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gem-Difluoroallylation of Aryl Halides and Pseudo Halides with
Difluoroallylboron Reagents in High Regioselectivity
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Abstract: We report the palladium-catalyzed gem-difluoroal-
lylation of aryl halides and pseudo halides with 3,3-difluor-
oallyl boronates in high yield with high regioselectivity, and we
report the preparation of the 3,3-difluoroallyl boronate
reactants by a copper-catalyzed defluorinative borylation of
inexpensive gaseous 3,3,3-trifluoropropene with bis(pinacola-
to)diboron. The gem-difluoroallylation of aryl and heteroaryl
bromides proceeds with low catalyst loading (0.1 mol% [Pd])
and tolerates a wide range of functional groups, including
primary alcohols, secondary amines, ethers, ketones, esters,
amides, aldehydes, nitriles, halides, and nitro groups. This
protocol extends to aryl iodides, chlorides, and triflates, as well
as substituted difluoroallyl boronates, providing a versatile
synthesis of gem-difluoroallyl arenes that we show to be
valuable intermediates to a series of fluorinated building
blocks.

The difluoromethylene (CF2) unit can be used to fine-tune
the physical, chemical, and biological properties of pharma-
ceuticals, agrochemicals, and materials.[1] This unit can serve
as a bioisostere for an ether linkage or a keto group in
pharmaceuticals,[2] and, when positioned at a benzylic site, it
can block metabolic oxidation at otherwise labile benzylic
C�H bonds.[2] Difluoromethylene groups also have been used
to alter the lipophilicity and ground-state conformation of
organic molecules.[2] Compounds containing difluoromethy-
lene groups even serve as valuable reactants, for example
undergoing C�F bond activation during reactions that form
alkyl fluorides.[3]

However, the installation of a difluoromethylene group
poses synthetic challenges. Classical approaches to access 1,1-
difluoroalkanes, such as the deoxyfluorination of ketones with
DAST or Deoxo-Fluor

�

,[4] the fluorodesulfurzation of
dithianes,[5] and the hydrofluorination of alkynes,[6,7] typically
proceed in low yield and exhibit poor functional group
tolerance. Recently, difluoroalkylations catalyzed by transi-
tion-metal complexes have provided an alternative, conver-
gent route to access compounds containing the difluoro-

methylene group.[8] Among these, difluoroallylations are
notable for their ability to simultaneously install a difluoro-
methylene group and a versatile alkene functional group. In
2014, Zhang et al. reported the palladium-catalyzed coupling
of arylboron reagents 1 and 3-bromo-3,3-difluoropropene (2)
to provide synthetically versatile gem-difluoroallyl arenes 3
(Scheme 1a).[9] Similarly, Feng et al. demonstrated that aryl
boronic acids 4 undergo cross-coupling with 2-aryl difluor-
oallyl quaternary ammonium salts 5 to provide 2-aryl
difluoroallyl arenes 6 (Scheme 1b).[10] However, the aryl-
boron reagents used in these reactions as the source of the
aryl group are much less available than aryl halides and the 3-
bromo-3,3-difluoropropene reagent used as the source of the
difluoroallyl group in one protocol is expensive;[11] it is
prepared from dibromodifluoromethane and ethylene by

Scheme 1. Background on the difluoroallylation of aromatic com-
pounds.
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a two-step, gas-phase synthesis requiring an autoclave
system.[12] The 2-aryl difluoroallyl quaternary ammonium
salts applied by Feng require an equivalent amount of alkyl
lithium reagent for their preparation. Thus, the coupling of an
aryl halide with a difluoroallyl reagent that is derived from an
abundant organofluorine compound is needed for difluoro-
allylation to be widely adopted.

We envisioned that the cross-coupling of an aryl halide or
pseudo halide 7 (and the heteroaryl analogs) with a 3,3-
difluoroallyl boronate 8 to form gem-difluoroallyl arenes 3
would be an expedient, affordable, and versatile route to gem-
difluoroallyl arenes. This process (Scheme 1c) would occur
between widely available, readily accessible aryl halides or
pseudo halides[13] and difluoroallyl boronates, which could be
prepared by the defluorinative borylation of the inexpensive,
gaseous 3,3,3-trifluoropropene (9),[14] or substituted trifluor-
omethyl alkenes. Thus far, just one example of the cross-
coupling of an aryl halide with a substituted 3,3-difluoroallyl
boronate has been reported (Scheme 1d),[15] and this example
required iodide as leaving group on the arene, occurred in
modest yield (55%), and required high catalyst loadings
(10 mol% [Pd]).

Herein, we report the palladium-catalyzed gem-difluor-
oallylation of aryl chlorides, bromides, iodides, and triflates
with difluoroallylboron reagents synthesized from 3,3,3-
trifluoropropene (Scheme 1c) or substituted trifluoromethyl
alkenes. These reactions proceed with low catalyst loadings in
high yields with high regioselectivities. The products undergo
a wide range of transformations without defluorination to
form building blocks containing the combination of a difluoro-
methylene unit at the benzylic position and a wide array of
functional groups.

To achieve the target difluoroallylation reaction, we first
developed a practical preparation of 3,3-difluoroallyl pinacol
boronate (15) from 3,3,3-trifluoropropene (9). Ramachan-
dran et al. previously reported the synthesis of 3,3-difluor-
oallyl diisopropyl boronate by the homologation of 2,2-
difluorovinyllithium with diisopropyl iodomethylboronate;
however, this route required an expensive iodomethylboron
reagent and stoichiometric organolithium reagents.[16] There-
fore, we sought to develop an alternative synthesis of 3,3-
difluoroallyl boronates.

We investigated the defluorinative borylation of 3,3,3-
trifluoropropene (9) catalyzed by copper(I) chloride and
tricyclohexylphosphine, based on previous reports of the
copper-catalyzed defluorinative borylation of trifluoro-
methyl- or difluoromethyl-substituted alkenes.[17,18] By con-
ducting the defluorinative borylation of gaseous trifluoropro-
pene 9 in a sealed, pressurized flask at low temperatures, the
desired boronate 15 was produced in 71% yield (Table 1,
entry 1). However, alkyl boronate 16, derived from the
hydroboration of trifluoropropene 9, was observed in 11%
yield. Formation of this side product was suppressed by
conducting the reaction with a larger amount of NaOt-Bu.
The reaction with 1.0 equiv instead of 0.4 equiv of NaOt-Bu
formed difluoroallyl boronate 15 without the formal hydro-
boration product 16 (entry 2). Furthermore, reactions con-
ducted with 5.0 mol% of the copper catalyst proceeded in
higher yield than reactions conducted with 20 mol% of the

copper catalyst (entry 3). We note that 3,3-difluoroallyl
pinacol boronate (15) is bench-stable for months, in contrast
to the 3,3-difluoroallyl diisopropyl boronate previously
reported by Ramachandran et al., which is unstable and
must be used immediately after it is prepared.[16]

Our initial efforts to develop the gem-difluoroallylation of
aryl halides and pseudo halides focused on the reaction of 4-
tert-butylbromobenzene (17a) with 3,3-difluoroallyl pinacol
boronate (15). We investigated a variety of palladium
catalysts and commercially available phosphine ligands with
high-throughput experimentation techniques (see SI for
details). CsF and Cs2CO3 were selected as the bases for
these experiments because the former is commonly used for
the coupling reactions between aryl bromides and allyl
pinacol boronate,[19] and the latter was shown to lead to
formation of the coupled product in preliminary studies.
Reactions conducted with the combination of Pd2(dba)3 and
cataCXium

�

PCy proceeded with full conversions of 17a and
excellent yields of 3a. Among the commercially available
cataCXium

�

P ligands investigated, cataCXium
�

PICy formed
a catalyst that generated the product in high yield with the
highest regioselectivity. Reactions conducted with this ligand
proceeded in 88% yield of 3a and > 99:1 selectivity for 3a
over 18a under conditions with just 0.1 mol% of palladium
(Table 2, entry 2). Reactions with K2CO3, a base that is less
expensive and more suitable for scale-up than Cs2CO3,
occurred in equivalent yields with 1.0 mol% of palladium.
Reactions conducted with Pd(PPh3)4 or Pd(dppf)Cl2 as the
catalyst also were shown by the high-throughput experiments
to form substantial amounts of product, but reactions with
these catalysts proceeded in lower yield than those conducted
with the combination of Pd2(dba)3 and cataCXium

�

PICy
(entries 3–5). The use of a ligand and a base was essential for
the reaction, and, although the use of an inert atmosphere was
also important for high yields (entries 6–8), reactions with
added water occurred with just 0.1 mol% of catalyst with
K2CO3 as base while maintaining a high yield and high g-
selectivity (entries 1, 9). The gem-difluoroallylation of aryl
bromide 17a proceeded in excellent yield with exclusive g-
selectivity when conducted on a gram scale, provided it was
conducted in 1,4-dioxane instead of DME (entry 11).

Table 1: Preparation of 3,3-difluoroallyl pinacol boronate.[a]

Entry CuCl PCy3 NaOt-Bu Yield [%]
[mol%] [mol%] (equiv) 15 16

1 20 20 0.4 71 11
2 20 20 1.0 79 <1
3 5.0 5.0 1.0 89 (77[b]) <1

[a] Reaction conditions: 9 (ca. 250–300 mL), 14 (5.87 mmol, 1 equiv),
CuCl (5.0–20 mol%), PCy3 (5.0–20 mol%), NaOt-Bu (0.4–1.0 equiv),
THF (12 mL, 0.5 M),�78 8C, 1 h; 0 8C to RT, 16 h. All reported yields were
determined by 19F NMR with 1,4-difluorobenzene as the internal
standard. [b] The number in parentheses is combined isolated yields of
15 and 16, and the ratio of 15/16 was >99:1.
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With conditions for the gem-difluoroallylation of aryl
bromides identified, we investigated the scope of aryl
bromides that undergo this transformation (Table 3). Aryl
bromides bearing a wide range of functional groups, including
vinyl, primary alcohol, secondary amine, aldehyde, nitrile,
ketone, ester, amide, nitro, and TIPS-protected alkyne under-
went difluoroallylation in high yield (3d–3 l, 3o, 3t). The
difluoroallylation of para-bromo benzaldehyde (17g) pro-
ceeded in good yield and selectivity (3g); however, minor
products containing a benzyl alcohol or carboxylic acid
functional group were also obtained, likely resulting from
a competitive Cannizzaro reaction. Bromoarenes bearing
a phenyl substituent situated at the para, meta, and ortho
position all underwent difluoroallylation in high yield and
selectivity (3c, 3u, 3y). Pentamethyl bromobenzene (17s),
a sterically hindered, electron-rich aryl bromide possessing
two ortho substituents, underwent gem-difluoroallylation in
high yield as well (3s). Electronically biased bromoarenes
also underwent difluoroallylation in high yield. For example,
bromoarenes bearing both strongly electron-withdrawing
(NO2, CN) and strongly electron-donating substituents
(OBn, NHBoc) at the para position underwent difluoroally-
lation in excellent yield (3h, 3m–3o).

The difluoroallylation of bromoarenes bearing two differ-
ent halides or one halide and one pseudo halide occurred with

excellent selectivity for one halide over the other. For
example, the difluoroallylation of both para-bromo phenyl
chloride and para-bromo phenyl triflate occurred exclusively
at the bromide (3p, 3q).

This protocol also led to the difluoroallylation of a variety
of heterocyclic halides relevant to medicinal chemistry,
including those containing oxygen, sulfur, and nitrogen. For
example, 4,4’-dibromo-2,2’-bithiophene underwent difluor-
oallylation to provide the difunctionalized product 3af, and 6-
bromobenzo[b]thiophene underwent gem-difluoroallylation
in high yield under the standard conditions (3ag). A pyridyl
bromide, which could not be converted into the cross-coupled
product by reaction of a pyridylboron reagent,[9] reacted
smoothly to provide the difluoroallylated pyridine 3ah in high
yield and selectivity. The gem-difluoroallylation of other
nitrogen-containing heteroaryl bromides such as bromopyr-
imidines and bromopyrazoles also proceeded in high yield
and selectivity (3ai–3al), and aryl bromides featuring a steroid
or carbohydrate motif underwent difluoroallylation in high
yield and excellent regioselectivity (3am, 3an).

Substituted difluoroallyl boronates also served as cou-
pling partners to form difluoroallyl arenes (Table 4). These
reagents were prepared by iron- or copper-catalyzed defluor-
inative borylation of the corresponding trifluoromethyl com-
pounds.[17b,c] Although the cross-couplings of b-substituted
difluoroallyl boronates required extended reaction times
(48 hours), high yields and selectivities were achieved (20a–
20g). An a-substituted difluoroallyl boronate underwent
cross-coupling at a similar rate to unsubstituted difluoroallyl
pinacol boronate 15 to provide the linear difluorobenzyl
alkene 20h as a mixture of geometric isomers in high yield;
however, difluoroallyl pinacol boronates bearing substituents
at both a and b positions were unreactive (see SI for details).

Aryl iodides and chlorides, as well as aryl triflates, also
underwent efficient gem-difluoroallylation (Table 5). The
difluoroallylation of aryl iodides proceeded in higher yield
when conducted with anhydrous Cs2CO3 than with the
combination of K2CO3 and water. Under these conditions
with Cs2CO3, aryl iodides underwent cross-coupling in
excellent yield and selectivity with just 0.1 mol% of palla-
dium (Table S5). To our surprise, the cross-coupling of aryl
chlorides was inhibited by potassium chloride, a byproduct
formed throughout the reaction (Table S6). To overcome this
inhibition by chloride, the cross-coupling of aryl chlorides was
conducted in anhydrous toluene, a solvent in which potassium
chloride is insoluble. To ensure complete conversion within
48 hours, the cross-coupling of aryl chlorides was conducted
with 1.0 mol% palladium. Finally, aryl triflates underwent
difluoroallylation in excellent yield and selectivity under the
reaction conditions developed for aryl chlorides (Table S7).
We expect the compatibility of the present transformation
with four different halides and pseudo halides (Cl, Br, I, and
OTf) will make this method widely applicable for the
synthesis of difluoroallyl arenes and difluoroallyl heteroar-
enes.

1,1-Difluoroallyl arenes are versatile synthetic intermedi-
ates because alkenes undergo a myriad of transformations.
However, the chemistry of these difluoroalkylated alkenes,
which are strongly electronically biased and possess poten-

Table 2: Representative results for the optimization of gem-difluoroally-
lation of 4-tert-butylbromobenzene with difluoroallyl boronate.[a]

Entry Variations from above Yield [%]
3a + 18a

Ratio
3a/18a

1 None 94 >99:1
2[b] Cs2CO3 (1.1 equiv) as the base 88 >99:1
3[b,c] Pd2(dba)3 (0.5 mol%)

cataCXium
�

PICy (2.0 mol%)
92 >99:1

4[b,c,d] Pd(PPh3)4 (1.0 mol%) as the catalyst 51 29:1
5[b,c,d] Pd(dppf)Cl2 (1.0 mol%) as the catalyst 54 >99:1
6 Without cataCXium

�

PICy n.r. -
7 Without K2CO3 n.r. -
8 Under air n.r. -
9 Without H2O 70 56:1
10[e] None (97) >99:1
11[f ] 1,4-Dioxane as the solvent (99) >99:1

[a] Reaction conditions: 17a (0.04 mmol, 1.0 equiv), 15 (0.048–
0.060 mmol, 1.2–1.5 equiv), DME (0.2 mL). All reported yields are
combined yields of 3a and 18a, and were determined by 19F NMR with
1,4-difluorobenzene as the internal standard. All reported yields in
parentheses are the combined isolated yields of 3a and 18a. The ratio of
3a/18a was determined by 19F NMR before workup. [b] Concentration
was 0.125 M. H2O was not used. [c] 3.0 equiv of K2CO3 was used.
Reaction run at 80 8C. [d] Pd2(dba)3 and cataCXium

�

PICy were not used.
[e] 100 mg scale. [g] 1.5 g scale. n.r.=no reaction.
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tially labile C�F bonds, has not been charted. We began by
investigating several classical reactions of alkenes
(Scheme 2). Hydrogenation of 3aa provided 1,1-difluoro-
propyl arene 24 in excellent yield without competing hydro-
genolysis of a C�F bond, hydroboration and oxidation of 3u
provided alcohol 25 in high yield with high regioselectivity,
reductive ozonolysis of 3u provided alcohol 26 in moderate
yield, and epoxidation of 3a provided fluorinated epoxide 27
in high yield. Epoxide 27 underwent ring-opening with either
lithium aluminium hydride to provide secondary alcohol 28 or
N-benzylmethylamine to provide fluorinated b-amino alcohol

29. In prior work, Zhang et al. demonstrated that 1,1-
difluoroallyl arenes undergo dihydroxylation in high yield
(30).[9]

In addition to these classical reagent-based reactions, we
investigated several catalytic reactions at the alkene of the
difluoroallyl products. 1,1-Difluoroallyl arene 3c underwent
rhodium-catalyzed hydroformylation[20] in 70% yield with
excellent selectivity for the linear product 31. The resulting
aldehyde 31 smoothly underwent oxidation to carboxylic acid
32, an analogue of the nonsteroidal anti-inflammatory drug
Fenbufen. In addition, difluoroallyl arene 3a underwent

Table 3: Scope of gem-difluoroallylation of (hetero)aryl bromides with difluoroallyl boronate.[a]

[a] Reaction conditions (unless otherwise specified): 17 (0.5 mmol, 1.0 equiv), 15 (0.6 mmol, 1.2 equiv), Pd2(dba)3 (0.05 mol%), cataCXium
�

PICy
(0.2 mol%), K2CO3 (2.0 equiv), H2O (3.0 equiv), DME (2.5 mL, 0.2 M), under N2, 100 8C, 24 h. All reported yields are combined isolated yields of 3 and
18. The ratio of 3/18 in parentheses was determined by 19F NMR before workup. [b] Reaction run at 120 8C. [c] Reaction run at 90 8C. [d] Reaction run at
70 8C for 48 h. [e] 0.25 mmol of 17 (0.5 mmol as Br) was used. [f ] 17 (0.5 mmol, 1.0 equiv), 15 (0.6 mmol, 1.2 equiv), Pd2(dba)3 (0.1 mol%),
cataCXium

�

PICy (0.4 mol%), K2CO3 (3.0 equiv), Toluene (2.5 mL, 0.2 M), 100 8C, 48 h. [g] Yields were determined by 19F NMR with 1,4-
difluorobenzene as the internal standard before workup.
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a palladium-catalyzed Mizoroki–Heck reaction[21] with 4-
bromobenzaldehyde to provide 33 in 79% yield with 10:1E/Z

selectivity. This Mizoroki–Heck reaction outcompetes for-
mation of a p-allyl complex by C�F activation.[22] Difluoro
indene 34 formed in moderate yield from the ring-closing
metathesis of 3z with the Grubbs-Hoveyda 2nd generation
catalyst, and this product could be a precursor to known
bioactive molecules.[23]

In addition to these newly reported reactions, we have
previously demonstrated that 1,1-difluoroallyl arenes
undergo iridium-catalyzed enantioselective substitution of
one fluorine to provide tertiary alkyl fluorides in high yield
and high enantioselectivity (35, 36).[24] In addition, we have
demonstrated that terminal 1,1-difluoroallyl arenes undergo
copper-catalyzed defluorinative borylation and silylation with
excellent Z selectivity (37),[18b] and Ito and Hoveyda et al.
have demonstrated that internal 1,1-difluoroallyl arenes
undergo defluorinative borylation in excellent yield, with
high Z selectivity, and high enantioselectivity (38).[18a] Col-
lectively, these studies show that the 1,1-difluoroallyl arenes
prepared by our new coupling reaction can serve as versatile
building blocks to construct more complex, value-added
organofluorine compounds.

In summary, we have developed a catalytic method for the
gem-difluoroallylation of a wide range of aryl and heteroaryl
halides and pseudo halides with a bench-stable 3,3-difluor-
oallyl pinacol boronate (15), which we prepared from the
inexpensive hydrofluorocarbon 3,3,3-trifluoropropene (9).
High yields and regioselectivities have been achieved with
the combination of Pd2(dba)3 and cataCXium

�

PICy at low
loadings (0.1–2.5 mol% [Pd]). Various aryl and heteroaryl
bromides, as well as aryl chlorides, iodides, and triflates,
underwent cross-coupling. We anticipate that this method will
be valuable for the synthesis of pharmaceutical candidates
and will provide an entry point to new fluorinated building
blocks for the development of new synthetic methods.
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Table 4: Scope of gem-difluoroallylation of aryl bromides with substi-
tuted difluoroallyl boronates.[a]

[a] Reaction conditions (unless otherwise specified): 17 (0.5 mmol,
1.0 equiv), 19 (0.6 mmol, 1.2 equiv), Pd2(dba)3 (0.05 mol%), cata-
CXium

�

PICy (0.2 mol%), K2CO3 (2.0 equiv), H2O (3.0 equiv), DME
(2.5 mL, 0.2 M), under N2, 100 8C, 48 h. All reported yields are combined
isolated yields of g (20) and a. The ratio of g (20)/a in parentheses was
determined by 19F NMR before workup. [b] Reaction run for 24 h.

Table 5: Scope of gem-difluoroallylation of other electrophiles with
difluoroallyl boronate.[a]

X= I (21) Cl (22) OTf (23)

Substrate

R=4-t-Bu 71%
(>99:1)

89%
(22:1)

63%
(24:1)[b]

R=4-CO2Et 82%
(78:1)

98%
(26:1)

93%
(38:1)[c]

Pd2(dba)3 [mol%] 0.05 0.5 0.5–1.25
cataCXium

�

PICy [mol%] 0.2 2.0 2.0–5.0
Base Cs2CO3

(1.1 equiv)
K2CO3

(3.0 equiv)
K2CO3

(3.0 equiv)
Solvent DME Toluene Toluene

[a] Reaction conditions: 21–23 (0.5 mmol, 1.0 equiv), 15 (0.6 mmol,
1.2 equiv), under N2. All reported yields are combined yields of 3 and 18,
and were determined by 19F NMR with 1,4-difluorobenzene as the
internal standard. The ratio of 3/18 was determined by 19F NMR.
[b] 1.25 mol% of Pd2(dba)3 and 5.0 mol% of cataCXium

�

PICy were
used. [c] 0.5 mol% of Pd2(dba)3 and 2.0 mol% of cataCXium

�

PICy were
used.
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