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ABSTRACT

The complex (IPr)Ni(allyl)Cl (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazolidene) catalyzes the cross-coupling reactions of heteroaromatic
chlorides with aryl Grignard reagents. Catalyst loadings as low as 0.1 mol % have been used to afford the products in excellent yields. This
nickel-based catalytic system also promotes the activation of the CAr�O bond of anisoles in the Kumada�Tamao�Corriu reaction under fairly
mild conditions.

Transition-metal-catalyzed cross-coupling reactions
constitute one of the preferred synthetic tools for making
new carbon�carbon bonds, particularly between aromatic
substrates.1 Among the different cross-coupling methods
developed for aromatic C�C bond formations, the cou-
pling of aryl halides with aryl Grignard reagents, the
Kumada�Tamao�Corriu (KTC) reaction,2 represents
the most straightforward and atom-economical3 way to

biaryl synthesis since arylboron (Suzuki�Miyaura),4 zinc
(Negishi),5 tin (Stille�Migita),6 or silicon (Hiyama)7 nu-
cleophiles are usually prepared from arylmagnesium re-
agents. Despite this advantage, the high reactivity of
organomagnesium reagents makes them incompatible with
certain functional groups and also reduces the selectivity of
the coupling process generating variable amounts of homo-
coupling byproducts. Recently, two remarkable examples
from the groups of Buchwald8 andNakamura9 have shown
how the appropriate choice of either the ligand or the metal
source could overcome the above-mentioned drawbacks.
In the KTC reaction, nickel-based catalysts particularly

display good activity toward aryl chlorides,2c,10 the less

†Departamento de Quı́mica y Ciencias de los Materiales, Universidad de
Huelva.

‡Departamento de Ingenierı́a Quı́mica, Quı́mica Fı́sica, Quı́mica
Org�anica, Universidad de Huelva.

§Universidad de Sevilla.
(1) (a) DeMeijere, A.; Diederich, F.Metal Catalyzed Cross-Coupling

Reactions; Wiley VCH: New York, 2004; Vols. 1 and 2. (b) Corbet, J.-P.;
Mignani, G. Chem. Rev. 2006, 106, 2651.

(2) (a) Tamao, K.; Sumitami, K.; Kumada, M. J. Am. Chem. Soc.
1972, 94, 4374. (b) Corriu, R. J. P.; Masse, J. P. Chem. Commun. 1972,
144. (c) Tamao, K. J. Organomet. Chem. 2002, 653, 23.

(3) Trost, B. M. Science 1991, 254, 1471.
(4) (a) Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Lett. 1979,

3437. (b) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457. (c) Miyaura,
N. Top. Curr. Chem. 2002, 219, 87.

(5) (a) Negishi, E.; King, A. O.; Okukado, N. J. Org. Chem. 1977, 42,
1821. (b) Negishi, E. Bull. Chem. Soc. Jpn. 2007, 80, 233.

(6) (a)Kosugi,M.; Sasazawa,K.; Shimizu,Y.;Migita, T.Chem.Lett.
1977, 301. (b) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100,
3636. (c) Stille, J. K. Angew. Chem., Int. Ed. Engl. 1986, 25, 508. (d)
Espinet, P.; Echavarren, A. M. Angew. Chem., Int. Ed. 2004, 43, 4704.

(7) Hatanaka, Y.; Hiyama, T. J. Org. Chem. 1988, 53, 918. (b)
Hiyama, T.; Shirawaka, E. Top. Curr. Chem. 2002, 219, 61.

(8) Martı́n, R.; Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 3844.
(9) (a) Hatakeyama, T.; Nakamura,M. J. Am. Chem. Soc. 2007, 129,

9844. (b) Hatakeyama, T.; Hashimoto, S.; Ishikuza, K.; Nakamura, M.
J. Am. Chem. Soc. 2009, 131, 11949.

(10) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 2002, 41, 4176.



Org. Lett., Vol. 14, No. 17, 2012 4319

reactive yet,11 at the same time, the cheapest and most
widely available among the aryl halides. Nickel complexes
bearing either P-2c,12 or C-based13 (N-heterocyclic carbenes,
NHCs) ligands accomplish such transformations even at
room temperature. Moreover, phenol-derived electrophiles
represent an attractive low cost alternative to organic
halides in cross-coupling processes.14 However, these sub-
strates are even more challenging to activate since the bond
dissociation energy (BDE) of the CAr�O bond is higher
than that of the correspondingCAr�Cl.14aNot surprisingly,
recent outstanding examples of the activation of CAr�O in
different cross-coupling reactions have been addressed by
usingnickel-based catalysts stabilizedwith electron-richand
sterically demanding phosphane or carbene ligands.15

Recently, we have described the first examples of room
temperature nickel-catalyzed amination of aryl and het-
eroaryl chlorides.16 These couplings were performed in the
presence of the well-defined complex (IPr)Ni(π-allyl)Cl.17

As continuation of this work, we report herein that this
catalytic system is highly active in KTC couplings with
heteroaryl chlorides. Furthermore, this complex also effec-
tively promotes the cross-coupling of aromatic Grignard
reagents with anisoles under fairlymild reaction conditions.

We began by evaluating the catalytic activity of a series
of (NHC)Ni(allyl)Cl17 complexes (Figure 1) in the KTC

reaction of 4-chlorotoluene with phenylmagnesium bro-
mide, using 5 mol % of the Ni(II) precatalysts at room
temperature. The results obtained are summarized in
Table 1. We encountered significant differences in the
catalytic behavior of these NHC�Ni(II) complexes under
the conditions employed. The reactions catalyzed by com-
plexes 1 and 2 afforded moderate yields of the desired
product together with considerable amounts of the homo-
coupling byproduct (entries 1 and 2). Conversely, deriva-
tive 3 promoted a highly selective reaction exclusively
furnishing 4-methylbiphenyl in 75%yield (entry 3). Finally,
the most bulky ItBu18 also suppressed the byproduct for-
mation, but complex 4 exhibited lower catalytic activity
(entry 4) compared with that of the IPr-derivative, 3.

Once complex 3was identified as themost active catalyst,
we tested it in the KTC reaction of heteroaryl chlorides as

Figure 1. Nickel(II) complexes employed in this work.

Table 1. Screening of Nickel Complexes 1�4a

yieldb (%)

entry catalyst 7 8

1 (IMes)Ni(allyl)Cl (1) 48 10

2 (SIPr)Ni(allyl)Cl (2) 50 19

3 (IPr)Ni(allyl)Cl (3) 75 0

4 (ItBu)Ni(allyl)Cl (4) 65 0

aReaction conditions: aryl chloride (0.5 mmol), PhMgBr (0.75
mmol), nickel complex (5 mol %), total volume of THF (1 mL).
b Isolated product yield.
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coupling partners. Despite the interesting applications of
arylated heterocyclic compounds,19 heteroaromatic halides
have been rarely used as substrates in cross-coupling
reactions,8,13c,f,20 a fact that is related with the coordina-
tion ability of the heteroatom to the metal center.

First, we carried out some experiments to optimize the
catalyst loading and the reaction time. To our delight, the

reaction of 2-chloropyridine and phenylmagnesium bro-
mide was completed in 1 h (89% isolated yield), at room
temperature, with only 0.1 mol % of 3 (Table 2, entry 1).
Under these conditions 2-chloropyridine and 2-chloroqui-
noline were coupled effectively with different arylmagne-
sium bromides within 1�5 h with yields varying from 94 to
99% (entries 1�7). Reactions with the most hindered
2,4,6-Me3C6H2MgBr required longer reaction times to
afford quantitative yields of the coupling products
(entries 3 and 7). For these reactions, turnover frequency

Table 2. Cross-Coupling of Heteroaromatic Chlorides with
Ar0MgBr Catalyzed by 3a

aReaction conditions: heteroaryl chloride (0.5 mmol), ArMgBr (0.75
mmol), Ni complex (5 mol %), THF (1 mL). b Isolated yields, average of
two experiments. cNo reactionwas observed in the absence of theNi catalyst.

Table 3. Cross-Coupling ofAryl EtherswithArMgBrCatalyzed
by (IPr)Ni(allyl)Cla

aReaction conditions: aryl ether (0.5 mmol), ArMgBr (0.75 mmol),
nickel complex (5mol%), total volume of THF (1mL). b Isolated yields.
cReaction performed at room temperature. dReaction performed at 80 �C.
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numbers (TOFs) varied from 190 to 990 h�1, the highest
values found (to the best of our knowledge) for a KTC
reaction with heteroaromatic chlorides catalyzed by
nickel.21 The coupling of 3-chloropyridine, a less reactive
substrate, was achieved with 1 mol % of catalyst in 8 h
(entries 8�10). 2-Chlorothiophene could also be used as a
substrate in this transformation affording very high yields
of the coupling products using 5 mol % of the nickel
catalyst (entries 11 and 12). The presence of two hetero-
atoms on the chloride moiety decelerated the reaction,
being that it is necessary to increase the catalyst loading to
5 mol % and extend the reaction time to 24 h to complete
the coupling processes (entries 13�20). It is interesting
to note that couplings of 2-chlorobenzoxazole with both
PhMgBr and p-MeC6H4MgBr took place in high yield in
the absence of the nickel catalyst.
There are only a few reports regarding the use of aryl

ethers as electrophiles in nickel-catalyzedKTC reactions.22

In those examples, nickel phosphine complexes have been
the catalysts of choice to carry out the coupling processes.
Dankwardt22c described a highly active nickel phosphine
(PCy3 or PPhCy2) complex for these transformations, but
reactions required a large excesss of Grignard reagents as
well as the addition of an excess of phosphine ligand to
achieve high conversions. The nickel phosphine catalyst
developed by Wang et al.22e were very active in the
coupling of methoxynaphthalene with aryl Grignards,
but the reactions with phenylmethyl ether were performed
at high temperatures (120 �C). As far as we are aware,
NHC ligands have not been used as ancilliary ligands in
this type of reaction. Hence, we sought to apply our
IPr�Ni(II) catalytic system to the cross-coupling reactions
of anisoles with arylmagnesium reagents. In the presence
of 5mol%of the IPr�Ni(II) precatalyst, 2-methoxynaph-
thalene reactedwithbothPhMgBr andp-MeC6H4MgBr at

room temperature, affording the corresponding products
in excellent yields (Table 3, entries 1 and 2). These results
prompted us to examine the activation of theC�Obondof
less reactive phenyl methyl ethers. Under these conditions,
the reaction of p-methyl anisole andPhMgBrproduced the
expected biaryl in lower yield (76%, entry 3). However, an
increase in the reaction temperature to 60 �C resulted in
quantitative formation of the coupling product after 12 h
(entry 3). Thismethodwas successfully applied to different
alkyl-substituted anisoles and aryl Grignard reagents fur-
nishing moderate to high yields of biaryls (entries 3�15),
although it was ineffective for hindered Grignard reagents
such as mesitylmagnesium bromide. A secondary amine
functional group on the aromatic ring was also tolerated
(entry 16). Under the same reaction conditions, the dual
arylation of 1,4-dimethoxybenzene was efficiently achieved
(entry 17). In addition, 2-methoxypyridine also combined
with both PhMgBr and p-MeC6H4MgBr to afford the
corresponding coupling products in good yields (entries 18
and 19).
These results suggest that the presence of the IPr ligand

facilitates the activation of the CAr�O bond by the Ni
center, allowing the reactions to be carried out without
using either a large excess of the Grignard reagent22c or
high temperatures.22e

In conclusion, we have developed a protocol for the
KTC reaction of challenging electrophiles such as hetero-
aryl chlorides and anisoles based on the use of the
(IPr)Ni(allyl)Cl complex as the catalyst. Very high TOF
values for the coupling of chloropyridines and -quinolines
were obtained. In addition, the activation of the CAr�O
bond of substituted phenylmethyl ethers has been success-
fully achieved under fairly mild reaction conditions.
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