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Abstract

Complexes of the type (NHC)Pd(PR3)I2 with bulky N-heterocyclic carbenes (NHC) are efficient catalysts for aryl coupling
reactions such as the Suzuki and Stille cross-coupling reaction. These catalysts combine the advantageous stability of bis(carbene)
complexes and the good activity of the bis(phosphine) complexes in these reactions. Both arylbromides and arylchlorides can be
used as substrates. © 1999 Elsevier Science S.A. All rights reserved.
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ethylene/CO co-polymerisation [8]. Other metals have
also shown catalytic activities with this type of ligand
for a variety of different reactions [4b].

Phosphine complexes of palladium(II) are even better
known and easily prepared from palladium(II) salts and
an excess of phosphine ligand [9]. With these complexes
the catalytic activity of palladium in various reactions
including CC-coupling has been established for the first
time [1]. Despite their activity as potential catalysts
these complexes suffer from the fact that easy ligand
dissociation leads to early palladium black precipitation
as an unwanted side reaction [10]. The suppression of
this side reaction combined with a retention of high
activity in catalysis has ever since attracted much effort
in the literature [11].

In olefin metathesis, mixed NHC�phosphine com-
plexes of ruthenium proved to be more effective than
the bis(carbene) or bis(phosphine) complexes [12]. This
prompted us to test NHC�phosphine complexes of
palladium for Heck-type reactions. In this paper we
describe our preliminary results in the Suzuki and Stille
cross-coupling reaction.

2. Results and discussion

The trans-NHC�phosphine complexes 2 are prepared
from di(m-iodo)-bis(1,3-di(1%-(R)-phenylethyl)imidazo-

1. Introduction

There has been a long-standing interest in the proper-
ties of palladium complexes because they are widely
used as catalysts for carbon�carbon bond forming reac-
tions [1]. These reactions are key steps in many synthe-
ses of organic chemicals, natural products, as well as in
a variety of industrial processes. Important examples
for this type of catalysis are the Suzuki [2] and the Stille
[3] cross-coupling reactions. The reason for the success
of these reactions is the fact that they are known to
work reliably and to tolerate most functional groups
both on the substrates and the products.

Palladium(II) complexes of N-heterocyclic carbenes
(NHC) are well known, and various routes to obtain
them have been published [4,5]. One of their interesting
characteristics is the extraordinary thermal stability and
the high dissociation energies of the Pd�NHC bond [6].
These complexes have been successfully applied to
Heck-type CC-coupling reactions [6,7] as well as
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lin-2-ylidene)dipalladium(II) 1 by addition of the ap-
propriate phosphine (Scheme 1). NMR experiments of
complexes 2 show only one set of signals in a symmetri-
cal surrounding indicating the exclusive formation of
the trans-isomer. This observation can be readily ex-
plained by considering the sterical bulk of the 1,3-di(1%-
(R)-phenylethyl)imidazolin-2-ylidene.

Palladium-catalyzed Suzuki and Stille cross-coupling
reactions have both emerged powerful methods for the
synthesis of unsymmetrical biaryls [2,3,13], which repre-
sent important structural units in drug intermediates
[14] and in non-linear optical materials [15].

The new complexes 2 were tested in the Suzuki cross
coupling of aryl halides and organoboronates using
phenylboronic acid as the standard substrate and differ-
ent aryl halides as the coupling partners (see Table 1).
With bis(carbene) complexes of palladium(II) the use of
potassium carbonate in toluene at 120°C results in
optimized yields [7c]. Thus, similar conditions were
applied to the mixed NHC�phosphine complexes: 1.0
equivalent aryl halide, 1.2 equivalents phenylboronic
acid and 1.5 equivalents K2CO3 in xylene at 130°C
work well both with bromoarenes and chloroarenes.
Changing the base to potassium phosphate results in
similar yields, but also produces early precipitation of
palladium black. Sodium acetate or sodium fluoride do
not give satisfactory results. Only the use of Cs2CO3

does result in higher yields, especially in the case of
non-activated chloroarenes (Entries 8 and 9). Our pre-
liminary results show that turnover numbers of up to
1000 [mol product/mol palladium] can be achieved with
p-bromoacetophenone (Entry 2). Comparison with
bis(1,3-dimethylimidazolin-2-ylidene)dipalladium(II) di-
iodide stresses the need for one phosphine ligand for
the complex to be an active catalyst: the bis(carbene)
complex does not show any catalytic activity with
p-chloroanisole in this reaction under the conditions
described above (Entry 11). The corresponding bis(phos-
phine) complexes (R3P)2PdX2 are known to readily
decompose to palladium black at elevated reaction
temperatures whereas the stability of the
NHC�phosphine complexes 2 is comparable to the one
of the bis(carbene) complexes, i.e. palladium black pre-
cipitation only occurs after prolonged reaction times.
Variation of the phosphine in the catalysts 2 exhibits
only little effect with bromoarenes but results in dra-
matic changes in yield with chloroarenes. In the latter
cases, only the basic tricyclohexylphosphine PCy3

achieved high turnover numbers (Entries 7 and 8).
Thus, with bromoarenes the economical triphenylphos-
phine PPh3 is good enough whereas with chloroarenes
the more expensive PCy3 is to be used.

The Stille cross coupling of aryl halides and organos-
tannanes was tested using tributylphenyltin as the stan-
dard substrate. Coupling with different aryl halides was
achieved with the best conditions being 1.0 equivalent

aryl halide and 1.2 equivalents tributylphenyltin in
toluene or xylene at 110°C (see Table 2). The prelimi-
nary results show that turnovers are moderate to good
with bromoarenes. At the same time the stability of the
complexes 2 is excellent during catalysis, i.e. no palla-
dium black precipitation occurs. This is not observed to
be the case with the corresponding bis(phosphine) com-
plexes under the same reaction conditions. The varia-
tion of the phosphine in compounds 2 shows the need
for less basic triarylphosphines like PPh3 as PCy3 per-
forms significantly worse (Entries 13 and 14). Dissocia-
tive ligands such as tris(2-furyl)phosphine P(Fur)3 and
triphenylarsine AsPh3 can result in largely improved
rates and yields [16] but this was not observed in our
case although P(Fur)3 was the second best phosphine
we tested (Entries 15 and 16). Thus, we used PPh3 as
the standard ligand because of its economical advan-
tage. The addition of Cu(I) salts does not show any
promoting effect on the turnover numbers with our
system although these salts have shown to be beneficial
in other cases [17]. The transformation of chloroarenes
is not possible under the described conditions (Entry
21).

3. Conclusions

Using mixed NHC�phosphine complexes of palladium-
(II) for CC-coupling reactions is an excellent means of
triggering both activity and stability of the catalytically
active species. Our experiments demonstrate the appli-
cability of these catalysts in Suzuki and Stille biaryl
formation reactions with boronic acids and tributyl-
stannanes. An important feature of the pre-catalysts is
the necessity for bulky N-heterocyclic carbene ligands,
whereas the phosphine ligand can be varied from tri-
aryl- to trialkyl phosphines depending on the reaction
and the substrate. To our knowledge, this is one of
the most effective palladium(II) catalyst systems for
these reactions and it is the first time that palladium
complexes of N-heterocyclic carbenes have been re-
ported to catalyze the Stille reaction. Only palladium(0)
catalyst systems have shown significantly higher activi-
ties in the Suzuki reaction but have not been able to

Scheme 1. Preparation of trans-(1,3-di(1%-(R)-phenylethyl)imidazolin-
2-ylidene)(phosphine)palladium(II) diiodide 2, see Section 4.
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Table 1
Suzuki cross-coupling reaction, FG= functional group a

FG mol% Pd Time (h)Entry PR3
bX Yield (%) c

C(O)CH3 1.01 14Br – \99%
2 Br C(O)CH3 0.1 13 PPh3 \99%

H 1.03 13Br PPh3 \99%
OCH3 1.0 14Br PPh34 \99%

Br5 OCH3 1.0 12 PCy3 \99%
C(O)CH3 1.0 136 PCy3Cl 90%
H 1.0 13Cl PPh37 7% d

Cl8 H 1.0 13 PCy3 42%
Cl9 H 1.0 32 PCy3 87%d

OCH3 1.0 32Cl PCy310 69%d

OCH3 3.0 e11 Cl – 0%

a Reaction conditions: 1.0 equivalent ArX, 1.2 equivalents PhB(OH)2, 1.5 equivalents base; for further conditions see Section 4.
b Cy=cyclohexyl, Ph=phenyl.
c GC-yield using diethyleneglycol-di-n-butylether as internal standard.
d Using Cs2CO3 as the base.
e Using bis(1,3-dimethylimidazolin-2-ylidene)palladium(II) diiodide as catalyst.

achieve comparable stabilities [11b,11c]. Therefore, we
are currently investigating mixed NHC�phosphine com-
plexes of palladium(0) as catalysts for Heck-type cou-
pling reactions.

4. Experimental

Except for work-up of reactions, all operations were
carried out under nitrogen. Xylene was degassed prior
to use. Dichloromethane and toluene were dried and
degassed according to a published procedure by
Grubbs et al. [18]. NMP and DMF were degassed with
nitrogen and dried over 4 A, molecular sieves.

1,3-Di(1%-(R)-phenylethyl)imidazolium chloride [19]
and di(m-iodo)-bis(1,3-di(1%-(R)-phenylethyl)imidazolin-
2-ylidene)dipalladium(II) [7b] were prepared according
to literature procedures.

4.1. Catalyst preparation

General procedure for the preparation of trans-(1,3-
di(1%-(R)-phenylethyl)imidazolin-2-ylidene)(phosphine)

palladium(II) diiodide 2.
One equivalent di(m-iodo)-bis(1,3-di(1%-(R)-

phenylethyl)imidazolin-2-ylidene)dipalladium(II) is dis-
solved in 1 ml of the solvent used for catalysis. To the
red solution one equivalent phosphine is added. The
yellow mixture is stirred at room temperature for 10
min until being used for catalysis. The analytically pure
compound can be obtained from CH2Cl2 by crystallisa-

tion, e.g. trans-(1,3-di(1%-(R)-phenylethyl)imidazolin-2-
ylidene)(triphenylphosphine)palladium(II) diiodide.
1H-NMR (400 MHz, CD2Cl2): d=1.93 (6H, d, CH3,
3J(HH)=7.3 Hz); 6.34 (2H, q, NCH(Me)Ph,
3J(HH)=7.3 Hz); 7.08 (2H, d, �CH, 3J(PH)=1.5 Hz);
7.76–7.35 (25H, m, HPh,); 13C{1H}-NMR (100.5 MHz,
CD2Cl2): d=20.4 (CH3); 59.2 (NCH(Me)Ph); 120.0
(=CH, 4J(PC)=6.1 Hz); 128.1 (Ph, J(PC)=10.0 Hz);
128.3 (Ph); 128.4 (Ph); 128.8 (Ph); 130.5 (Ph, 4J(PC)=
2.3 Hz); 133.1 (Ph, 1J(PC)=44.6 Hz); 135.6 (Ph,
J(PC)=10.0 Hz); 140.2 (Ph); 155.9 (C�Pd); 31P{1H}-
NMR (161.9 MHz, CD2Cl2): d=16.5; C37H35 I2N2PPd
(898.90): Anal. Calc. C 49.44, H 3.92, N 3.12; Found C
49.55, H 3.69, N 3.32.

4.2. Suzuki reaction

A total of 1.2 equivalents of phenylboronic acid (146
mg, 1.2 mmol) and 1.5 equivalents of potassium car-
bonate (207 mg, 1.5 mmol) are placed in a Schlenk tube
equipped with a stirring bar. The vessel is put under a
nitrogen atmosphere and 1.0 equivalent of aryl halide
(1.0 mmol; e.g. 187 mg bromoanisole, 125 ml), 0.1 mg
diethyleneglycol-di-n-butylether and 2 ml of degassed
xylene are added. After thermostating at 130°C for 10
min, the cataalyst solution (vide supra) is added against
a positive stream of nitrogen. To finish the reaction, the
mixture is allowed to cool to room temperature and 3
ml of water are added. The water phase is extracted
three times with 2 ml of diethylether and the organic
phases are dried with MgSO4.
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Table 2
Stille cross-coupling reaction, FG= functional group a

FG mol% Pd Time (h)Entry PR3
bX Yield (%) c

C(O)CH3 1.012 17Br – 11%
13 Br C(O)CH3 1.0 17 PPh3 \99%

C(O)CH3 1.014 17Br PCy3 9%
C(O)CH3 1.0 17Br AsPh315 20%

Br16 C(O)CH3 1.0 17 P(Fur)3 68%
H 1.0 1717 PPh3Br 91%
OCH3 1.0 25Br PPh318 82%

Br19 OCH3 1.0 25 PCy3 0%
Br20 OCH3 1.0 25 P(Fur)3 33%

C(O)CH3 1.0 17 PPh3 4%Cl21

a Reaction conditions: 1.0 equivalent ArX, 1.2 equivalents PhSnBu3; for further conditions see Section 4.
b Cy=cyclohexyl, Fur=2-furyl, Ph=phenyl.
c GC-yield using diethyleneglycol-di-n-butylether as internal standard.

4.3. Stille reaction

A Schlenk tube equipped with a stirring bar is put
under an atmosphere of nitrogen. 1.2 equivalents of
tributylphenyltin (441 mg, 392 ml, 1.2 mmol), 1.0 equiv-
alent of aryl halide (1.0 mmol; e.g. 187 mg bromoan-
isole, 125 ml), 0.1 mg diethyleneglycol-di-n-butylether
and 2 ml of degassed and dry toluene are added. After
thermostating at 110°C for 10 min the catalyst solution
(vide supra) is added against a positive stream of
nitrogen. To finish the reaction, the mixture is allowed
to cool to room temperature and 3 ml of water are
added. The water phase is extracted three times with 2
ml of diethylether and the organic phases are dried with
MgSO4.
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