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Abstract: An efficient alkylation method of func-
tionalized alkyl halides under mild nickel-catalyzed
C(sp*)—C(sp*) Suzuki cross-coupling conditions is
described. The features of this approach are excel-
lent functional group compatibility, low cost nickel
catalyst, and the use of a mild base. This is also the
first successful example of the nickel-catalyzed
direct 2,2-difluoroethylation or 2,2,2-trifluoroethyla-
tion of aryl-/heteroarylboronic acids.

Keywords: C(sp’)—C(sp*) bond formation; 2,2-di-
fluoroethylation; nickel catalyst; Suzuki cross-cou-
pling; 2,2,2-trifluoroethylation

Introduction

Transition metal-catalyzed C—C coupling reactions
are ubiquitous in both academia and industry, and
these protocols make it possible to build up complex
structures quickly from readily available compounds.
Among the C—C coupling reactions, aryl and vinyl
electrophiles play an important role because of their
high selectivity, high tolerance of functional groups
and the wide availability of substrates.'! Compared to
aryl and alkenyl (pseudo) halides, alkyl halides and
their equivalents also represent a prominent class of
coupling reactions. However, alkyl electrophiles in
these reactions are considered to be more challenging
due to the difficulties in the oxidative addition step
and side reactions, such as 3-H elimination and hydro-
dehalogenation.”! Since 1992, when the first palladi-
um-catalyzed cross-coupling of alkyl iodides with aryl-
borane reagents was reported by Suzuki and co-work-
ers,®’ the development of C(sp*)—C(sp®) cross-cou-
pling reactions of alkyl (pseudo) halides with pre-
functionalized aryl compounds has gained much more
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attention. With different cross-coupling partners (aryl
halides, Grignard and boronic reagents, etc.), the C
(sp))-C (sp*) formation betweern alkyl halides and
aryl compounds can be achieved by Pd,* Ni,’ Fe,!*
and Co!” catalysts.

Among these transition metal-catalyzed cross-cou-
plings such as Suzuki, Stille, Kumada, Negishi and
Hiyama reactions, Suzuki cross-couplings are arguably
the most powerful tool for the creation of C(sp’)—
C(sp®) bonds. This may be attributed in a large part to
the stable, commercially available boronic reagents
and relatively mild reaction conditions. Over 30 years
since the discovery of Suzuki cross-coupling in 1979,
palladium catalysts were the most frequently investi-
gated until 2004, when the first nickel-catalyzed
Suzuki cross-coupling of alkyl halides with arylboron-
ic acids (Scheme 1, a) was described by Fu and co-
workers.”? About two years later, the same group re-
ported a more practical and robust method® in
which the replacement of Ni(cod), by stable Nil, sig-
nificantly simplified the process of the operation
(Scheme 1, b). Furthermore they successfully enabled
the cross-couplings of secondary and primary alkyl
chlorides (Scheme 1, ¢)P¥ and unactivated tertiary
alkyl halides (Scheme 1, d)P* with arylboronic re-
agents by employing an NiCl,-glyme or NiBr,-glyme
complex.

Although the Ni(Il)-catalyzed C(sp®)—C(sp?)
Suzuki cross-coupling reactions were greatly promot-
ed by Fu and other scientists, the inevitable applica-
tion of strong bases like Li/KO-t-Bu, Na/KHMDS
strictly limited the scope of substrates and the rele-
vant functional groups. Recently, Zhang”! and co-
workers successfully achieved the nickel-catalyzed
Suzuki cross-coupling reaction of arylboronic acids
with difluoromethyl bromides and chlorides in the
presence of K,COj;. This was one of the few reported
examples of Ni(Il)-catalyzed C(sp’)—C(sp®) Suzuki
cross-couplings under relatively mild conditions. As
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Fu's previous work

R’ 4% Ni(cod),, "L", KO-t-Bu R4
Y~X + Ar-B(OH), > A (a)
2 g o
R X=Br | s-BuOH, 60 °C R;
R! 6% Nily, "L", NaHMDS R!
Y>X + A-BOHp — AT (b)
2 i o, 2
R X=Br | i-PrOH, 60 °C R
6% NiCl,-glyme,
R! "L", KHMDS R!
YX + ArB(OH), > A (0
R? i-PrOH, 60 °C R2
X =Cl
10% NiBr,-glyme,
R! "L" LiO-t-Bu R!
R23—X + Ar-(9-BBN) RZS—Ar  (d)
R3 benzene, 40-60 °C R3
X=Cl, Br, |

Zhang's previous work

5% Ni(NO3), 6 H,0,
" K

XCF,R * Ar-B(OH),  KoCOs

X=Br, |

Ar—CF,R  (e)
1,4-dioxane, 60-80 °C
Scheme 1. Previous  Ni-catalyzed C(sp®)—C(sp?) Suzuki
cross-couplings reported by Fu and Zhang.

far as we know, very few functional groups were men-
tioned in previous works and the yields were relative-
ly low. Many important functional groups in organic/
medicinal chemistry were rarely reported in those lit-
erature reports, including aldehyde, lactone, vinyl and
cyclopropyl groups. Meanwhile, maybe because of the
alkaline conditions, the direct 2,2-difluoroethylation
of arylboronic reagents with ICH,CF,H still remains
unexplored due to the high tendency for $-H elimina-
tion of ICH,CF,H. Moreover, 2,2,2-trifluoroethylation
of ICH,CF; was performed only by expensive palladi-
um catalyst so farl!”),

Results and Discussion

As one part of our continuing efforts on the transition
metal-catalyzed C—C bond construction,""! and also
because of the novel interesting features of target
molecules in medicinal chemistry, we are keen about
developing a cheap, mild and robust method for
Suzuki cross-couplings of generally unactivated alkyl
halides including functionalized alkyl halides. We first
tested Zhang’s optimized conditions for arylboronic
acid and unactivated alkyl halides. 4-(Methoxycarbo-
nyl)benzeneboronic acid (la) and iodocyclohexane
(2a) were used as model substrates. Not surprisingly,
the desired cross-coupling product was obtained with
only 16% yield under the optimized conditions
(Table 1, entry 1). To suppress the side reactions and
improve the reaction efficiency, different nickel cata-
lysts and bipyridine (bpy) ligands which were com-
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Table 1. Survey of reaction conditions!
B(OH), |

cat [Ni] (5 mol%) CO,Me
Ligand (5 mol%)
+
base, 80 °C
CO,Me anhydrous 1,4-dioxane
1a 2a 3aa
t-Bu t-Bu
/ \ / \Y / \Y
\_/ N7 \_/ N7 \_/ N7
L Hco 2 OCH, L3
/ \N
\_/ N7
L4

Entry Ni catalyst Ligand Base Yield [% ]
1tel Ni(NO,),6 H,0 L1 K,CO, 16
20 NiClL,-DME L1 K,CO, 21
3l NiClL,-6 H,O L1 K,CO; 35
4 NiCl,-6 H,O L1 K,CO; 45
5 NiCl, L1 K,CO; 13
6 Ni(PPh;),Cl, L1 K,CO; 41
7 NiCl,-dppp L1 K,CO; 27
8 Ni(OAc),6H,0 L1 K,CO,4 trace
9 Ni(NO,;),6H,0 L1 K,CO; 55
10 Ni(NO;),,6H,0 L2 K,CO;  trace
11 Ni(NO,;),,6H,0 L3 K,CO; 81
12 Ni(NO;),,6H,0 L4 K,CO; 50
13 Ni(NO;),,6H,0 L3 Na,CO; 22
14 Ni(NO;),,6H,0 L3 Cs,CO; 58
1561 Ni(NO,),6H,0 L3 K,CO; <30
1 Reaction conditions (unless stated —otherwise): la

(0.5 mmol, 1.0 equiv.), 2a (1.0 mmol, 2.0 equiv.), base
(1.5 mmol, 3.0equiv.), anhydrous 1,4-dioxane (3 mL),
12 h.

' Yield of isolated product.

[ 2a (0.75 mmol, 1.5 equiv.), K,CO; (1.0 mmol, 2.0 equiv.),
commercially available 1,4-dioxane (3 mL), 60°C, 24 h.

4l Commercially available 1,4-dioxane (3 mL).

[l Anhydrous toluene, tetrahydrofuran, N,N-dimethylfor-
mamide and dimethyl sulfoxide; DME =dimethyl ether,
dppp =1,3-bis(diphenylphosphino)propane.

monly used in nickel-catalyzed Suzuki cross-coupling
reactions were examined (Table1, entries2-12).
Ni(NO;),-6 H,O and 4,4'-di-t-Bubpy (L3) were found
to be the most effective catalytic systems. Interesting-
ly, water in the solvent decreased the yield of the re-
action (Table 1, entry 3 vs. 4) while the crystal water
in nickel catalyst was beneficial (Table 1, entry 4 vs.
5). In addition, compared to other bases and solvents,
K,CO; and anhydrous 1,4-dioxane were the best
choice  for this reaction. Finally, 5 mol%
Ni(NO;),6 H,O, 5mol% 4,4'-di---Bubpy (L3) and
K,CO; (3.0 equiv.) in anhydrous 1,4-dioxane at 80°C
for 12 h under an argon atmosphere were identified
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Table 2. Nickel-catalyzed cross-couplings of 1a with various alkyl halides®
5 mol% NI(NO3)26 H20

Alkylations of Arylboronic Acids

[ j B(OH), 5mol% L3 Rage
+ RakyrX K-COn 80 °C O
MeO,C ,CO3, 80° o
X =Cl, Br, I, OTf anhydrous 1,4-dioxane

2 3

MeO,C MeO,C MeO,C

3ab, X =1, 83% 3ac, X = Cl, 82%"! (0%) 3ad, X = Cl, 86%! (54%)

X =Br 85%
O/\ CF O
Me02C

3ag, X = OTf, 42%["! 3ah, X = Br, 85%"! (50%)

3af, X = Cl, 71%!
(o)
N
MeO,C MeOZC /@/\, {
3al, X =Br, 77%

3aj, X = Br, 78%!°
o J@L

3ap, X=1,95%

3aa, X=1,81%
X=Br72%

o
MeOQC

3ae, X = Cl, 80%!"!

QQ:
(o}
MeO,C

3ai, X = Br, 82%[°]

@Q > =
MeO,C MeOZC

3ao, X =1,68%

MeOzC

/

MeOZC
3ak, X =Br, 81%

MEOZC

3am, X = Br, 63% 3an, X = Br, 35%

(4] Reaction conditions (unless stated otherwise): 1a (0.5 mmol, 1.0 equiv.), 2 (1.0 mmol, 2.0 equiv.),
K,CO; (1.5 mmol, 3.0 equiv.), anhydrous 1,4-dioxane (3 mL), 12 h, isolated yield.
) NaI (0.25 mmol, 0.5 equiv.) was added and isolated yields without Nal are given in parentheses.

Boc =t-butyloxycarbonyl.

as the optimal conditions and the product was ob-
tained in 81% yield (Table 1, entry 11) (for details,
see the Supporting Information). No desired product
was detected in the absence of the nickel catalyst or
ligand.

The substrate scope of the alkyl halides was then
examined, and various unactivated/functionalized
alkyl halides 2 were treated with 1a under the optimal
conditions (Table 2). Although the unactivated alkyl
chlorides gave relatively poor yields (<30% ) of unac-
tivated alkyl bromides/iodides(3aa, 3ab), the activated
alkyl chlorides, such as benzyl chloride, ethyl chloro-
acetate, chloroacetonitrile and 2-chlorocyclohexa-
none, reacted smoothly with 1a by addition of
0.5 equiv. Nal, and the corresponding products were
obtained in good yields (3ac, 3ad, 3ae and 3af). It is
particularly worth noting that, with the addition of
Nal, direct 2,2,2-trifluoroethylation of 1a could be
achieved by employing 2,2,2-trifluoroethyl trifluoro-
methanesulfonate in 42% yield (3ag). Nal was also
beneficial for activated alkyl bromides but unnecessa-
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ry for unactivated alkyl bromides and iodides. For sp®
tertiary halides, the coupling could be especially chal-
lenging %2l Remarkably, 1-bromoadamantane afford-
ed the coupling product 3an in 35% yield. Above all,
many important functional groups, like ester, cyano,
ketone, lactone, cyclopropyl and vinyl groups, oxetane
and N-Boc-azetidine were quite well tolerated. In
comparison, we synthesized compound 3ai, 3aj and
3al by employing Fu’s method (Scheme 1, b), 3ai was
not detected in the reaction, and compounds 3aj and
3al were obtained with less than 30% yields.

To demonstrate the generality of boronic acids,
a range of substituted aryl- and heteroarylboronic
acids were employed with iodocyclohexane (2a) in
this protocol (Table 3). The reactions of arylboronic
acids that contain either electron-donating groups or
electron-withdrawing groups afforded the desired
products in 65-83% yield, and the electronic proper-
ties of the substituents on arylboronic acids had very
limited influence over the yields of this reaction. Fur-
thermore, the sterically hindered 2-tolylboronic acid
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Table 3. Nickel-catalyzed cross-couplings of iodocyclohexane (2a) with various aryl-

and heteroarylboronic acids!

5 mol% Ni(NOs),6 HyO

|
N B(OH)2 5mol% L3 N
RT * T ORE
= K>CO3, 80 °C F
1 2a anhydrous 1,4-dioxane 3

o™ o

3ba, 83% 3bb, 48%

S

3be, 73% 3bf, 68%

EOD/O <°I>Q
(0] (0]
3bc, 82% 3bd, 76%

3bg, 65% 3bh, 77%

Boc

3bi, 45% 3bj, 71%"!

® () %Q%Q

3bk, 55%!! 3bl, 84%

[} Reaction conditions (unless stated otherwise): 1 (0.5 mmol, 1.0 equiv.), 2a (1.0 mmol,
2.0 equiv.), K,CO; (1.5 mmol, 3.0 equiv.), anhydrous 1,4-dioxane (3 mL), 12 h, isolat-

ed yield.

) Due to the difficult purification of the product, N-Boc-4-iodopiperidine was used in-

stead of 2a.
[l 2a (1.5 mmol, 3.0 equiv.) was added.

reacted well with bulky iodocyclohexane leading to
an acceptable yield (3bb). This reaction was not re-
stricted to arylboronic acids, and the heteroarylboron-
ic acids were also investigated. This protocol was
noteworthy because heteroaryl groups are very prom-
inent structural motifs in pharmaceuticals and materi-
al science, such as pyridine (3bi), benzofuran (3bk)
and benzothiophene (3bl). However, we failed in in-
troducing a cyclohexyl group to the 2/3-position of
indole and its derivatives by the same method.

As we all know, fluorinated moieties in organic
molecules can powerfully modulate the biological ac-
tivities of these molecules, and therefore, they have
gained much attention in the strategy of drug design
and life science research.’”) Among the fluorine-con-
taining groups, the difluoromethylene and trifluoro-
methyl groups have proved to be very important moi-
eties, this is owing to their lipophilic electron-with-
drawing capacity and specific size.'¥ For example, the

2724 asc.wiley-vch.de
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difluoromethylene motif can serve as a bioisostere for
a carbonyl group or an oxygen atom. In contrast to
many practical methods for introducing trifluorometh-
yl or difluoromethylene fragment into functionalized
aromatic compounds, methods for the synthesis of
(2,2-difluoroethyl)arenes or (2,2,2-trifluoroethyl)ar-
enes are still limited.

Inspired by product 3ag, we tried to directly intro-
duce 2,2-difluoroethyl and 2,2,2-trifluoroethyl groups
to the aromatic rings by reacting aryl- and heteroaryl-
boronic acids with ICH,CF,H and ICH,CF;, respec-
tively. To our delight, by applying this method, good
to excellent yields of (2,2-difluoroethyl)arenes and
(2,2,2-trifluoroethyl)arenes were obtained (Table 4
and Table 5). Importantly, the sterically hindered o-
substituted and Br-substituted arylboronic acids only
slightly affected the yields of target compounds (3cb
and 3cc in Table 4, 3db and 3dc in Table 5). The
heteroarylboronic acids also underwent the reaction

Adv. Synth. Catal. 2015, 357, 2721 -2727
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Table 4. Nickel-catalyzed cross-couplings of ICH,CF,H (2b) with various aryl- and hetero-

arylboronic acids®

5 mol% NI(NO3)26 H20

B(OH), 5 mol% L3
A X FoH
R + 17 CRH R @/\ CF;
Z K,CO3, 80 °C F
anhydrous 1,4-dioxane
1 2b 3
CFyH
CF2H @(\CFQH CFQH
OBn O H3CO
Br
3ca, 88% 3ch, 62% 3cc, 68% 3cd, 83%

/@/\CFZH O/\CFZH /©/\CF2H /©/\CF2H
Ph PhO BnO HsCS

3ce, 87% 3cf, 78%

/@/\CFzH /©/\CF2H /©/\CF2H
MeO,C OHC NG

3ci, 94% (82%)! 3cj, 86%

CF,H
A N0 N N o
Ph

3cm, 58% 3cn, 87%

3cg, 80% 3ch, 83%
/©/\CF2H
Ac
3ck, 78% 3cl, 90%
S
3co, 48% 3cp, 70%

&) Reaction conditions (unless stated otherwise): 1 (0.5 mmol, 1.0 equiv.), 2a (1.0 mmol,
2.0 equiv.), K,COj; (1.5 mmol, 3.0 equiv.), anhydrous 1,4-dioxane (3 mL), 12 h, isolated

yield.

[l Reaction carried out on a gram scale (5.56 mmol scale).

well to provide the corresponding products in accept-
able yields (3em—cp, 4dm—dp).

To further demonstrate the synthetic utility of our
protocol, we first scaled up the reaction to a gram

3cr, 76%

3dr, 68%

Scheme 2. 2.2-Difluoroethylation and 2,2,2-trifluoroethyla-
tion of the flavanone-derived and the estrone-derived aryl-
boronic acids.
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scale, whereby the (2,2-difluoroethyl)arene and (2,2,2-
trifluoroethyl)arene 3ci and 3di were furnished with
yields of 82% and 74%, respectively. Then, some late-
stage direct 2,2-difluoroethylation and 2,2,2-trifluoro-
ethylation reactions of biologically active compounds
were explored. On treatment of the flavanone-derived
and the estrone-derived arylboronic acids!™'® with
ICH,CF,H and ICH,CF;, the reactions gave the de-
sired products in quite good yields (Scheme 2), thus
significantly highlighting the importance of this
method.

Conclusions

In conclusion, a facile and mild method for nickel-cat-
alyzed C(sp*)—C(sp*) Suzuki cross-couplings of alkyl
halides with aryl- and heteroarylboronic acids has
been developed. Due to the low cost of the nickel cat-
alyst and the mild conditions, this protocol provides
a general, efficient and practical synthesis for the con-
struction of C(sp’)—C(sp*) bonds. Moreover, this is
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Table 5. Nickel-catalyzed cross-couplings of ICH,CF; (2¢) with various aryl- and hetero-

arylboronic acids

5 mol% Ni(NOs),'6 H,0O

B(OH), 5mol% L3
N A CF
Ry + 17 CF, R:—(j/\ 3
Z K,CO3, 80 °C Z
anhydrous 1,4-dioxane
1 2c 3
CFs
CF3 @C CF, CF3
OBn O H,CO
Br
3da, 81% 3db, 65% 3dc, 70% 3dd, 79%
Ph PhO BnO H,CS
3de, 81% 3df, 80% 3dg, 84% 3dh, 67%
MeO,C OHC NC Ac
3di, 78% (74%)®! 3dj, 65% 3dk, 72% 3dl, 81%
CF;
A CF CF
U\CFs O O @_/ 3 @J 3
07N N o S
Ph
3dm, 45% 3dn, 81% 3do, 42% 3dp, 64%

ol Reaction conditions (unless stated otherwise): 1 (0.5 mmol, 1.0 equiv.), 2a (1.5 mmol,
3.0 equiv.), K,CO; (2.0 mmol, 4.0 equiv.), anhydrous 1,4-dioxane (3 mL), 12 h, isolated

yield.

[l Reaction carried out on a gram scale (5.56 mmol scale).

the first nickel-catalyzed 2,2,2-trifluoroethylation of
aryl- and heteroarylboronic acids with ICH,CF; and
the first example of direct 2,2-difluoroethylation by
ICH,CF,H. As well as the broad scope of substrates
and excellent compatibility of functional groups, this
synthetic method will have many promising applica-
tions in drug discovery and development.

Experimental Section

General Procedure

A sealed tube of 15 mL equipped with a magnetic stirrer
was charged with 4-(methoxycarbony)benzeneboronic acid
la (90mg, 0.5mmol), iodoocyclohexane 2a (210 mg,
1.0 mmol), K,CO; (207 mg, 1.5 mmol), Ni(NO;),:6H,0
(7 mg, 0.025 mmol), 4,4'-di-+-Bubpy L3 (7 mg, 0.025 mmol)
and 3 mL anhydrous 1,4-dioxane (0.5 equiv. Nal was added
if necessary). This tube was purged with argon and the mix-
ture stirred at room temperature for 10 min. After the tube
had been sealed under an argon atmosphere and the content
stirred at 80°C for 12 h, the mixture was cooled to room

2726 asc.wiley-vch.de
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temperature. The reaction mixture was diluted with 30 mL
of water, and then extracted with EtOAc (10 mL x3). The
combined extracts were successively washed with brine,
dried over Na,SO, and evaporated to dryness. The crude
product was purified by silica gel chromatography eluted
with PE: EtOAc=30: 1 to give the product as a colorless
oil: yield: 88 mg (81%). For further details of the synthesis
and characterization, see the Supporting Information.
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