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Abstract: Bromodifluoromethylphosphonium bromide was
solely used as the precursor of difluorocarbene. Herein, an
unprecedented visible-light-induced hydrodifluoromethylation
of alkenes with bromodifluoromethylphosphonium bromide
using H2O and THF as hydrogen sources for the synthesis of
difluoromethylated alkanes is described. This difluoromethy-
lation is characterized by mild reaction conditions, ready
availability of reagents, and excellent functional-group toler-
ance.

Hydroalkylation of alkenes is a fundamentally important
transformation, as alkenes are among the most abundant
carbon feedstocks in organic synthesis.[1] This reaction
provides one of the most powerful methods for the formation
of C¢C bonds and has been widely used in the synthesis of
high-value compounds.[2] Because of the importance of
fluorine substitution onto small molecules for the pharma-
ceutical, agrochemical, and materials industries,[3]

hydrofluoroalkylation of alkenes is of particular interest for
the preparation of fluoroalkyl-substituted alkanes. Recently,
hydrotrifluoromethylation[4] and hydroperfluoroalkylation[5]

of alkenes have been well studied. The difluoromethyl
group (CF2H) is known to be isosteric and isopolar with the
hydroxy (OH)[6] and thiol (SH)[7] units, and acts as a lipophilic
hydrogen-bond donor.[8] Therefore, the hydroxyl, amino, and
thio substituents of lead structures are routinely replaced by
CF2H group in drug discovery.[9] Accordingly, significant
advances in the introduction of the CF2H group into organic
compounds,[10] including electrophilic,[11] nucleophilic,[12] and
free-radical[13] difluoromethylation reactions, have been ach-
ieved. Among these reactions, the radical process is preferred
for hydrodifluoromethylation of alkenes. Normally
HCF2SO2Cl and its derivatives, difluoromethylsulfinate
salts, are used as the CF2H radical sources for radical
difluoromethylation reactions.[13] However, these difluorome-
thylating reagents are prepared from gaseous HCF2Cl
through several steps.[13a,14] Therefore, a simple and practical
access to the CF2H radical sources is highly desired.

Recently, visible-light photoredox catalysis has been
widely used in the preparation of fluorinated compounds.[15–17]

Very recently, our group developed a visible-light-induced
hydrobromodifluoromethylation of alkenes with CF2Br2

(Scheme 1a).[17f] During this study, we found that the handling

process of the volatile CF2Br2 (bp. 24.5 88C) was cumbersome.
Therefore, we wondered if it was possible to replace CF2Br2

with easily handled solid reagents, such as bromodifluorome-
thylphosphonium salts developed by Burton.[18] In continu-
ation of our research interest in fluoroalkylation of alke-
nes,[4a, 16g,17f, 19] we herein disclose a visible-light-induced
hydrodifluoromethylation of alkenes with bromodifluorome-
thylphosphonium bromide for the direct and efficient syn-
thesis of the difluoromethylated alkanes, which are usually
obtained by several steps (Scheme 1b).[13d, 17f, 20] Importantly,
this work represents an unprecedented and practical method
of CF2H radical generation from fluorinated phosphonium
salts.

Bromodifluoromethylphosphonium bromide was pre-
pared from the reaction of PPh3 and CF2Br2 in quantitative
yield more than 40 years ago.[21] This reagent has been solely
used as a precursor of difluorocarbene since then.[18, 22] We
considered that it might act as a bromodifluoromethylating
reagent under visible-light irradiation. To test our idea, 4-
phenyl-1-butene (1a) was chosen as the model substrate to
react with bromodifluoromethylphosphonium bromide under
visible-light irradiation in the presence of common photo-
redox catalysts (Scheme 2). We were excited to find that
bromodifluoromethylphosphonium bromide could transfer
the CF2Br group to 1a to give the bromodifluoromethylated
products 2a and 3a. To the best of our knowledge, this is the
first example of using fluoroalkylphosphonium salts as the
fluoroalkylating reagents. We speculated that the CF2Br
radical was involved in this transformation. As shown in
Scheme 2, a single electron transfer (SET) from the excited-
state photoredox catalyst to bromodifluoromethylphospho-
nium bromide gives the CF2Br radical, which then reacts with
1a to afford 2a and 3a. Surprisingly, the difluormethylated

Scheme 1. Visible-light-induced hydrodifluoromethylation of alkenes.
THF = tetrahydrofuran.
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product 4a was formed in 9% yield when fac-[Ir(ppy)3] was
used as the photoredox catalyst. We surmized that 4 a was
probably formed via the CF2H radical (Scheme 2). First,
bromodifluoromethylphosphonium bromide reacts with
a trace amount of water in THF to give difluorocarbene,
hydrogen bromide, and triphenylphosphine oxide.[23] Then,
the reaction of difluorocarbene with hydrogen bromide and
triphenylphosphane affords difluoromethylphosphonium
bromide,[24] which subsequently undergoes a SET to give the
active CF2H radical. Finally the addition of CF2H radical to
1a yields 4a.

Considering the importance of the difluormethylated
compounds in drug discovery, we turned our attention to
the difluoromethylation of alkenes with bromodifluoro-
methylphosphonium bromide. The proposed reaction mech-
anism clearly showed that both H2O and PPh3 were important
for the formation of 4a (Scheme 2). In fact, when H2O and
PPh3 were added to the reaction mixture, neither 2a nor 3a
was detected, and the difluormethylated compounds 4a and
5a were formed in 34% and 4 % yields, respectively (Table 1,

entry 1). To our delight, 4a was selectively formed in
moderate yields in the presence of iodide salts (entries 2–4).
Among them, NaI gave the highest yield of 67%. Finally, the
yield of 4a was slightly improved (entries 5 and 6) when
KHCO3 and K3PO4 were added to the reaction mixture to
neutralize the generated HBr (Scheme 2).

With the established optimal reaction conditions in hand
(Table 1, entry 5), we next engaged in expanding the substrate
scope of the visible-light-induced hydrodifluoromethylation
of alkenes. A variety of terminal alkenes (1) were transformed
into the corresponding products 4 in moderate to good yields
(Scheme 3). Various functional groups including hydroxy,
ether, aldehyde, carboxylic acid, ester, bromide, and phos-
phine oxide were well tolerated (1b–m). Styrenes (1q and
1r), the a,b-unsaturated ester 1s, and the a,b-unsaturated
sulfone 1t reacted effectively to afford the corresponding
products in moderate yields. Moreover, the geminally disub-
stituted alkene 1u exhibited good reactivity in this trans-
formation. However, the reaction of internal alkenes gave the
desired products in very low yields. It was noteworthy that this
reaction allowed the direct hydrodifluoromethylation of
complex starting materials such as derivatives of 4-methyl-
umbelliferone (1v), phthalimide (1w), l-phenylalanine (1x),
and estrone (1y). To further extend the application of this
protocol, several biologically active compounds including one
fungicide (Vinclozolin; 1z) and two insecticides (Allethrin;
1aa and Rotenone; 1ab) were tested. Gratifyingly, these
compounds were transformed into the hydrodifluoromethy-
lated products 4 z–ab in moderate yields. To demonstrate the
practicality of this reaction, the hydrodifluoromethylation of
1a on a 10.0 mmol scale proceeded smoothly to give 4a in
65% yield (1.20 g).

A series of experiments were performed to gain insight
into the reaction mechanism. Firstly, the reaction of the diene
6 provided the cyclized product 7 in moderate yield with
a moderate d.r. value (Scheme 4a). This result revealed that
this transformation proceeded through a radical process.
When 3a was subjected to the standard reaction conditions,
no reaction was observed (Scheme 4b), thus showing that 4
was not formed from the intermediate 3. Then, the reaction of
1s was performed with D2O and [D8]THF respectively
(Schemes 4c and 4d). The exclusive formation of the deu-
terated products [Db]4t and [Da]4t unambiguously confirmed
that H2O serves as the hydrogen source of difluoromethyl
group and one of the hydrogen atoms of THF is transferred to
the alkene. No reaction happened when 1t was treated with
either bromodifluoromethane or iododifluoromethane (Sche-
me 4e), whereas the reaction of 1t and either bromodifluoro-
methane or iododifluoromethane in the presence of PPh3

afforded 4t in low to excellent yields (Schemes 4 f and g).
Furthermore, the hydrodifluoromethylation of 1a with
difluoromethylphosphonium bromide[18] gave 4a in 52%
yield (Scheme 4h). These results demonstrate that the
active intermediate was difluoromethylphosphonium salt.

On basis of these experiments, a plausible reaction
mechanism was shown in Scheme 5. The reaction of bromo-
difluoromethylphosphonium bromide with H2O gives
difluorocarbene,[23] which is then converted into HCF2I and
HCF2Br. Both of these two compounds react with PPh3 to

Scheme 2. Visible-light-induced bromodifluoromethylation of alkene
1a. bpy = 4,4’-bipyridine, ppy = 2-phenylpyridine.

Table 1: Optimization of reaction conditions of difluoromethylation.[a]

Entry Iodide salt Base Yield [%][b]

4a 5a

1 – – 34 4
2 nBu4NI – 51 0
3 KI – 47 0
4 NaI – 67 0
5 NaI KHCO3 72 0
6 NaI K3PO4 70 0

[a] Reaction conditions: 1a (0.1 mmol), bromodifluoromethylphospho-
nium bromide (0.5 mmol), fac-[Ir(ppy)3] (0.003 mmol), PPh3 (0.5 mmol),
H2O (1.0 mmol), iodide salt (0.5 mmol), base (0.5 mmol), THF
(2.0 mL), visible light, room temperature, under N2, 10 h. [b] Yield
determined by 19F NMR spectroscopy using trifluoromethoxybenzene as
an internal standard.
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give the corresponding difluoromethylphosphonium salts.
Alternatively, difluorocarbene might be captured by PPh3 to
give difluoromethylene ylide,[24] which was then treated with
either H2O or HBr to produce difluoromethylphosphonium
salts. The irradiation of visible-light excited fac-[IrIII(ppy)3] to
fac-[IrIII(ppy)3]*. Then, a SET from fac-[IrIII(ppy)3]* to the
difluoromethylphosphonium salts generates the CF2H radi-

cal, which subsequently adds to the alkene 1 for the formation
of the radical intermediate A. Finally, A abstracts a hydrogen
from THF to give the hydrodifluoromethylated product 4 and
radical intermediate B. The intermediate B may be oxidized
by either fac-[IrIV(ppy)3] (path a, oxidative quenching cycle)
or difluoromethylphosphonium salts[25] (path b, propagation)
to give the cation intermediate C,[26] which is then converted
into the THF derivatives (for details see the Supporting
Information).

In conclusion, we have developed the a new application of
bromodifluoromethylphosphonium bromide as a difluoro-

Scheme 3. Substrate scope of hydrodifluoromethylation of alkenes.
Yields are those of the isolated products. Reaction conditions:
1 (0.5 mmol), bromodifluoromethylphosphonium bromide (2.5 mmol),
fac-[Ir(ppy)3] (0.015 mmol), PPh3 (2.5 mmol), H2O (5.0 mmol), NaI
(2.5 mmol), KHCO3 (2.5 mmol), THF (10.0 mL), visible light, room
temperature, under N2, 10 h. [a] 1a (10.0 mmol). [b] The starting
material 1w is an N-Boc protected phenylalanine derivative. The
substrate 1w was treated under the standard reaction conditions with
subsequent protection with acetyl group gave product 4w.

Scheme 4. Mechanistic investigations. Ts =4-toluenesulfonyl.

Scheme 5. Proposed reaction mechanism.
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methylation agent. The visible-light-induced reaction of
alkenes with bromodifluoromethylphosphonium bromide in
the presence of PPh3, H2O, and THF provided efficient access
to the hydrodifluoromethylated alkanes. The in situ gener-
ated difluoromethylphosphonium salt and CF2H radical are
involved in this transformation.

Keywords: alkenes · fluorine · photoredox catalysis · radicals ·
synthetic methods
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