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The difluoromethyl group (CF2H) is an intriguing structural
motif, which has great potential for many applications in life-
science-related fields.[1–5] It has been realized that the CF2H
group can act as lipophilic hydrogen-bond donors and as
a bioisostere of alcohols and thiols.[1–4] In this context, the
development of efficient methods for the incorporation of the
CF2H group into organic molecules has attracted much
attention.[1, 2,6–9] Recently, transition-metal-mediated or tran-
sition-metal-catalyzed difluoromethylation (or difluoroalky-
lation) of aryl halides and aryl boronic acids to construct Csp2�
CF2H (or Csp2�CF2R) bonds have been intensively studied.[6–9]

Baran and co-workers also reported an elegant process for the
direct difluoromethylation of arenes by a free radical
process.[10] However, the transition-metal-mediated or tran-
sition-metal-catalyzed difluoromethylation and difluoroalky-
lation for the construction of allylic Csp3�CF2H (or allylic Csp3�
CF2R) bonds are scarce. Previously, Burton and Hartgraves
reported the difluoromethylations of allyl halides using either
a difluoromethyl cadmium or copper reagent.[11,12] However,
the regioselectivity of these reactions was not well controlled,
and in many cases, both a-attack and g-attack products were
obtained [Scheme 1, Eq. (1)]. Herein, we disclose a new
catalytic protocol for the regiospecific construction of allylic

Csp3�CF2H (or allylic Csp3�CF2R) bonds by copper-catalyzed
decarboxylative difluoromethylation of b,g-unsaturated car-
boxylic acids [Scheme 1, Eq. (2)].

Recently, we discovered the copper-catalyzed decarbox-
ylative fluoroalkylation of a,b-unsaturated carboxylic acids,
a method which provides a powerful tool for vinylic di- and
trifluoromethylations.[13] We envisaged that this decarboxyla-
tive fluoroalkylation strategy might be also used to tackle the
challenging allylic difluoromethylation problem when the b,g-
unsaturated carboxylic acids are used as substrates. With this
consideration in mind, we chose the reaction between the
I(III)-CF2SO2Ph reagent 1[14] and 3-(p-tolyl)-3-butenoic acid
(2a) as a model reaction to survey the reaction conditions. As
shown in Table 1, selection of the proper Lewis acid catalyst,
solvent, and temperature was found to be crucial for the
reaction. In the absence of a Lewis acid, the desired
decarboxylative fluoroalkylation reaction could hardly pro-
ceed (entry 21). While Ni(OAc)2·4 H2O and Pd(OAc)2 were

Scheme 1. Allylic difluoromethylations.

Table 1: Survey of reaction conditions.

Entry Equiv.
2a

Solvent[a] Catalyst (equiv) T
[8C]

Yield
[%][b]

1 2.0 dioxane CuCl (0.25) 70 21
2 2.0 THF CuCl (0.25) 70 18
3 2.0 CH3CN CuCl (0.25) 70 33
4 2.0 CCl4 CuCl (0.25) 70 33
5 2.0 DCE CuCl (0.25) 70 30
6 2.0 H2O/DME (1:4) CuCl (0.25) 70 52
7 2.0 H2O/THF (1:4) CuCl (0.25) 70 48
8 2.0 H2O/CH3CN (1:4) CuCl (0.25) 70 42
9 2.0 H2O/DMF (1:4) CuCl (0.25) 70 53
10 2.0 H2O/dioxane (1:4) CuCl (0.25) 70 55
11 2.0 H2O/dioxane (1:4) Ni(OAc)2·4H2O (0.25) 70 0
12 2.0 H2O/dioxane (1:4) Zn(OAc)2·2 H2O (0.25) 70 46
13 2.0 H2O/dioxane (1:4) Pd(OAc)2 (0.25) 70 0
14 2.0 H2O/dioxane (1:4) Cu(OAc)2·H2O (0.25) 70 51
15 2.0 H2O/dioxane (1:4) CuCl2·2H2O (0.25) 70 62
16 1.0 H2O/dioxane (1:4) CuCl2·2H2O (0.25) 70 40
17 0.5 H2O/dioxane (1:4) CuCl2·2H2O (0.25) 70 20
18 2.0 H2O/dioxane (1:4) CuCl2·2H2O (0.06) 70 75
19 2.0 H2O/dioxane (1:4) CuCl2·2H2O (0.03) 90 80
20 2.25 H2O/dioxane (1:4) CuCl2·2H2O (0.016) 90 85
21 2.25 H2O/dioxane (1:4) – 90 trace

[a] The data within the parentheses refer to the volume ratio. [b] Deter-
mined by 19F NMR spectroscopy using PhCF3 as an internal standard.
DCE = 1,2-dichloroethane, DME= 1,2-dimethoxyethane, DMF=N,N-
dimethylformamide.
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unable to promote the present C�CF2SO2Ph bond formation
(entries 11 and 13), other Lewis acids such as CuCl, Zn-
(OAc)2·2 H2O, Cu(OAc)2·2 H2O, and CuCl2·2 H2O catalyzed
the reaction (entries 1–10, 12, and 15–20).[15] It is particularly
interesting that the addition of water as a cosolvent can
significantly increase the product yield (entries 1–3, 7, 8, and
10). Finally, the optimal yield (85 %) of the product 3a was
obtained when 1 and 2a (molar ratio 1:2.25) were stirred in
H2O/1,4-dioxane (1:4 v/v) in the presence of CuCl2·2H2O
(1.6 mol%) at 90 8C for 12 hours (entry 20). It is noteworthy
to mention that the reaction is not sensitive to air, thus
simplifying the reaction.

By using the optimized reaction conditions (Table 1,
entry 20), we examined the substrate scope of the present
decarboxylative fluoroalkylation reaction. The results are
summarized in Scheme 2. The reaction proved to be general
and amenable to a wide range of structurally diverse
substrates (2 a–t), and the desired products 3a–t were pro-
duced in satisfactory yields. In particular, we found that the

relatively electron-rich b,g-unsaturated carboxylic acids 2a–
e and 2 i reacted with 1 to give the corresponding products 3a–
e and 3 i in high yields, and the reactions with carboxylic acids
bearing an electron-withdrawing group gave lower yields (3h
and 3 l). Many synthetically important functional groups,
including bromine, hydroxy, alkynyl, and ester groups, are
well tolerated in the reaction. Notably, the aldehyde group,
which is usually fragile under oxidative conditions, remained
intact in the reaction. To our delight, alkyl-substituted b,g-
unsaturated acids (2m,n) and cyclic substrates (2p–t) were
also found to react smoothly with 1 to give the corresponding
products in satisfactory yields. To our surprise and delight, the
allenoic acid 4 could also react smoothly with 1 using our
method to afford the (penylsufonyl)difluoromethylated prod-
uct 5 in 55% yield (Scheme 3).

Since the (phenylsulfonyl)difluoromethyl group is a ver-
satile functionality that can be readily transformed into other
highly useful functionalities such as difluoromethylidene
(=CF2) and difluoromethyl (CF2H),[16,17] the present synthetic
method opens up new avenues for the synthesis of a wide
range of difluorinated compounds. For instance, when we
treated the product 3e with lithium hexamethyldisilazide
(LiHMDS) in THF at room temperature, the 3-substituted
gem-difluoro-1,3-butadiene 6 was produced in nearly quanti-
tative yield (Scheme 4). Furthermore, upon reductive desul-

fonylation with our previously developed Mg/HOAc/NaOAc
system in DMF solution at room temperature,[18] the com-
pounds 3 n and 3 o were smoothly transformed into the
corresponding difluoromethylated products 7n and 7 o in
98% and 85% yield, respectively (Scheme 5).

In summary, we have developed a new strategy for
regiospecific allylic difluoromethylations. Lewis acid-cata-
lyzed decarboxylative fluoroalkylations of the b,g-unsatu-
rated carboxylic acids 2 with the I(III)-CF2SO2Ph reagent
1 gives the corresponding (phenylsulfonyl)difluoromethy-
lated products 3 in high yields. The products can be addition-
ally transformed into allylic CF2H-substituted products by
reductive desulfonylation. Furthermore, an allenoic acid also
reacted smoothly with 1 in moderate yield to construct

Scheme 2. (Phenylsufonyl)difluoromethylation of the b,g-unsaturated
acids 2 with 1. Reaction conditions: 1 (0.8 mmol), 2 (1.8 mmol),
CuCl2·2H2O (0.0125 mmol ca. 1.6 mol%), 1,4-dioxane (4 mL), and
H2O (1 mL) were stirred at 90 8C for 12 h. Yield is that of the isolated
compound.

Scheme 3. (Phenylsufonyl)difluoromethylation of allenoic acid 4.

Scheme 4. Conversion of 3e into the gem-difluoroolefine 6.
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C(vinyl)�CF2SO2Ph bonds under our reaction conditions.
This decarboxylative difluoromethylation has a wide sub-
strate scope and shows good functional-group tolerance, and
promises to find many applications in life-science-related
fields. Further investigations into the reaction mechanism and
the application of the current strategy in other fluoroalkyla-
tions, as well as fluorinations are currently underway in our
laboratory.

Experimental Section
Typical procedure for difluoromethylation of the b,g-unsaturated
carboxylic acids 2 with the reagent 1. The reagent 1 (362 mg,
0.8 mmol, 1.0 equiv), 2n (986 mg, 1.8 mmol, 2.25 equiv), and
CuCl2·2H2O (2.0 mg, 0.0125 mmol, 1.6 mol%) were added to a reac-
tion flask equipped with a magnetic stirring bar and a reflux
condenser. 1,4-Dioxane (4 mL) and H2O (1 mL) were then added
to the reaction mixture, which was heated to 90 8C and stirred for 12 h.
The reaction mixture was then cooled to ambient temperature and
extracted with diethylether (15 mL � 3), and dried over MgSO4. After
filtration and and removal of solvent under vacuum, the residue was
purified by silica gel chromatography (petroleum ether/EtOAc 20:1)
to provide the pure product 3n (350 mg, 75% yield).

Typical procedure for reductive desulfonylation of 3. A HOAc/
NaOAc (1:1) buffer solution (4 mL; 8 molL�1) was added to a 50 mL
Schlenk flask containing the sulfone compound 3n (166 mg,
0.285 mmol) in 4 mL DMF at room temperature. Magnesium turnings
(288 mg, 12 mmol) were then added in portions at 0 8C. The reaction
mixture was stirred at room temperature for 96 h, and then 30 mL
water were added. The solution mixture was extracted with Et2O
(20 mL � 3), and the combined organic phase was washed with
saturated NaHCO3 solution and brine, and then dried over MgSO4.
After the removal of the ethyl ether, the crude residue was purified by

silica gel column chromatography (petroleum ether/EtOAc 30:1) to
give the product 7n (124 mg, 98 % yield).
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