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A method for stereoselective construction of Z-monofluoroalkenes by nickel-catalyzed defluorinative cou-
pling of gem-difluoroalkenes in mild conditions was described. The combination of lithium organoborate
and ZnBr, generated in situ lithium aryl zincates, which facilitates the transmetalation step of the nickel-
catalyzed cross coupling reaction.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to similarity in spatial configuration and electrical distribu-
tion, monofluoroakene is often considered by medicinal chemists
as a more lipophilic and metabolically more stable bioisostere of
an amide in peptides [1-4], which was recently demonstrated to
be a new type of powerful therapeutic agents for the treatment
of human diseases [5-12]. Nevertheless, stereoselective prepara-
tion of (Z)- or (E)-monofluoroalkenes by classic Wittig reaction or
Julia-Kocienski olefination was rather difficult, as reported previ-
ously [13-15]. Instead, an approach that utilized easily available
gem-difluoroalkene as a proper precursor and an appropriate cou-
pling partner under transition metal catalysis have emerged re-
cently as an efficient method for the preparation of (Z)- or (E)-
monofluoroalkenes in high stereoselectivity [4]. In this respect,
several different types of commonly used coupling partners includ-
ing Grignard reagents [16,17], organozinc reagents [18], alkyl halide
[19], silicon reagents [20], organoboron reagents [21,22] have been
successfully identified to be suitable for such a transformation to
give defluorinative alkylation, silylation or boronization in high
yields and excellent stereoselectivity. For instance, in 2015, Cao
and coworkers reported a nickel-catalyzed highly Z-selective de-
fluoroarylation of gem-difluoroalkenes with arylboronic acids [21].
Meanwhile, Toste and coworkers reported a palladium-catalyzed
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defluorinative coupling of gem-difluoroalkenes with aryl boronic
acids, which was proposed to proceed through a S-fluoride elimi-
nation of a Pd(II) intermediate [22].

Very recently, during the development of nickel-catalyzed
asymmetric cross-coupling reaction for the construction of
fluoroalkyl-substituted stereogenic centers, we discovered that the
combination of lithium organoborate with zinc bromide generated
a zincate species which was more reactive toward transmetalat-
ing the aryl group from boron to nickel [23-26]. Inspired by such
a phenomenon, we questioned ourselves whether such an in situ
generated zincate species could be used in the coupling with gem-
difluoroalkenes to stereoselectively generate monofluoroalkenes.
Herein, we reported that in the presence of a nickel catalyst, cou-
pling of gem-difluoroalkenes with a combination of various read-
ily available “ate-type” aryl pinacol boronates and ZnBr, occurred
smoothly under mild conditions to give Z-monofluoroalkenes in
good yields and excellent stereoselectivity (Scheme 1).

We chose the reaction of 2-(2,2-difluorovinyl)naphthalene 1a
with lithium organoborate, which was easily formed in situ by mix-
ing phenylboronic acid pinacol ester with n-BuLi under —20 °C
[27,28], as the model reaction to optimize the reaction conditions.
We initially discovered that in the presence of 5.0 mol% NiBr,*DME
and 2.5 mol% of 4,4’-dimethyl-2,2’-bipyridine ligand L1, reaction of
2-(2,2-difluorovinyl)naphthalene 1a with lithium phenylorganobo-
rate 2a and 50 mol% of ZnBr, in a number of common organic
solvents, such as Et,O0, THF, DME, DMF or toluene did not pro-
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Optimization of the reaction conditions for nickel- catalyzed defluorinative coupling of gem-difluoroalkenes.

:@ .+ _conditions _ Ph
.

3a, Z-isomer
Me OMe
b N\
L J \N / O@ M M [ >_<
L1
Entry Catalyst (5.0 mol%) Ligand (2.5 mol%) Solvent Addictive (50 mol%)? Temp ( °C) Yield (%) (ZIE)®
1 NiBr,-DME L1 Et,0 ZnBr, 0 2 (> 20:1)
2 NiBr,-DME L1 THF ZnBr, 0 6 (> 20:1)
3 NiBr,*DME L1 DME ZnBr, 0 45 (> 20:1)
4 NiBr,*DME L1 DMF ZnBr, 0 0 (> 20:1)
5 NiBr,sDME L1 Toluene ZnBr; 0 8 (> 20:1)
6 NiBr,*DME L1 Et,O/THF (9:1) ZnBr, 0 94 (> 20:1)
7 NiBr,*DME L1 Et,O/THF (4:1) ZnBr, 0 90 (> 20:1)
8 NiBr,-DME L1 Et,O/THF (1:1) ZnBr, 0 80 (> 20:1)
9 Nil, L1 Et,O/THF (9:1) ZnBr, 0 15 (> 20:1)
10 NiCl,*DME L1 Et,O/THF (9:1) ZnBr, 0 88 (> 20:1)
11 Ni(OAc), L1 Et,O/THF (9:1) ZnBr, 0 85 (> 20:1)
12 Ni(cod), L1 Et,O/THF (9:1) ZnBr, 0 48 (> 20:1)
13 NiBr,+-DME L2 Et,O/THF (9:1) ZnBr, 0 82 (> 20:1)
14 NiBr,-DME L3 Et,O/THF (9:1) ZnBr, 0 10 (> 20:1)
15 NiBr,-DME L4 Et,O/THF (9:1) ZnBr, 0 41 (> 20:1)
16 NiBr,+DME L5 Et,O/THF (9:1) ZnBr, 0 29 (> 20:1)
17 NiBr,*DME L1 Et,O/THF (9:1) ZnBr, r.t. 60 (> 20:1)
18 NiBr,-DME L1 Et,O/THF (9:1) Znl, 0 69 (> 20:1)
19 NiBr,-DME L1 Et,O/THF (9:1) Zn(OTf), 0
20 NiBr,+-DME L1 Et,O/THF (9:1) MgBr, 0
21 Et,O/THF (9:1) ZnBr, 0
22 L1 Et,O/THF (9:1) ZnBr, 0
23 NiBr,+-DME Et,O/THF (9:1) ZnBr, 0 10 (>20:1)
24 NiBr,-DME L1 Et,O/THF (9:1) 0

2 Reaction conditions: 2-(2,2-difluorovinyl)naphthalene (0.2 mmol, 1.0 equiv.), boron compound (0.6 mmol, 3.0 equiv.),

equiv.), solvent (2.0 mL) at temperature indicated for 12 h

[Ni] (5.0 mol%), ligand (2.5 mol%), ZnBr, (0.5

b Yields of 3a and the ratio of Z/E were determined by '°F NMR spectroscopy in the presence of fluorobenzene as an internal standard.
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Scheme 1. Nickel-catalyzed defluorinative coupling of gem-difluoroalkenes with
lithium organoborate.

ceed into full conversion after 12 h at 0 °C and the yields for the
desired to monofluoroalkene 3a were low (Table 1, entries 1-5).
However, stereoselectivity of the reaction was excellent since only
Z-monofluoroalkene 3a was observed in °F NMR spectroscopies.
To our delight, when a mixed solvent of Et,O/THF (9:1) was em-
ployed, the yield of compound 3a was significantly improved to
94% along the formation of single Z-isomer (Table 1, entry 6). De-
creasing the ratio of Et;0 in the mixed solvents from 9:1 to 4:1
has little effect on the yield and selectivity of the reaction. Yet,
further decrease the ratio of Et,O in the mixed solvents to 1:1 led
to significantly decrease the yield of the reaction to 80% (Table 1,
entries 7 and 8). The choice of different nickel catalyst precursors
and ligands played an essential role for the high yielding forma-
tion of compound 3a. When Nil, was used as the catalyst pre-
cursor, the yield decreased dramatically (Table 1, entry 9). On the
other hand, reactions using NiCl,DME or Ni(OAc), as the catalyst
gave the coupled products in slightly lower yields (Table 1, en-
tries 10 and 11). In contrast, when a Ni(0) complex Ni(cod), was
used as the precursor, the yield of the reaction deceased signifi-
cantly to 48% (Table 1, entry 12). Likewise, the electronic proper-
ties of the ligand were also equally important for the high yields of
the reaction. Using either more electron-donating or electron-poor
bipyridine derivatives resulted in lower yields (Table 1, entries 13-
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16). Further optimization disclosed that the reaction conducted at
room temperature gave lower yield (Table 1, entry 17). In addition,
it was found that reaction using Znl, as an additive gave the de-
fluoroarylation product 3a in slightly low yields, while reactions
using other additives such as Zn(OTf), or MgBr, were not effective
at all (Table 1, entries 18-20). Our initially studies showed that the
amount of ZnBr, was important for the conversion of the reaction.
Nevertheless, it was found that the yields decreased with the in-
crease of the amount of ZnBr; to 0.8 or 1.5 equiv. The effect of the
addition of ZnBr, to a solution of lithium aryl borate has been re-
ported to generate lithium aryl zincates [PhyZnBry]"~ (n = x +y
— 2) [29], which facilitates the transmetalation step of the nickel-
catalyzed cross coupling reaction [24]. Alternatively, ZnBr, might
act as a Lewis acid to abstract the bromide on the nickel metal
center to facilitate the transmetalation step. Finally, control exper-
iments showed that reactions in the absence of either nickel pre-
cursor, the ligand or additive ZnBr, occurred in less than 10% yield
(Table 1, entries 21-24).

Having identified the suitable conditions for highly stereoselec-
tive formation of Z-monofluoroalkene 3a, we next examined the
generality of the nickel-catalyzed defluorinative coupling of di-
verse gem-difluoroalkenes with a variety of aryl lithium organob-
orates under the optimized reaction conditions as shown in en-
try 6 in Table 1. As summarized in Scheme 1, in general, gem-
difluoroalkenes with electron-donating or electron-withdrawing
substituents at ortho-, meta- or para-position of the aryl moiety
reacted smoothly to give the corresponding Z-monofluoroalkenes
3a-k in medium to good yields. For instance, reactions of lithium
phenyl n-butyl borate 2a with gem-difluoroalkenes bearing an
electron-donating para-methoxyl group occurred to give compound
3b in 57% yield, while reaction with gem-difluoroalkenes bear-
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Scheme 2. Nickel-catalyzed defluorinative coupling of gem-difluoroalkenes with
lithium organoborates. Reaction conditions: gem-difluoroalkenes (0.3 mmol), boron
compound (0.9 mmol), NiBr,*DME (5.0 mol%), L1 (2.5 mol%), ZnBr, (0.5 equiv.) in
Et,O/THF (9:1) at 0 °C for 12 h. Isolated yields.
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Scheme 3. Reactions with other gem-difluoroalkenes.

ing an electron-withdrawing para-cyanophenyl group occurred to
give compound 3f in 46% yield (Scheme 2, 3b and 3f). gem-
Difluoroalkenes with a heteroaryl substituent such as benzothio-
phene or benzofuran also reacted smoothly to afford the corre-
sponding Z-monofluoroalkenes 31 and 3m in 42% and 66% yields,
respectively (Scheme 2, 31 and 3m). On the other hand, aryl
boronic acid pinacol esters bearing methyl, methoxyl, fluoro and
furan also reacted with gem-difluoroalkenes 1a to afford the de-
fluorinative coupling products 3n-3r in 51%—70% yields (Scheme 2,
3n-3r). Because of the benign nature of the combination of lithium
aryl borates and ZnBr,, a variety of common functional groups
such as fluoride (3¢, 3p, 3q), chloride (3d, 3k), bromide (3e, 3k),
cyano (3f) and ester (3i, 3j) were compatible, which would allow
for further functional group transformation.

To further expand the scope of the reaction, we also ex-
plored other gem-difluoroalkenes including conjugated gem-
difluoroalkene 1n and alkyl gem-difluoroalkene 10 (Scheme 3). We
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Scheme 4. Application of nickel-catalyzed defluorinative coupling of gem-
difluoroalkenes.

found that conjugated gem-difluoroalkene 1n reacted under the
optimized conditions to give compound 3s in 28% yield, along with
a secondary defluoroarylative product 3s’ in 37% yield, while gem-
difluoroalkene 10 with an alkyl group did not react under the op-
timal conditions at all.

As we mentioned in the introduction, monofluoroalkene is con-
sidered to be bioisostere of amide bond that is widespread pres-
ence in a number of bioactive compounds with diverse pharmaco-
logical activities, such as anti-cancer [30,31], anti-diabetic [32,33].
In 2016, Liu and coworkers reported that compound 4 was a more
selective ¢-KIT inhibitor than Imatinib and Sunitinib for gastroin-
testinal stromal tumors (GISTs), which completely abolished ABL
and FLT3 kinase [34]. To demonstrate the applicability of the cur-
rent protocol, we synthesized a Z-monofluoroalkene mimic of the
core structure of compound 4, as shown in Scheme 4. Treatment
of 4-(2,2-difluorovinyl)-2-(methoxymethoxy)-1-methylbenzene 1o
with lithium m-trifluoromethylphenyl borate under standard con-
ditions occurred smoothly to give corresponding product 3t in 95%
yield (Scheme 4). Notably, this gram-scale reaction afforded the de-
sired defluoroarylated product in pure Z-isomer.

In summary, a highly Z-selective construction of monofluo-
roalkenes via a nickel-catalyzed coupling of lithium organoborate
with gem-difluoroalkenes was reported. In this reaction, the pres-
ence of ZnBr, as an additive was crucial to achieve high reactiv-
ity and selectivity. The absence of base to activate organoboron
and mild conditions allow the tolerance among a variety of use-
ful functional groups in this coupling reaction. The applicability of
the current method was demonstrated in the gram-scale synthe-
sis of the monofluoroalkene mimic of the core structure of drug
molecule compound 4. Expanding the scope of the reaction with
fluorinated arenes and heteroarenes are currently undergoing in
our laboratory.
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