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A highly regioselective copper-mediated hydrodifluoroalkylation
of alkynes with ethyl bromodifluoroacetate or
bromodifluoroacetamides has been developed. This strategy
provides a straightforward access to a variety of difluoroalkylated
alkenes under mild reaction conditions with low-cost cuprous
bromide and metabisulfite as reduction agent. A wide range of
alkynes are applicable with these reaction conditions. The
excellent functional-group compatibility and good regio- and
stereoselectivities are the notable features of this transformation.

Fluorine atom is generally considered as an extraordinary
atom due to its small atomic radius and high electronegativity.
Introduction of fluorine can generally enhance the lipophilicity,
bioavailability, and metabolic stability of their parent
molecules.! However, only a very limited number of fluorine-
containing compounds, which can be used as potential starting
fluorinated material, has been produced by nature. Due to the
ubiquity of fluorine-containing molecules in the fields of
materials, pesticides, and pharmaceuticals, the increasing
demand for fluorine-containing organic compounds has made
them urgent synthetic targets in organic chemistry.?
Consequently, incorporation of fluorine and fluorine-
containing groups has been an intensive topic of
organofluorine synthetic chemistry.

Recently, the synthesis of difluoromethylene-containing
compounds has attracted considerable attention.?
Difluoromethylene (-CF,-) is regarded as a bioisostere for
oxygen atom, carbonyl, and methylene,* and it can affect the
electronic properties, chemical properties, and reactivities of
the adjacent functional group.® During the last decades, the
synthesis of difluoroalkylated alkenes have been accomplished
by direct C-H difluoroalkylation of alkenes,® decarboxylative
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cross-coupling of a,B8-unsaturated carboxylic acids,” and
transition metal-catalyzed cross-coupling reactions involving
alkenyl metals® or halides.?

Scheme 1. Synthesis of difluoroalkylated alkenes from terminal
alkynes
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Traditionally, the alkenyl metals or alkenyl halides are
derived from alkynes through hydrometalation or electrophilic
addition reactions (Scheme 1a). Therefore, the direct addition
of difluoroalkyl groups to alkynes to generate difluoroalkylated
alkenes in a regio- and stereo-controlled fashion would
prevent additional steps for the preparation of alkenylmetal
species or alkenyl halides, thus improving their synthetic
efficiency and applicability. However, it is challenging due to
the difficulty in control of stereoselectivity (Scheme 1b).20-13
For instance, Chen et al. and Piettre et al. respectively
reported the transition metal-free hydrodifluoroalkylations of
alkynes with NayS,04'* or AIBN!? as a radical initiator, and
Shibuya et al. reported a Cu-mediated hydrodifluoroalkylation
of alkynes.'3 However, only low to moderate yields and poor
stereoselectivities have been acheived. Recently, Song and co-
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workers reported the reaction of ethyl bromodifluoroacetate
and alkynes in the presence of B,pin,.'* Although good cis-
hydrodifluoroalkylation have been realized for aromatic
alkynes  bearing an  electron-donating  group, the

stereoselectivities are lower for aliphatic alkynes. Furthermore,

stoichiometric amount of bis(pinacolato)diboron has been
employed as reductant which is expensive, thus limiting its
application in scaled up industrial synthesis. Herein, we report
our results of direct hydrodifluoroalkylation of alkynes in the
presence of low-cost copper(l) and sodium metabisulfite,
undergoing different reaction pathway. Through this strategy,
trans-fluoroalkylated alkenes could be accessed with good to
excellent vyields and high E-stereoselectivities for both
aromatic and aliphatic alkynes (Scheme 1d).

RESULTS AND DISCUSSION

Initially, the radical addition of phenylacetylene (1a) with
ethyl bromodifluoroacetate (2a) was chosen as a model
reaction to optimize the reaction conditions. When using
TMEDA (2.0 equiv) as base in the presence of CuBr (1.5 equiv)
in DMF, the desired product 3a was obtained in only 19% yield
along with the homo-coupling byproduct 4 (75%) (Table 1,
entry 1). When KF (1.5 equiv) was added, the yield of 3a was
improved to 74% (Table 1, entry 2) and the yield of byproduct
4 dropped to 21%. It is noteworthy that in the presence of
Na,S;0s (1.5 equiv), the desired product 3a can be obtained
with an excellent yield of 97%, with the generation of 4 being
sufficiently suppressed (entry 3). Various copper salts were
subsequently screened (entries 3 to 6), which implied

Table 1. Optimization of reaction conditions?

Cu salt, TMEDA,
©/\,CFZCOQEt . < _
2

additive, solvent

/
Z Ar, 80 °C
+ BICF,COEt ——————>

1a 2a 3a 4
" yield® (%)
Entry Cu salt additive Solvent
3a (E/2) 4
1 CuBr none DMF 19(>99:1) 75
2 CuBr KF DMF 74(21:1) 21
3 CuBr Na»S20s DMF 97(96:1) 0
4 Cucl Na2S$:0s DMF 95(94:1) 0
5 Cul Na2520s DMF 94(46:1) 0
6 CuBr; Na;5,0s DMF 53(>99:1) 33
7 CuBr Na»S03 DMF 71(22:1) 30
8 CuBr NaHSOs DMF 62(8:1) 35
9 CuBr Na;S,0s THF 22(10:1) 73
10 CuBr Na»S205 toluene 43(13:1) 51
11 CuBr Na2520s 1,4- 41(7:1) 29
dioxane

12 CuBr Na;5,0s CHsCN 55(54:1) 36
13¢ CuBr Na2520s DMF 23(>99:1) 0
14¢ CuBr NazS,0s DMF 6(>99:1) 0

9Reaction conditions: 1a (0.3 mmol, 1.0 equiv), 2a (0.45 mmol, 1.5 equiv),
Cu salt (0.45 mmol, 1.5 equiv), TMEDA (0.6 mmol, 2.0 equiv), additive (0.45
mmol, 1.5 equiv), DMF (3 mL), 80 °C, under argon. ’The yield was
determined by HPLC analysis. TMEDA = N, N, N’, N’-tetramethylethane-1,2-
diamine. “Catalytic amount (0.2 equiv) of CuBr was used. “Without the
addition of TMEDA.
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that copper(l) was more efficient than copper(ll) (entryi3e\s.6)%
and CuBr gave the best yield and steP&bsEléeer/ityORNEREo!d
number of other additives were investigated (entry 7 vs 8) and
Na,S,0s proved the most efficient additive in this reaction.
Moreover, various solvents were screened (entries 9-12) and
DMF was found to be the best option. However, our attempt
to decrease the amount of copper to a catalytic amount (0.2
equiv) failed due to the decrease of yield to 23% (entry 13). A
control experiment in the absence of TMEDA only gave the
desired product 3a in 6% yield (entry 14). Consequently,
Na,S,0s5 as additive, TMEDA as base, and DMF as solvent in the
presence of CuBr were chosen as the optimized conditions.
With the optimal reaction conditions in hand, the substrate
scope of this hydrodifluoroalkylation reaction was explored. A
wide range of alkynes, including both aromatic and aliphatic
ones, were examined and the results were depicted in Table 2.
For the aromatic alkynes, diverse substituents on the aromatic
ring were compatible under the standard conditions and gave
moderate to high yields of the corresponding difluoroalkylated
products (3a-30). Both phenylacetylenes bearing an electron-

Scheme 2. Scope of alkynes®?
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9Reaction conditions: 1 (0.5 mmol, 1.0 equiv), 2a (0.75 mmol, 1.5 equiv), CuBr (0.75
mmol, 1.5 equiv), TMEDA (1.0 mmol, 2.0 equiv), Na,5,0s (0.75 mmol, 1.5 equiv), DMF
(5 mL), 80 °C, under argon, 6-8 h. ®lsolated yield. The ratios in parentheses are E/Z
ratios, determined by °F NMR spectroscopy.

This journal is © The Royal Society of Chemistry 20xx
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donating group on the aryl ring (3b-3d, 3m-3p) and halogen
substituted phenylacetylenes (3e-3g) gave the desired
products with high yields and excellent stereoselectivities.
Meanwhile, for phenylacetylenes with strong electron-
withdrawing groups (3h-3l), relatively lower yields and lower
stereoselectivities were obtained, which might be due to the
low isomerization barrier of alkenyl radicals.’> Moreover, 2-
ethynylthiophene (3q), 2-ethynylnaphthalene (3r), and
aliphatic alkynes (3s-3v) also proceeded smoothly to afford the
desired products with good yields and excellent
stereoselectivities. It is noteworthy that various functional
groups, such as cyano (3h), nitro (3i), alkoxycarbonyl (3k),
formyl (31), and hydroxyl (3s-3v) can be well tolerated.

To further demonstrate the generality of this method,
different functionalized difluoromethyl bromides were also
explored with the results being summarized in Table 3. As
expected, a variety of bromodifluoroacetamides were
compatible with the transformation and gave the desired
products (5a-5i) with high yields and good stereoselectivities.
Scheme 3. Scope of bromodifluoroacetamides®?
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9Reaction Conditions: 1a (0.5 mmol, 1.0 equiv), 2 (0.75 mmol, 1.5 equiv), CuBr
(0.75 mmol, 1.5 equiv), TMEDA (1.0 mmol, 2.0 equiv), Na,S,0s (0.75 mmol, 1.5
equiv), DMF (5 mL), 80 °C, under argon, 6-8 h. ’lsolated yield. The ratios in
parentheses are E/Z ratios, determined by 1°F NMR spectroscopy.
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It is remarkable that the amide containing compounds {(5€-5i)
cannot be  accessed through D@FréVigiid/C8p8petrted
difluoromethylation of alkenes® or hydrodifluoromethylation
of alkynes,’” both of which led to further cyclized products.
Notably, reaction of phenylalanine derived
bromodifluoroamide with phenylacetylene afforded the
fluorinated alkene (5f) in good vyield with an excellent
functional group tolerance. Thus, unsaturated fluorinated
amino acids can be efficiently accessed for further biologically
active peptides and protein engineering studies.®

To exploit the reaction mechanism, several control
experiments were carried out (for details, see the Supporting
Information). When a radical inhibitor 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) was added into the reaction system,
the reaction was quenched and thus implied that a radical
pathway might be involved in this reaction (Scheme 4, eq. 1).
To gain further insight into the source of the two protons in
the desired product, two deuterium-labeling experiments
were performed. When excessive amount of deuterated water
was added to the reaction, the corresponding product 3c was
obtained with 77% deuterated at a-C and 44% deuterated at
B-C (Scheme 4, eq. 2). When deuterated 4-
propylphenylethylene was subjected to the reaction condition,
the corresponding product 3c was obtained with 21%
deuterated at a-C and less than 5% deuterated at B-C (Scheme
4, eq. 3). When the reaction of 1a with 2a was run under
anhydrous conditions, the yield dropped sharply. All above
results indicate that water should be involved in this reaction
as a hydrogen source.

Scheme 4. Control experiments for mechanism insight

CuBr (1.5 equiv)
TMEDA (2.0 equiv)
Na S O (1.5 equiv)

// TEMPO (1.5 equiv) S _CF CO Et
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. BrCF Co £t DMF.80 C.6h A\ -CF CO Et
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1c-D 3a 3c-D

Based on the above experimental results and previous
reports,”!° a plausible mechanism was proposed in Scheme 5.
First, BrCF,CO3Et is reduced by copper(l) salt via a single-
electron transfer to afford the difluoroalkyl radical, which adds
to the in situ formed (phenylethynyl)copper A to afford vinyl
radical intermediate B. Subsequently, vinyl radical B could
abstract the hydrogen from solvents and give vinyl-copper

J. Name., 2013, 00, 1-3 | 3
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intermediate C, which was quenched by proton from moisture
in the reaction system, giving the desired product 3. The diyne
byproduct 4 might be derived from homocoupling of terminal
alkynes in the presence of Cu(ll) or Cu(lll).2° Therefore, Na,S,0s
was applied as reductant to suppressed the side reaction.?!

Scheme 5. Proposed mechanism

cu' cu"
BICF CO ~ 7,
3 CcO
Ph—= ———> Ph—=——Cu L»Ph/\r
CuX, base Cu
A
H abstraction
H+
H co / H co
PH H PH  Cu
C
Conclusions
In summary, an economic copper/Na,S,0s-mediated

hydrodifluoroalkylation of alkynes with ethyl
bromodifluoroacetate has been developed. Through this
strategy, a number of difluroalkylated alkenes can be obtained
in good yields and stereoselectivities. Further explorations to
reveal the reaction mechanism are currently underway in our
laboratory.
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A highly regioselective copper-mediated hydrodifluoroalkylation of alkynes with ethyl
bromodifluoroacetate or bromodifluoroacetamides has been developed.
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