, X.-H.; Qing, F.-
L. Visible Light Induced Oxydifluoromethylation of Styrenes with
Difluoromethyltriphenylphosphonium Bromide. J. Org. Chem. 2016,
81, 7001−7007. (k) Noto, N.; Koike, T.; Akita, M. Metal-Free Di-
and Tri-Fluoromethylation of Alkenes Realized by Visible-Light-
Induced Perylene Photoredox Catalysis. Chem. Sci. 2017, 8, 6375−
6379. (l) Daniel, M.; Dagousset, G.; Diter, P.; Klein, P.-A.; Tuccio, B.;
Goncalves, A.-M.; Masson, G.; Magnier, E. Angew. Chem., Int. Ed.
2017, 56, 3997−4001. Daniel, N. Angew. Chem. 2017, 129, 4055−
4059.
(7) For selected examples, see: (a) Yasu, Y.; Koike, T.; Akita, M.
Intermolecular Aminotrifluoromethylation of Alkenes by Visible-
Light-Driven Photoredox Catalysis. Org. Lett. 2013, 15, 2136−2139.
(b) Carboni, A.; Dagousset, G.; Magnier, E.; Masson, G. Photoredox-
Induced Three-Component Oxy-, Amino-, and Carbotrifluoromethy-
lation of Enecarbamates. Org. Lett. 2014, 16, 1240−1243. (c) Wei, Q.;
Chen, J.-R.; Hu, X.-Q.; Yang, X.-C.; Lu, B.; Xiao, W.-J. Photocatalytic

Radical Trifluoromethylation/Cyclization Cascade: Synthesis of CF3-
Containing Pyrazolines and Isoxazolines. Org. Lett. 2015, 17, 4464−
4467. (d) Yu, X.-L.; Chen, J.-R.; Chen, D.-Z.; Xiao, W.-J. Visible-
Light-Induced Photocatalytic Azotrifluoromethylation of Alkenes with
Aryldiazonium Salts and Sodium Triflinate. Chem. Commun. 2016, 52,
8275−8278. (e) Geng, X.; Lin, F.; Wang, X.; Jiao, N. Azidofluor-
oalkylation of Alkenes with Simple Fluoroalkyl Iodides Enabled by
Photoredox Catalysis. Org. Lett. 2017, 19, 4738−4741.
(8) For selected examples, see: (a) Wallentin, C.-J.; Nguyen, J. D.;
Finkbeiner, P.; Stephenson, C. R. J. Visible Light-Mediated Atom
Transfer Radical Addition via Oxidative and Reductive Quenching of
Photocatalysts. J. Am. Chem. Soc. 2012, 134, 8875−8884. (b) Nguyen,
J. D.; Tucker, J. W.; Konieczynska, M. D.; Stephenson, C. R. J.
Intermolecular Atom Transfer Radical Addition to Olefins Mediated
by Oxidative Quenching of Photoredox Catalysts. J. Am. Chem. Soc.
2011, 133, 4160−4163. (c) Oh, S. H.; Malpani, Y. R.; Ha, N.; Jung,
Y.-S.; Han, S. B. Vicinal Difunctionalization of Alkenes: Chlorotri-
fluoromethylation with CF3SO2Cl by Photoredox Catalysis. Org. Lett.
2014, 16, 1310−1313. (d) Tang, X.-J.; Dolbier, W. R., Jr. Efficient
Cu-Catalyzed Atom Transfer Radical Addition Reactions of
Fluoroalkylsulfonyl Chlorides with Electron-Deficient Alkenes
Induced by Visible Light. Angew. Chem., Int. Ed. 2015, 54, 4246−
4249. (e) Carboni, C.; Dagousset, G.; Magnier, E.; Masson, G. Three-
Component Photoredox-Mediated Chloro-, Bromo-, or Iodotrifluor-
omethylation of Alkenes. Synthesis 2015, 47, 2439−2445. (f) Park, G.-
R.; Choi, Y.; Choi, M. G.; Chang, S.-K.; Cho, E. J. Metal-Free Visible-
Light-Induced Trifluoromethylation Reactions. Asian J. Org. Chem.
2017, 6, 436−440. (g) Fang, J.; Wang, Z.-K.; Wu, S.-W.; Shen, W.-G.;
Ao, G.-Z.; Liu, F. Photoredox-Catalysed Chloro-, Bromo- and
Trifluoromethylthio-Trifluoromethylation of Unactivated Alkenes
with Sodium Triflinate. Chem. Commun. 2017, 53, 7638−7641.
(9) For selected examples, see: (a) Xu, P.; Xie, J.; Xue, Q.; Pan, C.;
Cheng, Y.; Zhu, C. Visible-Light-Induced Trifluoromethylation of N-
Aryl Acrylamides: A Convenient and Effective Method To Synthesize
CF3-Containing Oxindoles Bearing a Quaternary Carbon Center.
Chem. - Eur. J. 2013, 19, 14039−14042. (b) Tang, X. J.; Thomoson,
C. S.; Dolbier, W. R., Jr. Photoredox-Catalyzed Tandem Radical
Cyclization of N-Arylacrylamides: General Methods To Construct
Fluorinated 3,3-Disubstituted 2-Oxindoles Using Fluoroalkylsulfonyl
Chlorides. Org. Lett. 2014, 16, 4594−4597. (c) Carboni, A.;
Dagousset, G.; Magnier, E.; Masson, G. One Pot and Selective
Intermolecular Aryl- and Heteroaryl-Trifluoromethylation of Alkenes
by Photoredox Catalysis. Chem. Commun. 2014, 50, 14197−14200.
(d) Liu, C.; Zhao, W.; Huang, Y.; Wang, H.; Zhang, B. Light-Induced
BiOBr Nanosheets Accelerated Highly Regioselective Intermolecular
Trifluoromethylation/Arylation of Alkenes to Synthesize CF3-
Containing Aza-Heterocycles. Tetrahedron 2015, 71, 4344−4351.
(e) Gao, F.; Yang, C.; Gao, G.-L.; Zheng, L.; Xia, W. Visible-Light
Induced Trifluoromethylation of N-Arylcinnamamides for the Syn-
thesis of CF3-Containing 3,4-Disubstituted Dihydroquinolinones and
1-Azaspiro[4.5]decanes. Org. Lett. 2015, 17, 3478−3481. (f) Zheng,
L.; Yang, C.; Xu, Z.; Gao, F.; Xia, W. Difunctionalization of Alkenes
via the Visible-Light-Induced Trifluoromethylarylation/1,4-Aryl
Shift/Desulfonylation Cascade Reactions. J. Org. Chem. 2015, 80,
5730−5736. (g) Sahoo, B.; Li, J.-L.; Glorius, F. Visible-Light
Photoredox-Catalyzed Semipinacol-Type Rearrangement: Trifluoro-
methylation /Ring Expansion by a Radical-Polar Mechanism. Angew.
Chem., Int. Ed. 2015, 54, 11577−11580. Sahoo, B. Angew. Chem.
2015, 127, 15766−15770. (h) Woo, S. B.; Kim, D. Y. Visible-Light-
Induced Photocatalytic Trifluoromethylation/1,2-Carbon Migration
Sequences for the Synthesis of CF3-Substituted Cyclic Ketones. J.
Fluorine Chem. 2015, 178, 214−218. (i) Xu, P.; Hu, K.; Gu, Z.;
Cheng, Y.; Zhu, C. Visible light promoted carbodifluoroalkylation of
allylic alcohols via concomitant 1,2-aryl migration. Chem. Commun.
2015, 51, 7222−7225. (j) Yatham, V. R.; Shen, Y.; Martin, R.
Catalytic Intermolecular Dicarbofunctionalization of Styrenes with
CO2 and Radical Precursors. Angew. Chem., Int. Ed. 2017, 56, 10915−
10919. Yatham, V. R. Angew. Chem. 2017, 129, 11055−11059.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b02152
Org. Lett. XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.orglett.9b02152


(10) (a) Tu, H.-Y.; Zhu, S.; Qing, F.-L.; Chu, L. A Four-Component
Radical Cascade Trifluoromethylation Reaction of Alkenes Enabled
by an Electron-Donor-Acceptor Complex. Chem. Commun. 2018, 54,
12710−12713. (b) Zhou, X.; Li, G.; Shao, Z.; Fang, K.; Gao, H.; Li,
Y.; She, Y. Four-Component Acyloxy-Trifluoromethylation of
Arylalkenes Mediated by a Photoredox Catalyst. Org. Biomol. Chem.
2019, 17, 24−29.
(11) Jarrige, L.; Carboni, A.; Dagousset, G.; Levitre, G.; Magnier, E.;
Masson, G. Photoredox-Catalyzed Three-Component Tandem
Process: An Assembly of Complex Trifluoromethylated Phthalans
and Isoindolines. Org. Lett. 2016, 18, 2906−2909.
(12) (a) Bekkaye, M.; Masson, G. Cerium(IV) Ammonium Nitrate
Mediated Three-Component α-Allylation of Imine Surrogates. Org.
Lett. 2014, 16, 1510−1513. (b) Courant, T.; Masson, G. Photoredox-
Initiated α-Alkylation of Imines through a Three-Component
Radical/Cationic Reaction. Chem. - Eur. J. 2012, 18, 423−427.
(c) Drouet, F.; Zhu, J.; Masson, G. Iron Chloride-Catalyzed Three-
Component Domino Sequences: Syntheses of Functionalized α-Oxy-
N-acylhemiaminals and α-Oxyimides. Adv. Synth. Catal. 2013, 355,
3563−3569. (d) Bekkaye, M.; Su, Y.; Masson, G. Metal-Free
Dioxygenation of Enecarbamates Mediated by a Hypervalent Iodine
Reagent. Eur. J. Org. Chem. 2013, 19, 3978−3982.
(13) For a recent review, see Tian, Y.; Chen, S.; Gu, Q.-S.; Lin, J.-S.;
Liu, X.-Y. Amino- and Azidotrifluoromethylation of Alkenes.
Tetrahedron Lett. 2018, 59, 203−215.
(14) (a) Nishiyama, K.; Watanabe, A. Addition Reaction of
Trimethylsilyl Azide Towards Ketones and Facile Formation of
Tetrazole Derivatives. Chem. Lett. 1984, 13, 455−458. (b) Nishiyama,
K.; Oba, M.; Watanabe, A. Reaction of Trimethylsilyl Azide with
Aldehydes: Facile and Convenient Synthesis of Diazides, Tetrazoles
and Nitriles. Tetrahedron 1987, 43, 693−700. (c) Nishiyama, K.;
Yamaguchi, T. Selective Formation of Alkyl Azides Using
Trimethylsilyl Azide and Carbonyl Compounds. Synthesis 1988,
1988, 106−108. (d) Yokoyama, M.; Kobayashi, N.; Hachiya, T.;
Kubo, M.; Togo, H. Novel Degradation of Sugar Skeleton by
Diazidation. Bull. Chem. Soc. Jpn. 1996, 69, 2989−2992. (e) Banert,
K.; Berndt, C.; Firdous, S.; Hagedorn, M.; Joo, Y.-H.; Rüffer, T.; Lang,
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