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ABSTRACT: Difluoromethyl and carbomethoxydifluoromethyl radicals were
generated from their respective sulfonyl chlorides under mild, metal-free
conditions leading to efficient atom transfer radical additions (ATRA) to
unactivated alkenes to form chloro, difluoromethylated and chloro, carbo-
methoxydifluoromethylated products.

In 1945, Kharasch and co-workers reported that halocarbons
such as CCl4 could add to olefins through a radical chain

process.1 Since then, atom transfer radical addition (ATRA)
reactions have been elaborated extensively to allow the addition
of a multitude of halocarbons to olefins in the process of
developing useful applications in organic synthesis. Since
fluorinated substituents are recognized to impart significant
changes to a molecule’s physical, chemical, and biological
properties,2 it is not surprising that ATRA reactions have found
considerable application with respect to the addition of
fluorinated groups to olefins.3,4

Recently, free radical processes have been frequently used to
effect the incorporation of a CF3 group into molecules, using
Togni’s reagent, Umemoto’s reagent, Langlois’ reagent,
ClSO2CF3, or other trifluoromethylating reagents via ATRA
type reactions,5−10 and a new method for adding ·CF2Cl
radicals to alkenes by the use of xanthates has just appeared.11

Despite such recent advances in this field, use of free radical
chemistry to incorporate partially fluorinated substituents has
remained relatively underdeveloped and the discovery of new
approaches to accomplish this are therefore always welcomed
by the synthetic community. Incorporation of the difluor-
omethyl group is of particular interest to pharmaceutical and
agrochemical researchers, because it has been shown to affect
the membrane permeability, bioavailability, binding affinity, and
lipophilicity of molecules.12 Baran has made significant
contributions with regard to radical-based, CF2H functionaliza-
tion of heteroaromatic compounds using his recently developed
Zn(SO2CFH reagent.13 In the past, the only ATRA-type
reaction that has been reported to directly introduce the CF2H
group by addition to alkenes is the reaction of CHF2I with
alkenes, reported by Chen’s group in 1994 (Scheme 1).14

However, CHF2I is not available commercially, and by our own

experience, it is not easily or inexpensively prepared or
convenient to use as it is a highly volatile compound (bp
∼20 °C).
In the absence of direct methods, a number of two-step

procedures for the introduction of a CF2H group by free radical
additions to alkenes have been developed over the years. These
methods involve the free radical additions of ·CF2X radicals to
alkenes, followed by conversion of the X groups to H. Thus far,
the X groups that have been found to be effective are Br, Cl,
SPh, and, in particular, PhSO2 (Scheme 2).15

Similarly, the CF2CO2R group is important because it allows
the potential for further functionalization once it is
incorporated.17 Previous halo, carboalkoxydifluoromethylations
have been limited to the use of ethyl or methyl halo- or xantho-
difluoroacetates (XCF2CO2R) as precursors of the carboalkoxy-
difluoromethyl radical, where X = Br, I, or SCOSR, with these
reactions proceeding via atom transfer radical addition (ATRA)
processes (Scheme 3).18

Although the previously reported methods to accomplish
difluoromethylation and carboalkoxydifluoromethylation clearly
have their merits, there is plenty of incentive for the
development of new methodologies. In the present paper, we
report mild, metal-free conditions for carrying out chloro,
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Scheme 1. Chen’s Study of the Addition of CHF2I to Alkenes

Scheme 2. Sulfones as Indirect Difluoromethylation
Reagents16
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difluoromethylations and chloro, carbomethoxydifluoro-
methylations of unactivated alkenes by the use of sulfonyl
chlorides, CHF2SO2Cl and CH3O2CCF2SO2Cl, as the
respective radical precursors.
During the course of our study of the photoredox-catalyzed

tandem radical cyclization of N-arylacrylamides in their
reactions with RfSO2Cl, where Rf = n-C4F9, CF3, CF2H,
CH2F, CH2CF3, and CF2CO2Me, to obtain fluorinated 2-
oxindoles (Scheme 4),19 we discovered that these radical

cyclizations also occurred in the absence of a photoredox
catalyst, under thermal conditions using dilauroyl peroxide
(DLP) as an initiator and possible oxidant. On the basis of this
result, we hypothesized that it might be possible to induce
sulfonyl chlorides to participate in atom transfer radical
addition reactions with unactivated alkenes under similar
conditions.
Our study of this chemistry was initiated by examination of

the reaction of 4-phenyl-1-butene with 2 equiv of difluoro-
methanesulfonyl chloride, using 0.3 equiv of dilauroyl peroxide
(DLP) as an initiator, in 1,2 dichloroethane (DCE) at 80 °C for
8 h (Scheme 5). Under these initial conditions, the expected
chloro, difluoromethylated product (3a) was obtained in 68%
yield (Table 1, entry 1). The reaction was then explored with
the intent of optimizing the conditions for the most favorable
outcome.
AIBN was explored as an alternative initiator, but the

reaction proved less efficient (entry 2). Photoredox catalysts
(entries 3 and 4) were also examined, but no improvement was
observed. At this point, the effects of varying the solvent and
temperature of the reaction were examined. It was found that
using dichloromethane (DCM) as solvent, in a sealed vessel at
70 °C, with 0.3 equiv of DLP as the initiator provided a 93%
yield of 1a (entry 6) and that essentially quantitative yields
were obtained when the amount of DLP was increased to 0.4
equiv (entry 8). Further attempts to improve the reaction by
decreasing the amount of sulfonyl chloride or increasing the
amount of DLP did not improve yields (entries 9 and 10).
Using the optimized conditions, the scope of this chloro,

difluoromethylation reaction was explored, with the results

being summarized in Table 2. Terminal unfunctionalized
alkenes showed great reactivity under these conditions (1a−
d), and alkenes with ether, ester, phthalimide, and even
carboxylic acid functional groups also gave the desired products
in good to excellent yields (1f−1i). 1-Phenylcyclohexene, a
nonterminal alkene, gave moderate yields of a single regio- and
(presumably E) stereoisomer (1e).
To further extend the scope of this methodology, methyl 2,2-

difluoro-2-(chlorosulfonyl)acetate was examined as a source of
the carbomethoxy-2,2-difluoromethyl radical under similar
conditions. When DLP (0.3 equiv) was used as the initiator
in DCE at 80 °C, the desired 4-chloro, carbomethoxydifluoro-
methyl product (2a) was obtained in 59% yield. Similar
optimization experiments to those in Table 1 were carried out
with very similar results, except that it was found that DCE was
the solvent that gave the best results: an 89% yield using 0.4
equiv of DLP at 70 °C for 8 h (Scheme 6).
The scope of the reaction was then examined using a variety

of structurally diverse alkenes (Table 3). Once again, terminal
alkenes were the most reactive (2a−e). Alkenes with ether,
ester, and phthalimide functional groups also provided very
good yields of products 2g−2i. A nonterminal alkene,
cyclohexene, was also an effective substrate, yielding 73% of
product, consisting of an approximately 1:1 mixture of the two
stereoisomers (2f).
Unfortunately, electron-deficient alkenes, such as acrylates,

acrylamides, or α,β unsaturated ketones, were not good
substrates in reactions with either of the sulfonyl chlorides.
In conclusion, a method has been developed for metal-free

chloro, difluoromethylation and chloro, carbomethoxydifluoro-
methylation of a variety of unactivated alkenes using sulfonyl
chlorides CF2HSO2Cl and MeO2CCF2SO2Cl as the radical
precursors. This mild and efficient protocol enables the
addition of HCF2 or MeO2CCF2 groups and Cl to alkenes in
a highly regioselective manner.

Scheme 3. Example of Halo,
Carboethoxydifluoromethylation Using ICF2CO2Et

18h

Scheme 4. Fluorinated Sulfonyl Chlorides As Radical
Precursors−Our Previous Work

Scheme 5. Initial Results

Table 1. Optimization of the Reaction of
Difluoromethanesulfonyl Chloride with 4-Phenyl-1-butene

entry initiator solvent
temp
(°C)

yield
(1a)a

1 0.3 equiv of DLP DCE 80 68%
2 0.3 equiv of AIBN DCE 80 35%
3b 0.5% Cu(dap)2CI2 DCE 90 50%
4b 0.5% Ru(1,10 phen)3CI2·xH2O DCE rt −
5 0.3 equiv of DLP DCE 70 60%
6 0.3 equiv of DLP DCM 70 93%
7 0.3 equiv of DLP MeCN 70 50%
8 0.4 equiv of DLP DCM 70 (99%)
9c 0.4 equiv of DLP DCM 70 70%
10 0.5 equiv of DLP DCM 70 85%

aYields were observed by 19F NMR using PhCF3 as internal standard;
parentheses indicates isolated yield. bReaction carried out with 20 mol
% K2HPO4 and a 120 W bulb to initiate reation. c1.5 equiv of sulfonyl
chloride used.
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■ EXPERIMENTAL SECTION
General Information. All reactions were carried out under a N2

atmosphere. All anhydrous solvents were purchased from commercial
sources and stored over 4 Å molecular sieves. Reagents were
purchased at commercial quality and were used without further
purification. All NMR spectra were run using CDCl3 as solvent, unless
otherwise specified. 1H NMR spectra were recorded at 300 MHz, and
chemical shifts are reported in ppm relative to TMS. 19F NMR spectra
were recorded at 282 MHz, and chemical shifts are reported in ppm
relative to CFCl3 as the external standard. 13C NMR spectra were
recorded at 75 MHz with proton decoupling, and chemical shifts are
reported in ppm relative to CDCl3 (−77.0 ppm) as the reference. All
HRMS data were obtained on a DSQ MS instrument. HCF2SO2Cl
and MeOOCCF2SO2Cl were prepared according to literature
procedures.19

Representative Procedures for Converting Alkenes to
Chloro, Difluoromethylated and Chloro, Carbomethoxy-
difluoromethylated Products. Chloro, Difluoromethylation. Prep-
aration of (3-Chloro-5,5-difluoropentyl)benzene (1a). To an oven-
dried 17 mm × 60 mm (8 mL) borosilicate vial equipped with a
magnetic stirrer were added 0.25 mmol (33 mg) of 4-phenyl-1-butene,

0.1 mmol (40 mg, 40 mol %) of DLP, 1 mL of DCM, and 0.5 mmol
(75 mg, 2 equiv) of HCF2SO2Cl. The vial was flushed with nitrogen,
sealed, and protected by parafilm. The reaction mixture was stirred for
8 h at 70 °C. After 8 h, the mixture was diluted with DCM and washed
with water. The organic layer was collected and washed with brine (2
× 20 mL) and concentrated by rotary evaporation. The residue was
purified by column chromatography on silica gel using hexanes/ethyl
acetate (9:1) as the eluent to provide 43 mg (99%) of liquid product,
3-chloro-5,5-difluoropentyl)benzene,1a.

(3-Chloro-5,5-difluoropentyl)benzene (1a). 54 mg (99%); 1H
NMR, δ 7.19 (d, J = 4 Hz, 2H), 7.08 (d, J = 4 Hz, 3H), 5.93 (tt, 2JH,F =
57 Hz, J = 3 Hz, 1H), 3.87 (m, 1H), 2.79−2.58 (m, 2H), 2.18−2.04
(m, 2H), 1.97−1.90 (m, 2H); 19F NMR, δ −116.2 (ddt, 2JF,F = 288 Hz,
2JH,F = 56.4 Hz, 3JH,F = 11.3 Hz, 1F), −118.2 (ddt, 2JF,F = 288 Hz, 2JH,F
= 56.4 Hz, 3JH,F = 19.7 Hz, 1F); 13C NMR δ 140.3, 128.4, 126.2, 115.6
(t, 1JC,F = 237.8 Hz), 55.8, 42.6 (t, 2JC,F = 23.3 Hz), 40.0, 32.19, 29.6;
HRMS (GC−CI) m/z calcd for C11H12F2Cl 217.0596 [M − H]+;
found 217.0594

3-Chloro-1,1-difluorononane (1b). 45 mg (90%); 1H NMR, δ 6.05
(tt, 2JH,F = 55.8 Hz, J = 3 Hz, 1H) 4.02 (m, 1H), 2.29−2.18 (m, 2H),
1.80−1.76 (m, 2H), 1.56−1.30 (m, 8H), 0.90 (t, J = 3 Hz, 3H); 19F

Table 2. Scope of the Reaction of Difluoromethanesulfonyl Chloride with Alkenes

Scheme 6. Optimal Conditions for the Reaction of Methyl 2,2-Difluoro-2-(chlorosulfonyl) Acetate with 4-Phenyl-1-butene

Table 3. Scope of the Reaction of Methyl 2,2-Difluoro-2-(chlorosulfonyl)acetate with Alkenes
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NMR, δ −118.9 (ddt, 2JF,F = 289 Hz, 2JH,F = 56.1 Hz, 3JH,F = 11.7 Hz,
1F), −120.8 (dddd, 2JF,F = 288 Hz, 2JH,F = 58.4 Hz, 3JH,F = 22.5 Hz,
3JH,F = 15.9 Hz, 1F); 13C NMR δ 115.8 (t, 1JC,F = 238.7 Hz), 56.6, 42.7
(t, 2JC,F = 22.5 Hz), 31.5, 28.6, 26.0, 22.6, 22.5, 14.1; HRMS (GC−CI)
m/z calcd for C9H16F2Cl [M − H]+197.0909; found 197.0913.
3-chloro-1,1-difluoroundecane (1c). 48 mg (85%); 1H NMR, δ

6.07 (tt, 2JH,F = 56 Hz, J = 3 Hz, 1H), 4.03 (m, 1H), 2.30−2.24 (m,
2H), 1.79−1.74 (m, 2H), 1.57−1.29 (m, 12 H), 0.90 (t, J = 3 Hz, 3H);
19F NMR, δ −117.1 (ddt, 2JF,F = 290 Hz, 2JH,F = 54.7 Hz, 3JH,F = 13.0
Hz, 1F), −118.9 (dddd, 2JF,F = 287 Hz, 2JH,F = 55.3 Hz, 3JH,F = 24.0 Hz,
3JH,F = 14.1 Hz, 1F); 13C NMR δ 115.8 (t, 1JC,F = 236.3 Hz), 56.8, 42.7
(t, 2JC,F =22.5 Hz), 38.5, 31.8, 29.4, 28.9, 26.0, 22.6, 14.09; HRMS
(GC−CI) m/z calcd for C11H20F2Cl [M − H]+ 225.1222; found
225.1211.
(2-Chloro-4,4-difluorobutyl)benzene (1d). 46 mg (90%); 1H

NMR, δ 7.25 (d, J = 4 Hz, 3H), 7.17 (d, J = 6 Hz, 2H), 5.99 (tt,
2JH,F = 57 Hz, J = 3 Hz, 1H), 4.15 (m, 1H), 3.08−2.94 (m, 2H), 2.23−
2.08 (m, 2H); 19F NMR, δ −117.4 (ddt, 2JF,F = 289 Hz, 2JH,F = 55.8
Hz, 3JH,F = 11.0 Hz, 1F), −119.3 (dddd, 2JF,F = 289 Hz, 2JH,F = 56.1 Hz,
3JH,F = 29.6 Hz, 3JH,F = 13.5 Hz, 1F); 13C NMR δ 136.5, 129.4, 128.7,
128.6, 127.2, 115.7 (t, 1JC,F = 236.3), 56.4, 44.8, 41.7 (t, 2JC,F =22.5
Hz); HRMS (GC−CI) m/z calcd for C10H11F2Cl 204.0517 M

+; found
204.0510.
(1-Chloro-2-(difluoromethyl)cyclohexyl)benzene (1e). 31 mg

(50%); 1H NMR, δ 7.29 (m, 4H), 6.10 (s, 1H), 5.7 (t, 2JH,F = 57
Hz, 1H), 3.16 (m, 1H), 2.22−1.68 (m, 7H); 19F NMR, −121.9 (ddd,
2JF,F = 275 Hz, 2JH,F = 56.1 Hz, 3JH,F = 8.5 Hz, 1F), −124.6 (ddd, 2JF,F =
275 Hz, 2JH,F = 56.7 Hz, 3JH,F = 25.4 Hz, 1F); 13C NMR δ 131.1, 128.4,
127.3, 126.3, 117.1 (t, 1JC,F = 241.5 Hz), 40.0 (t, 2JC,F = 19.5 Hz), 25.5,
21.0, 19.2; HRMS (EI) m/z calcd for C13H14F2 [M − HCl]+ 208.1064;
found 208.1069.
(2-Chloro-4,4-difluorobutoxy)benzene (1f). 36 mg (65%); 1H

NMR, δ 7.23 (m, 2H), 6.92 (t, J = 4 Hz), 6.84 (d, J = 9 Hz), 6.03 (tt,
2JH,F = 57 Hz, J = 3 Hz), 4.26−4.17 (m, 1H), 4.13−4.01 (m, 2H),
2.46−2.21 (m, 2H); 19F NMR, δ −117.4 (ddt, 2JF,F = 291 Hz, 2JH,F =
58.9 Hz, 3JH,F = 14.7 Hz, 1F), −119.3 (dddd, 2JF,F = 292 Hz, 2JH,F =
53.5 Hz, 3JH,F = 24.8 Hz, 3JH,F = 13.3 Hz, 1F); 13C NMR, δ 129.6,
121.7, 115.4 (t, 1JC,F = 252 Hz), 114.7, 71.0, 52.5, 39.5 (t, 2JC,F = 22.5
Hz); HRMS (GC−CI) m/z calcd for C10H12OF2Cl 221.0545 [M +
H]+; found 221.0540
2-(2-Chloro-4,4-difluorobutyl)isoindoline-1,3-dione (1g). 58 mg

(85%); 1H NMR, δ 7.90 (m, 2H), 7.76 (m, 2H), 6.09 (tt, 2JH,F = 57
Hz, J = 3 Hz, 1H), 4.41 (m, 1H), 4.11−3.89 (m, 2H), 2.39−2.30 (m,
2H); 19F NMR, δ −116.2−119.4 (m, 2F); 13C NMR, δ 167.8, 134.4,
131.6, 123.7, 115.1 (t, 1JC,F = 231 Hz), 52.4, 43.7, 40.2 (t, 2JC,F = 24
Hz); HRMS (GC−CI) m/z calcd for C12H11NO2F2Cl [M + H]+

274.0446; found 274.0441.
2-Chloro-4,4-difluorobutyl benzoate (1h). 56 mg (90%); 1H

NMR, δ 8.02 (t, J = 6 Hz, 2H), 7.53 (t, J = 6 Hz, 1H), 7.40 (d, J = 2
Hz, 2H), 6.05 (t, 2JH,F = 57 Hz, 1H), 4.51−4.39 (m, 2H), 4.30 (m,
1H), 2.37−2.21 (m, 2H); 19F NMR, δ −117.1 (ddt, 2JF,F = 285 Hz,
2JH,F = 54.4 Hz, 3JH,F = 11.3 Hz, 1F), −118.7 (dddd, 2JF,F = 289 Hz,
2JH,F = 56.4 Hz, 3JH,F = 24.8 Hz, 3JH,F = 13.8 Hz, 1F); 13C NMR, δ
197.8, 133.6, 129.8, 129.7,128.7,128.5.115.2 (t, 1JC,F = 239 Hz), 67.3,
52.4 39.5 (t, 2JC,F = 22.5 Hz), 29.5; HRMS (GC−CI) m/z calcd for
C11H12O2F2Cl 249.0494 [M + H]+; found 249.0487.
4-Chloro-6,6-difluorohexanoic Acid (1i). 40 mg (85%); 1H NMR,

δ 5.98 (t, 2JH,F = 57 Hz, 1H), 4.03 (m, 1H), 2.59−2.49 (m, 3H), 2.27−
1.51 (m, 4H); 19F NMR, −117.4 (ddt, 2JF,F = 289 Hz, 2JH,F = 57.8 Hz,
3JH,F = 11.3 Hz, 1F), −119.3 (dddd, 2JF,F = 288 Hz, 2JH,F = 56.4 Hz,
3JH,F = 24.5 Hz, 3JH,F = 14.1 Hz, 1F); 13C NMR, δ 178.4, 115.3 (t, 1JC,F
= 245.0 Hz), 55.4, 42.7 (t, 2JC,F = 23.0 Hz), 33.0, 30.4; HRMS (GC−
CI) m/z calcd for C6H9F2O2 [M − Cl]+ 151.0571; found 151.0575
Chloro, Carbomethoxydifluoromethylation. Preparation of

Methyl 4-Chloro-2,2-difluoro-6-phenylhexanoate (2a). To an
oven-dried 17 mm × 60 mm (8 mL) borosilicate vial equipped with
a magnetic stirrer were added 0.25 mmol (33 mg) of 4-phenyl-1-
butene, 0.1 mmol (40 mg, 40%) of DLP, 1 mL of DCE, and 0.5 mmol
(104 mg, 2 equiv) of MeCO2CF2SO2Cl. The vial was flushed with

nitrogen, sealed, and protected by parafilm. The reaction mixture was
stirred for 8 h at 70 °C. After 8 h, the mixture was diluted with DCM
and washed with water. The organic layer was collected and washed
with brine (2 × 20 mL) and concentrated by rotary evaporation. The
residue was purified by column chromatography on silica gel using
hexanes/ethyl acetate (9:1 to 7:3) as the eluent to provide 49 mg
(89%) of liquid product, methyl 4-chloro-2,2-difluoro-6-phenyl-
hexanoate, 2a.

Methyl 4-Chloro-2,2-difluoro-6-phenylhexanoate (2a). 62 mg
(89%); 1H NMR, δ 7.19 (d, J = 4.0 Hz, 2H), 7.1 (d, J = 4.0 Hz, 3H),
3.97 (m, 1H), 3.75 (s, 3H), 2.79−2.43 (m, 4H), 2.00−1.94 (m, 2H);
19F NMR, δ −102.9 (dt, 2JF,F = 265 Hz, 3JF,H = 14.1 Hz), −108.8 (ddd,
2JF,F = 265 Hz, 3JF,H = 19.7, 16.9 Hz); 13C NMR, δ 164.0, 140.2, 128.6,
128.5, 126.3, 114.6 (t, 1JC,F = 252 Hz), 54.6, 53.5, 43.5 (t, 2JC,F = 24.8
Hz), 40.1, 32.1; HRMS (GC−CI) m/z calcd for C13H15O2F2Cl [M +
H]+: 276.0729; found 276.0735.

Methyl 4-Chloro-2,2-difluoroheptanoate (2b). 45 mg (83%); 1H
NMR, δ 4.11 (m, 1H), 3.88 (s, 3H), 2.70−2.46 (m, 2H), 1.79−1.72
(m, 2H), 1.58−1.49 (m, 2H), 0.94 (t, 6 Hz); 19F NMR, δ −101.3 (dt,
2JF,F = 265.1 Hz, 3JF,H = 14.1 Hz), −107.6 (ddd, 2JF,F = 265.1, 3JF,H =
22.6 Hz, 3JF,H = 14.1 Hz); 13C NMR, δ 163.7, 114.7 (t, 1JC,F = 252 Hz),
54.6, 53.4, 43.3 (t, 2JC,F = 23.3 Hz), 40.6, 19.2, 13.2; HRMS (GC−CI)
m/z calcd for C8H14O2F2Cl [M + H]+: 215.0650; found 215.0644.

Methyl 4-Chloro-2,2-difluorodecanoate (2c). 56 mg 87%); 1H
NMR, δ 4.10 (m, 1H), 3.89 (s, 3H), 2.68−2.47 (m, 2H), 1.79−
1.73(m, 2H) 1.79 (m, 8H), 0.89 (t, 4 Hz, 3H); 19F NMR, δ −102.3
(dt, 2JF,F = 265.1 Hz, 3JF,H = 14.1 Hz), −108.6 (ddd, 2JF,F = 265.1, 3JF,H
= 22.6 Hz, 3JF,H = 14.1 Hz); 13C NMR, δ 163.7, 114.7 (t, 1JC,F = 252
Hz), 54.9, 53.5, 43.2 (t, 2JC,F = 24.0 Hz), 38.6, 31.6, 28.5, 25.9, 22.5,
14.0; HRMS (GC−CI) m/z calcd for C11H20O2F2Cl [M + H]+:
257.1120; found 257.1115.

Methyl 4-Chloro-2,2-difluorododecanoate (2d). 60 mg (85%); 1H
NMR, δ 4.09 (m, 1H), 3.88(s, 3H), 2.70−2.46 (m, 2H), 1.78−1.74
(m, 2H), 1.27 (m, 12H), 0.88 (t, 6 Hz, 3H); 19F NMR, δ −100.7 (dt,
2JF,F = 262.3 Hz, 3JF,H = 14.1 Hz), −107.0 (ddd, 2JF,F = 265.1 Hz, 3JF,H
= 19.4 Hz, 3JF,H =14.1 Hz); 13C NMR, δ 163.6, 114.6 (t, 1JC,F = 248.3
Hz), 54.9, 53.4, 43.2 (t, 2JC,F= 24 Hz), 38.6, 31.8, 29.1, 28.9, 28.8, 25.9,
22.6. 14.1; HRMS (GC−CI) m/z calcd for C13H24O2F2Cl: 285.1433
[M + H]+ ; found 285.1428.

Methyl 4-Chloro-2,2-difluoro-5-phenylpentanoate (2e). 57 mg
(86%); 1H NMR, δ 7.25 (d, J = 6 Hz, 3H), 7.12 (d, J = 9 Hz), 4.24 (m,
1H), 3.78 (s, 3H), 3.01 (d, J = 6 Hz), 2.49 (m, 2H); 19F NMR, δ
−100.5 (dt, 2JF,F = 268.0 Hz, 3JF,H = 14.1 Hz), −106.7 (ddd, 2JF,F =
268.0 Hz, 3JF,H = 22.6 Hz, 3JF,H = 14.1 Hz); 13C NMR, δ 164.0, 136.4,
129.4, 128.6, 129.5, 127.2, 114.6 (t, 1JC,F = 248.6 Hz), 54.7, 53.5, 42.2
(t, 2JC,F = 23.3 Hz); HRMS (DART) m/z calcd for C12H17ClF2NO2

+

[M +NH4]
+: 280.0910; found 280.0915.

Methyl 2-(2-Chlorocyclohexyl)-2,2-difluoroacetate (2f). 41 mg
(73%); 1H NMR, δ 4.53 (m, 0.3H, cis), 3.95 (m, 0.6H, trans), 3.87 (s,
3H), 2.59−1.87 (m, 2H), 1.83−1.62 (m, 5H), 1.33−1.26 (m, 2H); 19F
NMR, δ −105.8 (d, 2JF,F = 252 Hz), −108.5 (t, 3JF,H = 11.3 Hz), −113
(d, J = 14.1 Hz), −118.5 (dd, 2JF,F = 267.9 Hz, 3JF,H = 22.6 Hz); 13C
NMR, δ 165.3, 164.8, 115.7 (t, 1JC,F = 248.3 Hz), 115.5 (t, 1JC,F =
248.3 Hz), 53.3, 49.0 (t, 2JC,F = 23.25 Hz), 47.5 (t, 2JC,F = 21.75 Hz),
37.2, 34.5, 25.5, 23.9, 19.6, 19.3; HRMS (GC−CI) m/z calcd for
C9H14O2F2Cl: 227.0650 [M + H]+; found 227.0647.

Methyl 4-Chloro-2,2-difluoro-5-phenoxypentanoate (2g). 50 mg
(72%); 1H NMR, δ 7.22 (t, J = 9 Hz, 2H), 6.91 (t, J = 6 Hz, 1H), 6.83
(d, J = 9 Hz, 2H), 4.31 (m, 1H), 4.14−4.03 (m, 2H), 3.78 (s, 3H),
2.84−2.59 (m, 2H); 19F NMR, δ −101.4 (dt, 2JF,F = 265.1 Hz, 3JF,H =
14.1 Hz), −105.1 (dt, 2JF,F = 267.9 Hz, 3JF,H = 19.7 Hz); 13C NMR, δ
157.8, 129.6, 129.4, 121.7, 120.9, 114.7, 114.5 (t, 1JC,F = 247.5 Hz),
70.8, 53.6, 51.0, 39.8 (t, 2JC,F = 23.3 Hz); HRMS (GC−CI) m/z calcd
for C12H13O3F2Cl: 278.0521 M+; found 278.0528.

Methyl 4-Chloro-5-(1,3-dioxoisoindolin-2-yl)-2,2-difluoro-
pentanoate (2h). 79 mg (95%); 1H NMR, δ 7.88 (m, 2H), 7.75
(m, 2H), 4.51 (m, 1H), 4.03−3.85 (m, 2H), 3.88 (s, 3H), 2.70−2.59
(m, 2H); 19F NMR, δ −110.7 (dt, 2JF,F = 268 Hz, 3JF,H = 14.1 Hz),
−105 (dt, 2JF,F = 265 Hz, 3JF,H = 14.1 Hz); 13C NMR, δ 168.2, 167.8,
134.3, 134.0, 131.6, 123.6, 123.2, 114.2 (t, 1JC,F = 248 Hz), 53.6, 50.8,
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43.7, 40.8 (t, 2JC,F = 24.8 Hz); HRMS (GC−CI) m/z calcd for
C14H13O4F2Cl 332.0501 [M + H]+; found 332.0501.
2-Chloro-4,4-difluoro-5-methoxy-5-oxopentyl benzoate (2i). 67

mg (87%); 1H NMR, δ 7.97 (d, J = Hz, 2H), 7.51 (t, J = 6 Hz, 1H),
7.38 (t, J = 6 Hz, 2H), 4.43−4.36 (m, 2H), 4.35 (m, 1H), 3.81 (s, 3H),
2.70−2.66 (m, 2H); 19F NMR, δ −101.3 (dt, 2JF,F = 270.7 Hz, 3JF,H =
14.1 Hz), −105.9 (dt, 3JF,F = 265.1 Hz, 3JF,H = 16.9 Hz); 13C NMR, δ
165.7, 163.7, 133.4, 129.7, 128.5, 123.3, 114.3 (t, 1JC,F = 248.3 Hz),
67.0, 53.6, 50.8, 39.9 (t, 2JC,F = 24.0 Hz); HRMS (GC−CI) m/z calcd
for C13H14O4F2Cl 307.0549 [M + H]+; found 307.0560.

■ ASSOCIATED CONTENT
*S Supporting Information
NMR spectra of all products. This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: wrd@chem.ufl.edu.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Support of this work, in part, by Syngenta Crop Protection is
gratefully acknowledged.

■ REFERENCES
(1) Kharasch, M. S.; Jensen, E. V.; Urry, W. H. Science 1945, 102,
128.
(2) O’Hagan, D. Chem. Soc. Rev. 2008, 37, 308−319.
(3) Dolbier, W. R., Jr. Chem. Rev. 1996, 96, 1557−1584.
(4) Dolbier, W. R., Jr. In Topics in Current Chemistry; Chambers, R.
D., Ed.; Springer: Berlin, 1997; Vol. 192, pp 97−163.
(5) Selected reviews of trifluoromethylation methodologies:
(a) Charpentier, J.; Fruh, N.; Togni, A. Chem. Rev. 2014,
DOI: dx.doi.org/10.1021/cr500223h. (b) Koike, T.; Akita, M. J.
Fluorine Chem. 2014, 167, 30−36. (c) Egami, H.; Sodeoka, M. Angew.
Chem., Int. Ed. 2014, 53, 8294−8308. (d) Ni, C.; Hu, N.; Hu, J. Chem.
Rev. 2014, DOI: dx.doi.org/10.1021/cr5002386.
(6) Selected articles for trifluoromethylation using Togni’s reagent:
(a) Janson, P. G.; Ghoneim, I.; Ilchenko, N. O.; Szabo,́ K. J. Org. Lett.
2012, 14, 2882−2885. (b) Egami, H.; Shimizu, R.; Sodeoka, M.
Tetrahedron Lett. 2012, 53, 5503−5506. (c) Ilchenko, N. O.; Janson, P.
G.; Szabo,́ K. J. J. Org. Chem. 2013, 78, 11087−11091. (d) He, Y.-T.;
Li, L.-H.; Yang, Y.-F.; Zhou, Z.-Z.; Hua, H.-L.; Liu, X.-Y.; Liang, Y.-M.
Org. Lett. 2013, 16, 270−273. (e) Wang, F.; Qi, X.; Liang, Z.; Chen, P.;
Liu, G. Angew. Chem., Int. Ed. 2014, 53, 1881−1884. (f) Lu, D.-F.;
Zhu, C.-L.; Xu, H. Chem. Sci. 2013, 4, 2478−2482. (g) Carboni, A.;
Dagousset, G.; Magnier, E.; Masson, G. Org. Lett. 2014, 16, 1240−
1243.
(7) Selected articles for trifluoromethylation using Umemoto’s
reagent: (a) Yasu, Y.; Koike, T.; Akita, M. Org. Lett. 2013, 15,
2136−2139. (b) Egami, H.; Kawamura, S.; Miyazaki, A.; Sodeoka, M.
Angew. Chem., Int. Ed. 2013, 52, 7841−7844. (c) Lin, J.-S.; Xiong, Y.-
P.; Ma, C.-L; Zhao, L.-J.; Tan, B.; Liu, X.-Y. Chem.Eur. J. 2014, 20,
1332−1340. (d) Wang, F.; Qi, X.; Liang, Z.; Chen, P.; Liu, G. Angew.
Chem., Int. Ed. 2014, 53, 1881−1886.
(8) Selected articles for trifluoromethylation using Langlois reagent:
(a) Jiang, X.-Y.; Qing, F.-L. Angew. Chem., Int. Ed. 2013, 52, 14177−
14180. (b) Deb, A.; Manna, S.; Modak, A.; Patra, T.; Maity, S.; Maiti,
D. Angew. Chem., Int. Ed. 2013, 52, 9747−9750. (c) Hang, Z.; Li, Z.;
Liu, Z.-Q. Org. Lett. 2014, 16, 3648−3651.
(9) Selected articles for chloro, trifluoromethylation using ClSO2CF3:
(a) Oh, S. H.; Malpani, Y. R.; Ha, N.; Jung, Y.-S.; Han, S. B. Org. Lett.
2014, 16, 1310−1313. (b) Huang, W.-Y.; Chen, J.-L.; Hu, L.-Q. Bull.
Soc. Chim. Fr. 1986, 881−884. (c) Huang, W.-Y.; Chen, J.-L.; Hu, L.-
Q. Acta Chim. Sin. 1988, 46, 895. (d) Huang, W.-Y.; Lu, L. Chin. J.

Chem. 1992, 10, 268−271. (e) Huang, W.-Y.; Zhang, H.-Z. Chin. J.
Chem. 1992, 10, 544−547. (f) Billard, T.; Roques, N.; Langlois, B. R. J.
Org. Chem. 1999, 64, 3813−3816.
(10) Other ATRA additions using the CF3 radical: (a) Li, Y.; Studer,
A. Angew. Chem., Int. Ed. 2012, 51, 8221−8224. (b) Fuchikami, T.;
Shibata, Y.; Urata, H. Chem. Lett. 1987, 521−524. (c) Kim, E.; Choi,
S.; Kim, H.; Cho, E. J. Chem.Eur. J. 2013, 19, 6209−6212. (d) Lui,
X.; Xu, C.; Wang, M.; Lui, Q. Chem. Rev. 2014, DOI: dx.doi.org/
10.1021/cr400473a.
(11) Salomon, P.; Zard, S. Z. Org. Lett. 2014, 16, 2926−2929.
(12) O’Hara, F.; Blackmond, D. G.; Baran, P. S. J. Am. Chem. Soc.
2013, 135, 12122−12134.
(13) (a) Kirk, K. L. Org. Process Res. Dev. 2008, 12, 305. (b) Prakash,
G. K. S.; Chacko, S. Curr. Opin. Drug Discovery Dev. 2008, 11, 793.
(14) Cao, P.; Duan, J.-X.; Chen, Q. Y. J. Chem. Soc., Chem. Commun.
1994, 737−738.
(15) (a) Gonzalez, J.; Foti, C.; Elsheimer, S. J. Org. Chem. 1991, 56,
4322−4325. (b) Miethchen, R.; Hein, M.; Reinke, H. Eur. J. Org.
Chem. 1998, 63, 919−923. (c) Megert, A.; Meithchen, R.; Hein, M.;
Reinke, H. Synthesis 2005, 1850−1853. (d) Reutrakul, V.;
Thongpausanwong, T.; Tuchinda, P.; Kuhabarn, C.; Pohmakot, M. J.
Org. Chem. 2004, 69, 6913−6917.
(16) (a) Li, Y.; Lui, J.; Zhang, L.; Zhu, L.; Hu, J. J. Org. Chem. 2007,
72, 5824−5827. (b) Prakash, G. K. S.; Hu, J.; Wang, Y.; Olah, G. A.
Org. Lett. 2004, 6, 4315−4318. (c) Ye, J. D.; Liao, X.; Precirilli, J. A. J.
Org. Chem. 2005, 70, 7902−7910. (d) Stahly, G. P. J. Fluorine Chem.
1989, 43, 53−66. (e) Ni, C.; Hu, J. Tetrahedron Lett. 2005, 46, 8273−
8277.
(17) (a) Yang, Y.; Xu, J.; You, Z.; Xu, X.; Qiu, X.; Qing, F. L. Org.
Lett. 2007, 9, 5437−5440. (b) Otsuka, T.; Ishii, A.; Dub, P. A.; Ikariya,
T. J. Am. Chem. Soc. 2013, 135, 9600−9604. (c) Ueno, R.; Osama, H.;
Oda, T. Eur. Patent EP435443A2.
(18) Selected articles for halo, carboalkoxydifluoromethylations:
(a) Nguyen, J. D.; Tucker, J. W.; Konieczynska, M. D.; Stephenson, C.
R. J. J. Am. Chem. Soc. 2011, 133, 4160−4163. (b) Tucker, J. W.;
Zhang, Y.; Jamison, T. F.; Stephenson, C. R. J. Angew. Chem., Int. Ed.
2012, 51, 4144−4147. (c) Sato, O.; Ando, K. J. Fluorine Chem. 2004,
125, 509−515. (d) Yang, Z.-Y.; Burton, D. J. J. Org. Chem. 1992, 57,
5144−5149. (e) Yang, Z.-Y.; Burton, D. J. J. Fluorine Chem. 1989, 45,
435−439. (f) Yang, X.; Wang, Z.; Zhu, Y.; Fang, X.; Yang, X.; Wu, F.;
Shen, Y. J. Fluorine Chem. 2007, 128, 1046−1051. (g) Kitagawa, O.;
Miura, A.; Kobayashi, Y.; Taguchi, T. Chem. Lett. 1990, 6, 1011−1014.
(h) Xiao, F.; Wu, F.; Shen, Y.; Zhou, L. J. Fluorine Chem. 2005, 126,
63−67.
(19) Tang, X. J.; Thomoson, C. S.; Dolbier, W. R., Jr. Org. Lett. 2014,
16, 4594−4597.

The Journal of Organic Chemistry Note

DOI: 10.1021/jo502595g
J. Org. Chem. 2015, 80, 1264−1268

1268

http://pubs.acs.org
mailto:wrd@chem.ufl.edu
http://dx.doi.org/10.1021/jo502595g

