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ABSTRACT: An unprecedented type of reaction for Cu-
catalyzed trifluoromethylation of terminal alkenes is reported.
This reaction represents a rare instance of catalytic trifluoro-
methylation through C(sp3)�H activation. It also provides a
mechanistically unique example of Cu-catalyzed allylic C�H
activation/functionalization. Both experimental and theoretical
analyses indicate that the trifluoromethylation may occur via a
Heck-like four-membered-ring transition state.

The trifluoromethyl group is an important structural motif in
many biologically active compounds because this substitu-

ent can often enhance their chemical and metabolic stability,
lipophilicity, and binding selectivity.1 Accordingly, it has been of
great synthetic interest to develop efficient methods for incor-
poration of CF3 into diverse organic structures.2 The earlier
studies in this area focused on various noncatalytic trifluoro-
methylation reactions, mostly generating C(sp3)�CF3 bonds.
Some examples include the nucleophilic addition of TMSCF3 to
carbonyl compounds3 and the α-trifluoromethylation of ketones
using Togni and Umemoto’s reagents.4 Unfortunately, these
methods usually suffer from relatively harsh reaction conditions
and limited functional group tolerance. To overcome the pro-
blems, recent research on trifluoromethylation has paid more
attention to transition-metal-catalyzed methods.5 For instance,
Pd-catalyzedmethods for trifluoromethylation of C(sp2)�Hand
C(sp2)�halide bonds have been developed,6�9 and Cu-mediated10

or Cu-catalyzed11 trifluoromethylation of aryl/vinyl halides and
boronic acids and of terminal alkynes12 have been described. In
comparison with the earlier trifluoromethylation methods, the
newly developed catalytic reactions employ milder conditions
and afford the desired products in higher yields with improved
functional group tolerance.

Most of the above transition-metal-catalyzed trifluoromethy-
lation reactions generate C(sp2)�CF3 or C(sp)�CF3 bonds.
This creates the interesting challenge of developing new transi-
tion-metal-catalyzed trifluoromethylation processes to make
C(sp3)�CF3 bonds. Herein we describe an unprecedented
reaction for Cu-catalyzed trifluoromethylation of terminal al-
kenes via allylic C(sp3)�H bond activation (Scheme 1). The
significance of this reaction is threefold: (1) The reaction
provides one of the first examples of catalytic trifluoromethylation
to produce C(sp3)�CF3 bonds via C(sp3)�H activation. (2)
Although a number of examples of Pd-catalyzed allylic C�H
activation and functionalization have been reported,13 the use of
Cu in such reactions has been much less examined.14 (3)
Compounds carrying CF3 at their allylic positions are versatile

precursors for the synthesis of other types of CF3-containing
molecules,15 but only a few methods to prepare such intermedi-
ates have been developed. Matsubara et al.16 once described Pd-
catalyzed coupling of allyl and alkenylstannanes with perfluoro-
alkyl iodides, whereas Chen and co-workers17a�c and Kim and
Shreeve17d reported Cu-mediated nucleophilic trifluoromethyla-
tion of allyl halides. In comparison with the previous methods,
our new reaction starts from simpler substrates and shows better
functional group tolerance. The new reaction also exhibits a good
tolerance to moisture and can be conducted under mild conditions.

Our study began with an inadvertent discovery of the reaction
between compound 1a and Umemoto’s reagent 2a. In a very
recent work,11b we showed that CuOAc can catalyze the trifluoro-
methylation of aryl, heteroaryl, and vinyl boronic acids in the
presence of 2,4,6-trimethylpyridine (L1). Thus, we were very
surprised to find that a simple olefin such as 1a can also react with
2a (1.2 equiv) when treated with CuOAc andL1 (Table 1, entry 1).
The major product turned out to be compound 3a, although the
yield was only modest. To improve the yield, we examined
different Cu(I) salts (entries 2�4) until we found that
(thiophene-2-carbonyloxy)copper (CuTc) increased the yield
to 84%. In this case, we also isolated the byproducts of the
reaction. Compounds 4a and 5a were identified (3a:4a:5a >
20:1:2), but it was surprising that compound 6a was never
observed. Thus, this trifluoromethylation reaction is regiospecific
to the terminal carbon atom of the substrate.

To optimize the reaction, we changed L1 to other bases
but observed only poorer performance (entries 5�9). We also

Scheme 1. Trifluoromethylation at Allylic Positions
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optimized the solvent and foundN,N-dimethylacetamide (DMAc)
to be optimal (see the Supporting Information). Furthermore, the
best reaction temperature was 40 �C, as the yield decreased at both
higher and lower temperatures (entries 10 and 11). Use of more 2a
(1.6 equiv) improved the yield only slightly (entry 12), whereas the
use of a different trifluoromethylating reagent, 2b, led to a similar
yield (entry 13).18 It is important to note that the reaction is not
sensitive to moisture, as addition of 2 equiv of water did not
decrease the yield (entry 14). Nonetheless, the Cu catalyst is
necessary in the reaction (entry 15), and the reaction must be
conducted under an inert atmosphere (entry 16). Finally, it was
found that Pd(OAc)2 cannot trigger this trifluoromethylation
reaction (entry 17). We also tested the reactions with 5 mol %
CuTc alone and with 5 mol % CuTc and 5 mol % Pd(OAc)2
together (entries 18 and 19). The yields under both conditions
were 10%, ruling out the possible involvement of Pd contamination
in the catalysis.

With an optimized set of reaction conditions, we examined the
scope of the trifluoromethylation process (Table 2) and found
that a variety of terminal alkenes can be transformed into the

desired products in modest to good yields (up to 78%). Many
synthetically important functional groups, including sulfonate,
ester, amine, ketal, nitro, ether, amide, ketone, hydroxyl, and even
epoxide, are well-tolerated in the reaction. Moreover, arene rings
carrying iodo, bromo, and chloro substituents are compatible
with the reaction, enabling additional modifications at the haloge-
nated positions. In most of the reactions, we observed that com-
pound 3 (i.e., 3a�z) constitutes the major product, whereas
compounds 4 and 5 are produced as byproducts. An exceptional
substrate is 1aa, which generates similar quantities of 3aa (32%)
and 4aa (38%). Finally, we found that the reaction is sensitive to
the steric hindrance of the olefin substrate. Terminal alkenes
without any substituent at the 2-position are viable substrates,
whereas 2-substituted terminal alkenes or internal (including
cyclic) alkenes cannot be converted using the present protocol
even when the reaction temperature is increased to 80 �C. We
also attempted to optimize the reactions with internal alkenes by
increasing the amounts of the catalyst and 2a but still could not
obtain any desired products.

Further optimization of the catalyst/ligand systems may expand
the substrate scope to 2-substituted terminal alkenes and internal
alkenes, but we decided to leave this challenge for our ensuing
research. Here we want to comment on the synthetic utility of this
trifluoromethylation reaction. As shown in Scheme 2, the pro-
ducts in Table 1 can readily be converted to trifluoromethylated

Table 1. Optimization of the Reaction Conditionsa

entry CuX (20 mol %) additive (equiv) GC yield of 3a (%)

1 CuOAc L1 (2.0) 36

2 CuI L1 (2.0) trace

3 [Cu(OTf)]2 3C6H6 L1 (2.0) 22

4 CuTc L1 (2.0) 84 (76)b

5 CuTc L2 (2.0) 29

6 CuTc L3 (2.0) 8

7 CuTc L4 (2.0) 46

8 CuTc L5 (2.0) trace

9 CuTc L6 (2.0) 5

10c CuTc L1 (2.0) 68

11d CuTc L1 (2.0) 32

12e CuTc L1 (2.0) 86

13f CuTc L1 (2.0) 78

14g CuTc L1 (2.0) 84

15 - L1 (2.0) 0

16h CuTc L1 (2.0) trace

17 Pd(OAc)2
i L1 (2.0) 0

18 CuTci L1 (2.0) 10

19 CuTci + Pd(OAc)2
i L1 (2.0) 10

aCuTc = (thiophene-2-carbonyloxy)copper, DMAc = N,N-dimethyla-
cetamide. bThe isolated yield is shown in parentheses; 3a:4a:5a >
20:1:2. cThe reaction was conducted at 60 �C. dThe reaction was
conducted at 25 �C. e 2a was increased to 1.6 equiv. f 1.2 equiv of 2b
was used. g 2 equiv of H2O was added. hThe reaction was conducted
under an air atmosphere. i 5 mol %.

Table 2. Scope of Cu-Catalyzed Trifluoromethylationa

aThe reactions were conducted under the optimized conditions on a 0.2
mmol scale. Isolated yields are reported. The 3:4:5 ratios were deter-
mined by 19F NMR analysis and are shown in the parentheses.
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expoxides,19 1,2-diols,20 2-amino alcohols,21 and cyclopropanes22

through well-established methods. These functionalized trifluoro-
methylated compounds are otherwise difficult to make using
previous methods, and the availability of these CF3-containing
compounds may facilitate studies in many areas.

In regard to the reaction mechanism, we first excluded the
involvement of an allylic radical intermediate. This mechanism
was proposed for Cu-catalyzed allylic oxidation or alkylation,14

but it cannot explain why 6a was never observed in the reaction.
The formation of 5a�z is also difficult to explain using an allylic
radical mechanism. Furthermore, the radical allylic H-abstraction
mechanism cannot explain why the reaction does not favor
internal alkenes.

We next tested the Cu�allyl mechanism (Scheme 3). First, 1a
was treated with CuTc and L1 in the absence of 2a. Through 1H
NMR analysis of the recovered materials, we found no incor-
poration of deuterium at position i of 1a. We did not observe the
isomerization of 1a to 11 either. We subsequently performed
trifluoromethylation in CD3OD. We were surprised to find that
although 3a was produced, the major product became 4a.
Nonetheless, we did not observe any incorporation of deuterium
at positions iii or iv in the products or at position i of the
recovered reactant 1a. Finally, a trace amount of 5a was also
detected. These results argue against a Cu�allyl mechanism.

Finally, we considered another mechanism23 that was recently
proposed for Cu-catalyzed C�H functionalization24 in which the
Cu�C bond is generated via a Heck-like four-membered-ring
transition state. As shown in Figure 1,25 in the proposed catalytic
cycle, the reaction starts with complex IN0, which reacts with 2a
to produce the Cu(III) complex IN1. The olefin substrate
replaces OTf� in IN1 to generate IN2 and IN3. From IN3,
the critical Heck-like four-membered-ring transition state
(TS1a) is identified. Through TS1a the CF3 group is transferred
to the terminal carbon atom, whereas the formation of its isomer
requires TS1a-iso, which is much less stable. This theoretical
prediction explains why 6a is not observed and also indicates that
the functionalization of internal alkenes is more difficult than for
terminal alkenes.

The immediate product of TS1a is IN4. After OTf� coordi-
nates to Cu, an elimination reaction takes place at IN5. Our
calculations indicate that the generation of 3a is more favorable
than that of 4a. This prediction is consistent with the regioselec-
tivity observed in DMAc.25 It is also expected that IN5 may be
directly protonated at the Cu�C bond, generating compound

Scheme 2. Further Conversion of the Products in Table 1

Scheme 3. Reactions in CD3OD

Figure 1. Proposed mechanism for Cu-catalyzed trifluoromethylation and corresponding theoretical calculations.
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5a. It is noteworthy that the energy barrier from IN5 to TS2 is
only +5.6 kcal/mol, indicating a very fast elimination. This may
explain why only a trace amount of 5a is produced. In the
catalytic cycle, the rate-limiting step corresponds to theHeck-like
four-membered-ring transition state TS1a. The overall barrier is
+27.2 kcal/mol, which is a reasonable value as judged by the
reaction temperature (40 �C). Thus the Heck-like mechanism is
consistent with most of the observations in our experiments.26

Importantly, this Heck-like mechanism distinguishes the present
reaction from the previous Cu-catalyzed allylic C�H activation/
functionalization reactions.14

In summary, we have reported an unprecedented type of Cu-
catalyzed trifluoromethylation reaction involving allylic C�H
bond activation. This reaction provides a rare instance of catalytic
trifluoromethylation through C(sp3)�H activation. It also pre-
sents a mechanistically uncommon example of Cu-catalyzed
allylic C�H activation/functionalization. Both experimental
tests and theoretical analysis indicate that the reaction may
proceed through a Heck-like four-membered-ring transition state.
The reaction can be conducted under mild conditions without
the need for anhydrous solvents and shows good functional group
tolerance. The presence of an olefin moiety in the product also
promises the subsequent conversion to more functionalized
trifluoromethylated compounds.
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