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N-Heterocyclic Carbenes: Versatile Reagents for Nickel-Catalyzed
Coupling Reactions

GU Shaojin, NI Peng, CHEN Wanzhi”
Department of Chemistry, Zhejiang University, Hangzhou 310028, Zhejiang, China

Abstract: The chemistry of N-heterocyclic carbenes (NHCs) has grown rapidly in the past decade. NHCs are now important ligands in ho-
mogeneous catalysis that show better catalytic activities than the typical phosphines in a number of transition metal catalyzed organic trans-
formations, especially in C-C/heteroatom bond formation reactions. Ni is a much cheaper metal and the most promising alternative to Pd, and
is receiving increasing attention. In this article we summarize new developments in the catalytic applications of nickel-NHC complexes in
coupling reactions that include typical cross couplings of organic halides with various organometallic reagents and reductive coupling reac-

tions.
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Since the isolation and characterization of the first free
N-heterocyclic carbene (NHC) by Arduengo and co-workers
in 1991 [1], a wide range of structurally diverse NHCs and
their metal complexes have been studied and used in cataly-
sis. Their striking similarity to electron-rich organo-
phosphines (PR3), low toxicity, and excellent c-donating
properties make them the ligands of choice for transition
metals. A number of monodentate, bidentate, and polyden-
tate NHC complexes have found wide applications in phar-
maceutical science, materials science, and organic synthesis.
The most intensively studied catalytic processes to date are
C-C coupling reactions promoted by NHC complexes of
palladium. Nickel, as a much cheaper metal and the most
promising alternative to Pd, is receiving increasing atten-
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tion. Some nickel complexes have been shown to be cata-
Iytically active for a wide range of reactions such as Su-
zuki-Miyaura [2-6], Kumada-Corriu couplings [7-12], Ne-
gishi cross-coupling reactions [13], Heck reactions [14-16],
arylation of acyclic ketone [17], cycloaddition reactions
[18-22], dimerization and polymerization of olefins
[23-33], C-C bond activation of biphenylene [34], transfer
hydrogenation of imines [35], and dehalogenation of aryl
halides [36]. The synthesis and applications of Ni-NHC
complexes have been previously summarized [37-39]. Here
we focus on recent progress in the catalytic applications of
Ni complexes of NHCs in homogenous coupling reactions.

1 Cross-coupling reactions
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1.1 C-C bond forming reactions
1.1.1 Kumada-Corriu reaction

The most economical nickel-catalyzed C-C bond forma-
tion reaction is undoubtedly the Kumada-Corriu reaction.
Although Grignard reagents are air and moisture sensitive,
the most commonly used organometallic reagents, including
boronic acids, organozincs, and stannanes, are actually pre-
pared from the corresponding organomagnesium com-
pounds.

@

3mol% Ni(acac);

The first Ni-catalyzed Kumada-Corriu reaction was re-
ported by Herrmann and co-workers [10], which allowed
the coupling of aryl chlorides to proceed at room tempera-
ture using 3 mol% of Ni (Scheme 1(a)). Soon after, they
reported that 5 mol% of complex 3 (Scheme 2) efficiently
catalyzed the coupling of aryl Grignard reagents and aryl
fluorides to yield biaryls in high yields [11]. A further in-
vestigation discovered that a better catalyst can be generated
in situ from a 1:1 mixture of Ni(acac), and IPr-HBF, (IPr =
1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene)  (2b),
thus avoiding the use of the air-sensitive zero-valent Ni

(b)
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Kumada-Corriu reaction of aryl chlorides and aryl fluorides.
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Scheme 2. Schematic representation of nickel complexes 3-26.
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complex 3. Using this system, both electron-rich and elec-
tron-poor aryl fluorides were successfully coupled with a
variety of aryl Grignard reagents to generate the biaryls in
good to excellent yields (Scheme 1(b)).

Since then, a number of well defined Ni-NHC systems
have been studied for this transformation. Furstner and
co-workers [40] extended the Kumada-Corriu coupling to
aryl and heterarene halides using the single ligand Ni-NHC
complexes 4-7 at ambient temperature (Scheme 2). These
novel nickel-NHC complexes were active in the Ku-
mada-Corriu coupling of p-methoxyphenylmagnesium bro-
mide with chloro- or bromobenzene as well as
2-chloropyridine in the presence 3 mol% of the catalyst.
The mixed NHC/PPh; complex 8a and bicarbene complex
8b were also applied to this reaction by using only 0.5
mol% of the catalysts (Scheme 2) [41]. Complex 8a exhib-
ited a higher activity than complex 8b, which is possibly
due to the stability provided by the bulky NHC ligand and
lability of the triphenylphosphine ligand on the nickel.

The catalytic activity of nickelacycle 9 in the Ku-
mada-Corriu coupling reaction was evaluated by Inamoto et
al. [3]. This complex turned out to be a good pre-catalyst in
the reaction between both electron-rich and neutral aryl
halides and PhMgCl, PhMgBr or para-MeOPhMgBr af-
fording good yields when a catalytic loading of 5 mol% was
used (Scheme 2). A decrease in the amount of the catalyst
precursor led to moderate yields. It is to be noted that this
system is suitable for the catalytic cleavage of
C(sp®)-fluorine bonds although only a moderate yield was
obtained with a longer reaction time.

A number of nickel(ll) complexes of multidentate NHCs
have been prepared, structurally characterized, and catalytic
applications studied by our group (Scheme 2, 10-13). Such
nickel complexes are highly active catalysts for the Ku-
mada-Corriu coupling of various aryl chlorides at room
temperature in the presence of 2 mol% catalyst loading [9].
This method also allowed the formation of biphenyls in high
yields even when electron-rich aryl chlorides were used.
The catalysts are economical, air-stable, and easily avail-
able. The high catalytic activities of these nickel complexes
are probably because of the stabilization effect of the pyri-
dine-functionalized bis(NHC) ligands on the catalytically
active species by the formation of stable Ni—C bonds and
the hemi-lability of the pyridine group on the metal. Com-
parative studies showed that complex 10 was more active
than 11-13.

We found that the unsymmetrical NNC pincer Ni-NHC
complexes 14 and 15 were also highly active in the Ku-
mada-Corriu coupling reaction of aryl chlorides at room
temperature at a catalyst loading of 1 mol% [42]. The tetra-
coordinate complex 14 was much more active than the hex-
acoordinate nickel complex 15 for the coupling of various

aryl chlorides with p-tolylmagnesium bromide. This is eas-
ily understood since the generation of catalytically active
species from the hexacoordinate complex of 20 e configura-
tion would be more difficult than from the tetracoordinate
complex of 16 e configuration (Scheme 2). A further inves-
tigation led to the isolation of the unexpected pincer CC'C
complexes 16a and 16b, which were synthesized by the
transmetalation and intramolecular chloronickelation of the
triple bond of NHC-substituted alkynes [43]. The resulting
nickel complexes exhibited high catalytic activity in the
Kumada-Corriu reactions involving aryl and heteroaryl
chlorides at room temperature in the presence of 0.5 mol%
of catalysts.

The use of nickel-NHC complexes 17-20 in the Ku-
mada-Corriu reaction was also recently studied by Zhang et
al. [44]. Complexes 17-20 were active catalysts for Negishi
and Kumada-Corriu coupling reactions with activated aryl
chlorides and deactivated aryl chlorides substrates at room
temperature (Scheme 2). They found that the CNN-chelate
nickel complexes exhibited higher catalytic activities than
20 due to the restriction of incoming substrates on the
available coordination sites.

Various arenesulfonates can also be used as coupling
partners for cross-couplings with methyl, neopentyl, and
benzyl Grignard reagents at ambient temperature using
nickel-NHC catalysts generated in situ from Ni(acac), and
imidazolium salts (Scheme 3) [45]. The reactions rapidly
proceed to afford high yields with only 1.5 equivalent of
methyl and neopentyl nucleophiles at room temperature.

Scheme 3. Kumada-Corriu coupling reaction of arenesulfonates.
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Huynh and co-workers [46] reported the synthesis and
characterization of 21 and 22 bearing N-heterocyclic dicar-
bene ligands (Scheme 2). They concluded that complex 22
showed a higher activity with a wide range of aryl halides at
ambient temperature and it outperformed complex 21. Al-
though complex 22 is generally very active in the coupling
of both activated and deactivated aryl bromides giving more
than 70% yields, it only gave moderate yields for sterically
bulky and deactivated substrates. Berding et al. [47] re-
ported similar Ni(ll) dihalide complexes for the Ku-
mada-Corriu coupling of 4-chloroanisole and 4-bromoani-
sole with phenylmagnesium chloride. Complexes 23-26
were catalytically active in the coupling of 4-chloroanisole
with phenylmagnesium chloride at room temperature
(Scheme 2) [48]. Nearly quantitative yields were obtained in
less than 20 min when complexes 25 and 26 with benzimi-
dazole-substituted ligands were used. Compared to the
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catalytic results obtained with the nickel catalysts of
bis(NHC) ligands, the complexes with anionic C, N ligands
performed remarkably well. 4-Fluoroanisole can be coupled
efficiently and nearly quantitatively within 150 min using 1
mol% of 26. The high rate of the reaction was ascribed to
the nickel/magnesium bimetallic cooperation mechanism.

As shown in Scheme 4, the mechanism implied that two
anionic N-donor moieties must be replaced by two phenyl
groups to yield a pendant anionic N-donor group coordi-
nated to the liberated [MgCI]* species (Scheme 4, B). These
magnesium cations may then facilitate the formation of the
transition state C in the oxidative addition of the aryl halide.

. -
Cl—Mg- -N B
¢ ) X N~ N\
/ c
C C, ey
| reductive elimination f NI cl Mg\ N‘i—C
Ni—C\ -N Ni N- N \
| \X/ “. .
o T T :
I - ' Cl Mg
|\‘/|g Cl |CI
cl O B OMe
A C

Scheme 4. Proposed mechanism for the activation of the pre-catalyst and the transition state for carbon-halide bond activation.

Nickel(I) complex 27 was shown to be an efficient cata-
lyst in the catalytic Kumada-Corriu coupling reactions of
aryl halides [49]. The novel T-shape three-coordinate
nickel(l) chloride bearing the IPr ligand was selectively
formed and isolated by the reactions of [Ni(IPr),] (3) with
aryl chlorides (Scheme 5). The selective formation of
nickel(l) complex 27 from 3 and an aryl halide may allow
the identification of the actual active catalyst in the
Ni(D)-Ni(llI) cycle.

1.1.2 Negishi reaction

The coupling of organozinc, organoaluminum, or or-
ganozirconium derivatives (the so-called Negishi reaction)
is a versatile cross-coupling reaction for C-C bond forma-
tion. This reaction has enhanced functional group tolerance
as compared to the Kumada-Corriu reaction. It is compati-
ble with many functional groups including ketones, esters,
amines, and nitriles, and there are a variety of routes for

making these organometallic reagents. Therefore, the Negi-
shi reaction is often chosen for the preparation of complex
functional products.

Surprisingly, Ni-NHC-mediated Negishi coupling is rare.
We have reported the first example of a Ni-NHC catalyzed
coupling of organozinc reagents with aryl halides [13]. The
mononuclear complexes (10-13) and binuclear nickel-NHC
complexes (28-30) showed high efficiency for the coupling
of unactivated aryl chlorides, leading to biaryls and ter-
phenyls in good to excellent yields under mild conditions
(Scheme 6). For all aryl chlorides, the binuclear nickel
catalysts showed activities higher than those of mononu-
clear nickel complexes because of a possible bimetallic
cooperative effect. Very recently, Zhang et al. [44] ex-
panded this transformation using tridentate and tetradentate
NHC complexes. They found that complexes 17 and 19
exhibited higher catalytic activities than those of reported
Ni-NHC systems for both activated and deactivated aryl
chlorides [13].

- \
—~N N—, Cl [T\
Ar \( Ar \@R AT/NYN\Ar R Q
5 . Ni—Cl o+ 0a N S 7
Ar— NN _Ar toluene, r.t. A —
o r~n7 O NAT
Ar = 2,6-diisopropylphenyl \=/
3 27

CWS fx

/NI\O NI\ '\
\ /

Synthesis of complex 27.

~y

1
VOV
/L/> /N—kNi/N*N\ N\
' Ni
\N‘( \N*N/ N/
QN AN NS
30

Scheme 6.  Schematic representation of dinuclear Ni-NHC complexes.
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1.1.3 Suzuki-Miyaura reactions

The cross-coupling of organoboron derivatives (Su-
zuki-Miyaura reaction) is currently the most widely used
cross-coupling protocol because many organoboron re-
agents are commercially available and are stable in air and
moisture. The reaction can tolerate a wide range of func-
tional groups. High activity in the coupling of aryl iodides
and bromides as well as activated aryl chlorides with simple
arylboronic acids have been recorded for a number of
Pd-NHC catalysts. The first use of a Ni carbene complex in
the Suzuki-Miyaura reaction was reported in 1999 by
McGuinness et al. [2] The activity of [NiBr(tmiy),(o-tolyl)]
(tmiy=1,3,4,5-tetramethylimidazol- 2-ylidene) is limited to
reactive aryl bromides. Later, Lee et al. [4,6] expanded the
reaction using Ni-NHC complexes. A series of Ni-NHC
complexes [Ni(L),]Cl, (31a-31d), L = (1-alkyl-(3-diphenyl-
phosphanylethyl)imidazol-2-ylidene were examined
(Scheme 7) [4]. Unlike palladium which forms [PdCI,(L)]
[50], the stable nickel product isolated was the ionic
[Ni(L),]Cl,. The activities of [Ni(L),]JCl, complexes were
superior to those of other reported nickel NHC complexes
[2,6]. In addition, 3la-31d effectively catalyzed
cross-coupling between phenylboronic acid and a range of
aryl halides without the need of additional PPhs. This sug-
gested that the PPh, functionality of the hybrid NHC ligand
can partially replace the role of free PPhs. However, the
presence of PPhsaccelerated the reaction of unreactive aryl
chlorides. Complex 31b showed poorer activities than 31a,
31c, and 31d, which can be ascribed to its stronger Ni-P
bond compared to the other complexes [4]. The same group
also studied a series of air and moisture-stable bis-bidentate
nickel complex 32. These complexes together with PPh;
showed equal catalytic activity to complexes 31a—31d in the
Suzuki-Miyaura coupling reaction (Scheme 7) [51].

N/:\N 72+ /\(O
RN Y 7 "N
' > f«k __Neh

Ph,P——Ni—PPh R~ Ni
{ ? R _/ NP
lu,,,N\\C N/R &/N\/&O
31a R = naphthylmethyl 32
31b R = benzyl

31c R = p-fluoro-benzyl
31d R = m-methoxybenzyl

Scheme 7. P- and N-functionalised NHC complexes of nickel.

Our group has investigated the catalytic behavior of the
dinuclear nickel complexes of bis(NHC) ligands (28-30)
[12]. These complexes are suitable models for the study of
bimetallic cooperative catalysis. As expected, these com-
plexes were highly active for Suzuki-Miyaura and Ku-

mada-Corriu couplings of a range of aryl halides that in-
clude unactivated aryl chlorides using 0.2-0.8 mol% cata-
lyst. Complexes 28 and 29 showed by far the best catalytic
activities yet reported in the coupling reactions of aryl chlo-
rides with boronic acids. We believe that the high catalytic
activity is due to the bimetallic cooperation of the binickel
complexes.

Catalytic activities of NHC-derived nickel-pincer com-
plexes for the Suzuki-Miyaura coupling reactions of
aryl/alkenyl tosylates and mesylates have been described
[52]. In the presence of 5 mol% of nickelacycle 33, many
tosylates and mesylates reacted with several aryl- and al-
kenylboronic acids to afford the coupling products in high
yields (Scheme 8). More importantly, reactions employing
aryl mesylates as electrophiles also were successful with
24-73% vyields using dioxane instead of 1,2-dichloethane
under the optimized conditions developed for tosylates.
Another group of similarly air and moisture-stable
NHC-derived CNC-type pincer complexes of nickel(ll) also
exhibited high catalytic activity for the Suzuki-Miyaura
coupling reaction of aryl bromides and chlorides with aryl-
and alkenylboronic acids [53].

(T

/

O m

R= mesnyl
33

5 mol% 33

KqPO,
+ RB(OH), — % o
OTs DME, 120°C, 24 h R

sealed tube 20%-91%

Scheme 8. Suzuki-Miyaura coupling reactions of aryl tosylates using
complex 33.

1.1.4 Heck reaction

Since the first application of a NHC in transition
metal-mediated catalysis by Herrmann et al. [54] in 1995 in
the Heck reaction of bromoarenes and activated chloroare-
nes with n-butyl acrylate, a large number of Pd-NHC com-
plexes have been investigated [55-61]. However, the Heck
reaction using Ni-NHC complexes have been less studied.
Ni-NHC catalysts for Heck coupling were first examined by
Inamoto and co-workers in 2005 [14]. They discovered that
a variety of aryl bromides and iodides can be coupled with
acrylates using 5 mol% of Ni(acac), and 5 mol% of the ap-
propriate NHC salts in the presence of Na,CO; at 150 °C.
However, only aryl iodides and activity aryl bromides gave
good yields. One year later, the authors prepared the well
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defined CNC pincer Ni-NHC complex 9 which was effec-
tive for the Heck coupling reaction (Scheme 9) [62]. The
catalytic activity of 9 was much higher than that of
Ni(acac),/NHC. Aryl chlorides as well as aryl iodides and
bromides can be reacted when using 5 mol% of 9 in the
presence of Na,CO; and BuyNI.

OBu

Ar-X + & 5 mol% 8 A~ OBu
(o] Na,CO3, DMF, 150°C V\[o]/
X=1,Br,Cl 2-7d

15%-81%

Scheme 9. Heck reaction using Ni-NHC complex 8.

1.1.5 Nickel-NHC-catalyzed a-arylation of acyclic
ketones

Although Kumada-Corriu coupling and Suzuki-Miyaura
coupling can proceed smoothly under mild conditions with
various nickel catalysts, the nickel-catalyzed a-arylation of
carbonyl compounds was not popular. The first efficient
a-arylation of acyclic ketones using complex 8a bearing
both triphenylphosphine and bulky NHC ligands was de-
scribed by Matsubara et al. [17] (Scheme 10). Propiophe-
none was arylated with several haloarenes in the presence of
NaO'Bu in excellent yields, whereas the arylation of aceto-
phenone did not occur. The coupling reactions of aryl bro-
mides did not depend on the substituents at the para-posi-
tion under these conditions. With p-chloroanisole, the
product was obtained with a lower yield. The success of
these reactions was ascribed to the bulky donating NHC
ligand and the easily liberated phosphine ligand in 8a.

1.1.6 Others

Other organometallic reagents such as organotitanium
and organomanganese compounds have also been useful

NaO'Bu, toluene

0.5 mol% Ni(acac),
0.5-1.0 mol% IMes-HCI

cross-coupling partners [63]. Manolikakes and co-workers
[63] have developed an efficient Ni-catalyzed cross-cou-
pling reaction of aryltitanium reagents with aryl chlorides
and bromides (Scheme 11). The cross-couplings proceed at
room temperature or even at lower temperatures.
Organomanganese reagents as the coupling partner can
couple with various aryl halides and sulfonates [64]. It was
demonstrated that IPr-HCI associated with Ni(acac), (3-5
mol%) can be used as the catalyst for the efficient coupling
of functionalized aryl bromides with organomanganese re-
agents. Although aryl chlorides are less reactive than aryl-
bromides, the reaction can procced at 0 °C to room tem-
perature for both electron-deficient and electron rich aro-
matic bromides (Scheme 12). The new method is a valuable
alternative to the Kumada-Corriu and Negishi cross-cou-

plings.
1.2 Carbon-heteroatom bond forming reactions
1.2.1 C-N bond forming reaction

Carbon-nitrogen bond forming reactions have been
widely studied with palladium complexes bearing sterically
demanding ligands such as phosphines and NHCs [65,66].
Much less attention has been paid to nickel-catalyzed aryl
amination even though it is an attractive alternative to the
more costly palladium derivatives. The first coupling of aryl
chlorides with various amines was discovered using in situ
generated Ni(0) and SIPr (SIPr = 1,3-bis(2,6- diisopropyl-
phenyl)-4,5-dihydro-1H-imidazol-3-ium) by Fort and co-
workers [15,67]. It was revealed that active Ni(0) species
can be generated from Ni(acac), in the presence of NaH and
t-BuOH (Scheme 13). In addition, NaH was used to depro-
tonate the imidazolium salt to generate the free carbene and
deprotonate the amine. Among the imidazolium salts tested,

.%/ \ \XR

39%-91%

10 mol% 8a

100°C, 24 h

a-Arylation of acyclic ketones.

THF, 25°C, 1-24 h

Ry — R,
% A
‘\7\ \ 7

54%-98%

Coupling reaction of aryl halides with organotitanium compounds.

5 mol% Ni(acac),

AR I
Scheme 10.
Ti(OEt)3
D G
X =Cl, Br
Scheme 11.
nCl
A

\_ Br+| P
< X

R2
Scheme 12.

10 mol% IPr. HCI
THF, 0-25 0C

O

52%-100%

Coupling reaction aryl bromides with organomanganese reagents.
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Cl :\

N 2-10 mol% Ni(acac), R; Ni

— 0, . - a
|// + HNR,R, 5710 mol% SIPr-HCI @*NRst NHE gy
1.5eq NaH, 1.5 eq t-BuOH L . L i
Ry THF or dioxane 47%-99% 34a NHC = SIMes(1,3-dimesityl-4,5-dihydro-1H-imidazol-3-ium)
e 34b NHC = IPr
Scheme 13.  Amination of aryl chlorides. 34c NHC = SIPr

SIPr-HCI was found to be the most effective. Using this
protocol, both electron-rich and electron-poor aryl chlorides
were successfully coupled with secondary cyclic and acyclic
amines, primary and secondary anilines, and primary alkyl
amines in good yields.

In their following work, they successfully developed
N,N'-diarylation or selective N-monoarylation of aromatic
diamines under mild conditions using the same catalyst and
easily handled reagents. At the same time, they described a
two-step procedure for the synthesis of unsymmetrical
N,N'-diaryl aromatic diamines [68]. As compared to several
other imidazolium salts, the strongly electron donating and
bulky IPr was the most effective. They also reported an
alternative synthesis for nitrogen heterocycles from aryl
chlorides with pendant amino groups by an intramolecular
Ni(0)-catalyzed amination reaction [69]. As seen in Scheme
14, five-, six-, and seven-membered heterocycles were
formed in 73%-98% yields using dioxane as the solvent in
the presence of 2 mol% of Ni(acac), and 2 mol% of
SIPr-HCI. SIPr can catalyze the coupling of primary amines
with aryl chlorides which bpy cannot. However, when X =
O, the presence of an ortho oxygen completely inhibited the
Ni-SIPr-catalyzed cyclization of a seven-membered ring.
The superiority of bpy relative to SIPr for the preparation of
seven-membered benzoxazine rings may be due to a coor-
dination of the SIPr-bound nickel center at the oxygen atom

of the starting material.
X
Crpe
N

X‘H’ NHR 2 mol% Ni(acac),
@[ n 2 mol% SIPr-HCI _
cl 15eqNaH,
n=1-3 1.5 eq 'BuOH R
dioxane, 100 °C X =CH,
73%-98%

X=CH,orO
Scheme 14.  Efficient intramolecular amination of aryl chlorides.

A series of Ni-NHC compounds [CpNi(NHC)]CI 34 have
also been applied to the aryl amination reactions using 5

Scheme 15.  Structure of [CpNi(NHC)]CI complex 34.

mol% of catalyst and 2 equiv of KO'Bu in dioxane at 105
°C (Scheme 15) [70].

In 2007, Chen et al. [71] carried out the efficient amina-
tion of aryl chlorides by Ni(ll)-(c-aryl) complex 35 and IPr
without the need for additional reducing agents. Both elec-
tron-neutral and electron-deficient aryl chlorides were cou-
pled smoothly using dioxane as solvent and NaO'Bu as base
in the presence of 5 mol% [Ni(PPhs),(1-p-acetyl-
naphthyl)]CI and 10 mol% IPr-HCI (Scheme 16). Elec-
tron-rich aryl chlorides gave good vyields at elevated reac-
tion temperature in dioxane. Under the same conditions,
Gao et al. [72] explored the possibility of the amination of
aryl tosylates with amines and anilines.

5 mol% 35 R FPhs
A— H_N,R 10 mol% IPr-HCI A—N  ArNiX
—cl + l
' R 1.3 eq NaO'Bu, R' PPh;
Dioxane, 100 °C 66%-99% 35

Scheme 16. Aryl amination reactions using Ni(ll)-(c-aryl) complex
35.

The zero-valent Ni-NHC complex 3 was also active for
the catalytic amination of chlorobenzene with inactive ani-
lines [73]. Higher yields of diarylamines from inactive
m-methoxyaniline and m-fluoroaniline in 72% and 64%
yields, respectively, was achieved. This zero-valent
Ni-NHC complex can be synthesized from the reduction of
[Ni(NHC)(acac),], and has been isolated and structurally
determined (Scheme 17). This synthetic method gave a 14 e
Ni(0) complex in high yield and was simpler than previous
methods that used air unstable Ni(cod),and NHC ligands.

A novel C-N bond forming reaction using aryl methyl
ethers as the electrophilic coupling partner in the presence
of the Ni(cod), and a carbene ligand (Scheme 18) was re-
ported by Tobisu et al. [74]. They developed the
nickel-catalyzed amination of anisole derivatives through

Ar/NYN\Ar

Ar = 2,6-diisopropylphenyl
3

/7\
Ar/N\/ \Ar N N\Ar /T
/ —> Ar~ -A
\ T TR ( NN
N\
Ar—
C Ar/NaH +
Scheme 17.  Synthesis of zero-valent Ni-NHC complex 3.
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42%-89%

20 mol% Ni(cod),
40 mol% IPr-HCI
T EEEEE—

NaO'Bu, toulene
120°C, 48 h

Scheme 18. C-N bond forming reaction using aryl methyl ethers as the electrophilic coupling partner.

the cleavage of carbon-oxygen bonds using toluene as sol-
vent and NaO'Bu as the base at 120 °C in the presence of 20
mol% Ni(cod), and 40 mol% IPr-HCI. Various cyclic
amines and acyclic amines were successfully coupled with
2-methoxynaphthalene to produce important structural mo-
tifs commonly found in pharmaceutical substances. Due to
steric hindrance, the 1-methoxyisomer resulted in a signifi-
cant loss of yield. With anisole, the reaction did not proceed
under these conditions. Although the reaction efficiency and
substrates that can be used require further improvement,
these studies clearly indicated that aryl methyl ethers can be
employed as a synthetic surrogate for aryl halides in transi-
tion metal catalysis.

Very recently, Shimasaki et al. [75] demonstrated that
aryl carboxylates can serve as suitable electrophilic cou-
pling reagents in catalytic aromatic amination reactions
using Ni(cod), and IPr-HCI as the catalyst. A range of
monocyclic, bicyclic, and acyclic secondary amines are
appropriate nucleophiles for this catalytic amination
(Scheme 19). Both electron-rich and electron-deficient aryl
pivalates afforded the aminated products in good yields.
However, cyclohexylamine and N-methylaniline did not
give the corresponding arylated products under the present
reaction conditions, which may be due to their lower nu-

cleophilicity.
i Ru
@OC‘BU + HNRyR, N,
Ry
56%-95%

Scheme 19. Aromatic amination reactions of aryl carboxylates.

5 mol% Ni(cod),
10 mol% IPr-HCI
—_——

NaO'Bu, toulene
80°C,3h

1.2.2 C-S bond forming reaction

Transition metal catalyzed C-S bond formation reactions
were less explored since S-containing species are thought to
be poisonous. The only example of a NHC-based transition
metal catalyst for the C-S coupling reaction was developed
by Zhang et al. [76] in 2007. Ni-NHC catalysts showed
good to excellent activities for various aryl halides with 1- 4
mol% Ni catalyst and KO'Bu as the base in DMF at 80 °C
(Scheme 20). The electronic and steric characteristics of the
NHC ligands greatly affect the catalytic activities.

2 Reductive coupling reactions

2.1 Reductive coupling reactions in the presence of a

Chin. J. Catal., 2010, 31: 875-886

X 1-4 mol% Ni-NHC SR
\ + HSR ————— ||
/ = KO'Bu, DMF S
R 100-110 °C R
X=Br, | 78%-99%
Scheme 20. C-S bond formation reaction.

reductant

2.1.1 Ullmann-type coupling reactions using zinc as
reductant

Besides the above methods for C—C bond formation, the
Ullmann-type coupling reaction was also applied to this
transformation using the Ni(Il)-NHC complexes. Nickel(ll)
complex 36 with the bulky benzimidazolin-2-ylidene
ligands was successfully applied to the Ullmann coupling
reaction of aryl bromides with 1 mol% catalyst loading and
65 mol% Zn as reducing agent (Scheme 21) [77]. Unfortu-
nately, couplings with aryl chlorides were unsuccessful.
When a N,S-heterocyclic carbene (NSHC) complex 37 was
used, moderate to good yields were obtained under the
standard conditions of 1 mol% catalyst and 75 mol% re-
ducing zinc in an ionic liquid Buy,NBr medium [78]. Higher
activities for bromoanisole and bromotoluene than bromo-
benzene were observed in Bu,NBr.

1 mol% 36
Bu,NBr
R =H or OCHj 125°C, 24 h 40%-95%

Nér'iNO CLx .

X Brorl
36 37

Scheme 21.
37.

Ullmann-type coupling reaction using complexes 36 and

2.1.2 Coupling of allenes or alkynes with aldehydes
using silanes as reductant

Since the pioneering work by Sato and co-workers [16]
showed that Ni-NHC systems effectively catalyzed the cou-
pling of 1,3-dienes and aldehydes in the presence of silanes,
the reaction system has been applied in reductive coupling
[79]. A silyl diene can also be used in Ni-catalyzed coupling
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reactions with aryl aldehydes (Scheme 22) [80]. An E prod-
uct was obtained when PPh; was used as the ligand whereas
reactions with IMes-HCI as ligand gave Z products.

PPhy

—  m RslSi . R?
{BuMe,SiH
RelSi -~ . E OSitBuMe;
Ni(cod), N/+
NICod)| [ N e
RZ__H
i N OSiEt;
0 R4> R31$iv:\)\
PPhg, R?
Et;SiH, Cs,CO; z

Scheme 22.  Coupling reactions of diene and various aldehydes.

In 2004, Montgomery and co-workers [81,82] developed
an efficient and selective reductive coupling reaction of
aldehydes and alkynes using NHCs as ligands with silanes
as the reductant. Good to excellent yields were obtained
regardless of the aromatic and aliphatic aldehydes using the
combination of 10 mol% Ni(cod), and 10 mol% IMes-HCI
(Scheme 23). In addition, good regioselectivity was ob-
served except with an internal aliphatic alkyne. Later, they
applied this procedure to the macrocyclization of ynals con-
taining terminal alkynes using a catalyst of Ni(cod),,
KO'Bu, and IMes-HCI in toluene [82]. The procedure can
also be used for the synthesis of allylic alcohols using the
catalytic asymmetric coupling of aldehydes and alkynes

o) 10 mol% Ni(cod), OSiEy

0, 3
R)LH + Ry— R, 10mO% IMesHCI_ g\ g
1 HSIEt3 RZ

56%-84%

Scheme 23. Coupling reactions of alkynes and various aldehydes
using Ni(cod), and IMes-HCI.

&
Rl)l\ H' Rz/ + EigSiH

1.0eq 1.2eq 2.0eq

10 mol% 38

KO'Bu, THF, 25°C

10 mol% Ni(cod),

using the new chiral NHC ligand 38 [83]. The reaction is
tolerant of various functional groups including aromatic
aldehydes, internal alkynes, and terminal alkynes (Scheme
24). Although prior studies had shown good to excellent
enantioselectivities with specific substrate combinations, the
simpler experimental protocol (fast reaction at room tem-
perature with a stable reducing agent) provides significant
preparative advantages, and the range of substrates is the
broadest of any single method to date.

An asymmetric three-component coupling of 1,3-dienes,
aldehydes, and silane was achieved using a Ni-NHC cata-
lyst. Various coupling products were produced in good
yields with high regio-, diastereo-, and enantioselectivities.
Compared to the extensive and successful results of NHC as
a ligand for transition metal-catalyzed reactions, asymmetric
reactions utilizing chiral NHC ligand 39 in which a high
enantioselectivity (> 90% ee) was obtained has been rarely
achieved (Scheme 25) [84]. The present results pave the
way for the extension of the utilization of NHCs as chiral
ligands.

A highly regioselective nickel-catalyzed reductive cou-
pling of propargyl alcohol derivatives and aldehydes has
been developed by Montgomery and co-workers (Scheme
26) [85]. They showed that the subtle electronic influences
of an alkyne may be enhanced with protecting group strate-
gies and can be matched with ligand size effects to allow
excellent control of regiochemistry in aldehyde-alkyne re-
ductive couplings. The interplay of steric and electronic
considerations in nickel-catalyzed reductive coupling pro-
vides a strategy for controlling the regiochemistry of a vari-
ety of substrate combinations, including the couplings of
propargyl alcohols. For a number of desirable regiochemical

OSiEtg ., \/
~ +
Rl/\/\ R3 N\?'EI
R» Cy BF, Cy

47%-99% yield
65%-85% ee 38

Scheme 24. Coupling reactions of alkynes and various aldehydes using Ni(cod), and ligand 38.

le\ R,
+
R3 H 20 mol% Ni(cod), R
hig 20 mol% 39 !
O _—
+ 40 mol% Cs,CO3
R3SiH3 THF, 50 °C

60%-100%
up to 97% ee

OSiEts

R2

Scheme 25. Coupling reactions of diene and various aldehydes using Ni(cod), and ligand 39.

0} n-Pr

Z
Rl)LH * TBSO/ + i-Pr3SiH

TBS = tert-butyldimethylsilyl

10 mol% Ni(cod), 0Si(i-Pr)s
10 mol% IMes-HCI _
THF, KO'Bu Ri n-Pr
0TBS

87:13-98:2 regioselectivity

Scheme 26. Highly regioselective reductive coupling reactions of propargyl alcohol derivatives and aldehydes.
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o N 0Si(i-Pr), OSi(i-Pr);
n-Pr i-Pr)5Si
J\ + / : n-Hex Z Sn-Pr t n-Hex ~ "Me
H n-Hex Me Ni(cod),
Me n-Pr
L.HX, KO'Bu
LHX = A B
—\ i — Ph Ph .
+! £\, Cl >_\ (i-Pr),N___ _N(i-Pr),
R-NN-r N Nig {0\ BR \7 -
R\ "R 4
40aR = p-to_lyl 41a R = mesityl 42 Me H
40b R = mesityl 41b R = 2,6-diisopropylphenyl & £ 43
40c R = adamantyl
40d R = 2,6-diisopropylphenyl
Cy Cy Cy
42a 42b

42c¢ R = 2,6-diisopropylpheny

Scheme 27. Reductive couplings of heptaldehyde with 2-hexyne using various NHC ligands.

reactions that are not possible by direct coupling strategies,
the derivatization of propargyl alcohol-derived products
provides an indirect but effective alternative.

Very recently, Montgomery and co-workers [86] devel-
oped a general strategy for regioselectivity control in
Ni-NHC-catalyzed reductive couplings of aldehydes and
alkynes. They illustrated that with the careful optimization
of the ligand structure, the impact of ligand size effects is
substantial and can override substrate-derived influences
with a broad range of both biased and unbiased alkynes
(Scheme 27). As shown in Table 1, the use of cyclopro-
penylidene ligand 43 and highly hindered NHC ligands 41b
and 42c provided a dramatic regiochemical reversal in
nickel-catalyzed reductive coupling reactions of heptalde-
hyde with 2-hexyne.

Table1 Ligand effects in couplings of 2-hexyne

L.HX Regioselectivity (A:B)
40a 87:13
40b 67:33
40c 44:56
40d 20:80
4la 61:39
41b 7:93
42a 75:25
42b 29:71
42c 6:94
43 86:14

2.2 Reductive coupling reactions in the absence of a
reductant

Different from the above reductive coupling, cyclobuta-
nones can be coupled with alkynes to afford ring-expanded
cyclohexenones using Ni-NHC complexes in the absence of
a reducing reagent (Scheme 28) [87]. The ligand chosen
(NHC or phosphine) had an effect on the type of product.
The replacement of the phosphine ligand with a NHC ligand

such as IPr afforded the desired cyclohexenone product in
good yields.

Analogous to the above reaction, three-component cata-
Iytic processes have been discovered by the same authors
(Scheme 29) [88]. Enones, alkynes, and aldehydes can be
coupled into 1,3-diketones with remarkable chemoselectiv-
ity in the absence of reducing agents due to an internal re-
dox process. The regioselectivity and the aldehydes that can
be used were influenced by the ligand used (NHC or
phosphine). The high chemoselectivity is unusual, particu-
larly for aldehyde, enone, alkyne couplings that involve
three different z-components.

(o]
10 mol% Ni(cod),

O=<>—Ph+ pr—=——pr 10-20 mol% IPr-HCI /@ipr

0,
toluene, 110 °C Pr
61%-79%

Scheme 28. Reductive coupling reaction of cyclobutanone with al-
kyne.

(0] R .
R, "% 10mol% Ni(cod),, L
Rl)l\g/ * Rg)l\ H* R/

10 mol% KO'Bu,toluene

L =10 mol% IPr-HCI
L =20 mol% PCy,

R 47%-86% (61:39-95:5)
s 42%-79% (87:13-95:5)
Scheme 29. Three-component catalytic processes using enones, al-

kynes, and aldehydes.

3 Conclusions

A number of nickel-catalyzed C-C and C-heteroatom
formation reactions can be catalyzed with the appropriate
choice of a N-heterocyclic carbene ligand. Both structurally
well defined nickel complexes and in situ generated cata-
Iytically active species have been used. In many cases,
bulky NHC ligands such as IPr, SIMes, and IMes exhibit
higher efficiencies than less steric ligands due to their better
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reductive elimination in the catalytic cycles. Hemi-labile
NHC ligands are a family of promising ligands since they
can generate coordinatively unsaturated species that allow
the complexation of substrates during the catalytic cycle,
while at the same time the strong donor moiety remains
connected to the metal center. For large scale industrial ap-
plications of nickel-catalyzed organic transformations, at-
tention should be given to the economics. The development
of a new generation of nickel-NHC complexes with high
turnover frequencies is required. More attention should be
paid to recyclable catalysts and ligands to reduce cost and
pollution. Asymmetric synthesis using chiral NHC ligands
is also promising due to their easy availability and low tox-
icity as compared to chiral phosphines. The use of NHC
complexes in drugs and material synthesis is expected in the
near future.
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