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Abstract

Four chelating di(N-heterocyclic carbene) palladium(II) complexes have been prepared and used as catalysts in the Heck reaction of aryl bromides
at very low Pd concentration (“omeopathic conditions”). They differ in the nature of the nitrogen substituent, of the bridge between the carbene
units or of the heterocyclic system. The obtained results indicate that the catalysts perform well with activated aryl bromides, but less efficiently
than simple palladium(II) acetate in the case of deactivated aryl bromides. Such an inhibiting effect of the dicarbene ligands can be correlated with
their ability to form inactive dimers and/or bischelate, tetracarbene palladium(II) derivatives in the course of the reaction and appears to depend
on their steric features, with catalytic activity increasing with ligand bulkiness.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Transition metal complexes containing N-heterocyclic car-
bene ligands (NHCs) have gained considerable reputation as
homogeneous catalysts in the course of the last 10 years [1].
Since the seminal discovery of stable NHCs by Arduengo et
al. [2] and the subsequent pioneering work by the Garching
group led by Herrmann et al. on the coordination chemistry
of these ligands [1a,3], which took advantage of the previous
experience gained by Wanzlick and Ofele on related com-
plexes [4], the reports on highly efficient homogeneous catal-
ysis by NHC-metal complexes have been numerous. The most
notable examples include second-generation olefin methatesis
catalysts [5], which are now commercially available, catalysts
for C—C and C—N coupling reactions [6], for hydrosilylations
[7], for telomerizations [8] and for selective alcohol oxida-
tions with molecular oxygen [9]. Remarkably, the vast majority
of these highly successful applications involves monocarbene
complexes, i.e. complexes containing only one NHC ligand. Bis-
carbene and especially chelating dicarbene complexes, which
have been initially considered as highly promising catalysts for
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numerous applications and most notably for C—C coupling reac-
tions [10], have not led up to now to outstanding results, as very
recently confirmed by a thorough review on the subject [11]. In
the light of the above, we have started a research project focused
on a systematic evaluation of the catalytic properties of different
chelating NHC—metal complexes, with the aim of establish-
ing structure-reactivity correlations, which could enable us to
disclose catalytic processes in which these catalysts do indeed
exhibit a superior performance. In this first contribution, we have
revisited what has arguably become the most popular reaction
for testing NHC—palladium complex catalysts, and more gen-
erally Pd-containing catalysts, namely the Heck reaction [12].
We have run standard Heck reaction tests at low catalyst load-
ing with a number of palladium(II) complexes with different
chelating dicarbene ligands and have critically compared the
results obtained with the various complexes and with simple
palladium(II) acetate.

2. Experimental
2.1. General comments
All manipulations were carried out using standard Schlenk

techniques under an atmosphere of argon or dinitrogen. The
reagents were purchased from Aldrich as high-purity products
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and generally used as received. Complexes (1) [10b], (2) [13], (3)
[14] and 1,1’-(1,2-phenylene)bis(imidazole) [15] were prepared
according to literature procedures. All solvents were used as
received as technical grade solvents. NMR spectra were recorded
on a Bruker Avance 300 MHz (300.1 MHz for 'H and 75.5 for
13C); chemical shifts (8) are reported in units of ppm relative
to the residual solvent signals. Elemental analysis were carried
out by the microanalytical laboratory of our department with a
Fisons EA 1108 CHNS-O apparatus. Gas chromatography was
performed on a Shimadzu GC-8A instrument equipped with an
OV-1701 capillary column.

2.2. Synthesis of 1,1'-dimethyl-3,3'-(1,2-phenylene)diimi-
dazolium diiodide (4a)

Mel (0.240 g, 1.7mmol) was added to a solution of 1,1’-
(1,2-phenylene)bis(imidazole) (0.150g, 0.7 mmol) in DMSO
(2mL); the reaction mixture was left under stirring for 24 h.
Dichloromethane (30 mL) was added to precipitate the product,
which was subsequently filtered, washed with dichloromethane
(5 mL) and dried in vacuo, giving the product as a white, hygro-
scopic powder (yield 71%). '"H NMR (DMSO-dg): § 3.93 (s,
3H, CHj3), 7.49 (m, 2H, Ar), 7.76 (s, 1H, CH=CH), 7.84 (s, 1H,
CH=CH), 9.49 (s, IH, NCHN). 13C NMR (DMSO-ds): § 36.5
(CH3), 122.8, 124.3, 128.2, 129.6, 132.1 and 138.5 (CH=CH
and Ar). Anal. Calcd. for C14H 12Ny (M =493.9): C, 34.04; H,
3.24; N, 11.33. Found: C, 32.36; H, 3.06; N, 10.03.

2.3. Synthesis of (1,1'-dimethyl-3,3'-(1,2-
phenylene)diimidazolin-2,2'-diylidene )palladium(II)
diiodide (4)

A solution of (4a) (0.130g, 0.26 mmol) and [Pd(OAc),]
(0.06 g, 0.26 mmol) in DMSO (4 mL) was heated at 120 °C for
2h and then the volatiles were removed in vacuo. The orange
residue was washed with MeCN (1 mL) and dried in vacuo, giv-
ing (4) as a orange powder (yield 70%). '"HNMR (DMSO-dg):
3.93 (s, 3H, CH3), 7.65 (s, 1H, CH=CH), 7.79 (m, 3H, CH=CH
and Ar). 3C NMR (DMSO-dg): § 36.1 (CH3), 123.4, 124.8,

-——— diimidazolium salt + [Pd(OAc)s]
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126.6, 130.1 and 132.5 (CH=CH and Ar), 163.8 (NCN). Anal.
Calcd. for Ci4H4IoN4Pd (M =598.3): C, 28.10; H, 2.34; N,
9.36. Found: C, 28.27; H, 2.32; N, 9.35.

2.4. General procedure for Heck coupling reaction

Method A: [10c] The aryl halide (25 mmol), sodium acetate
(2.28 g, 27.5 mmol), 25 mL N,N-dimethylacetamide and 0.5 mL
of a freshly prepared 0.5mM solution of the complex in
DMSO (2.5 x 10~* mmol, 10~3 mol%) were placed in a round-
bottomed flask, previously evacuated and filled with dinitro-
gen. The resulting mixture was pre-heated under stirring to
120°C. Then the olefin (5.0mL, 35 mmol) was added and
heating was continued at 120°C for 24 h. Yields were deter-
mined by GC [16]. Method B: [17] The aryl halide (2.0 mmol),
sodium acetate (0.22 g, 2.4 mmol) and a solution of the required
amount of complex (1.0 x 1073 mmol, 0.05 mol%) in 4 mL N-
methylpyrrolidone were placed in a Schlenk tube, previously
evacuated and filled with dinitrogen. The resulting mixture
was pre-heated under stirring to 120 °C. The olefin (0.35 mL,
2.4 mmol) was then added and the reaction mixture was further
heated to 135 °C and stirred for 5 h. Yields were determined by
GC [16].

3. Results and discussion

Palladium(IT) carbene complexes with a chelating dicar-
bene ligand can be prepared by reaction of one equivalent
of palladium(Il) acetate with one equivalent of diimidazolium
dihalide in DMSO at 120 °C under vacuum, following a strat-
egy which has already been widely reported [3g,3h,10b,14].
In this reaction, the carbene ligands are generated in situ via
deprotonation by the acetate ligands, yielding the correspond-
ing neutral dicarbene-dihalide palladium complexes. We have
prepared in this way dicarbene complexes (1)—(4) (Scheme 1),
which differ for the nature of the nitrogen substituent, of the
bridge between the carbene units or of the heterocyclic system.
Whereas dicarbene complexes (1)—(3) were already known in
literature, [10b,13,14] the preparation and characterization of
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Scheme 1. Palladium(II) dicarbene complex catalysts investigated in the present work.
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(4) is reported for the first time herein. Herrmann et al. have
observed decomposition of the starting materials and formation
of palladium black during the reaction if the bridge between
the imidazolium units is longer than a CH, group, i.e. with
ethylene or propylene spacers [13]. We have confirmed these
findings in the former case. The success of the synthesis of the o-
phenylenic-bridged complex (4) is probably due to the steric and
conformational constraints imposed by the rigid spacer, which
disfavour the occurrence of the side reactions observed with the
more flexible bridges. Indeed, very recently the synthesis of pal-
ladium complexes of this kind with ethylene bridges has been
reported; bulky aryl groups are, however needed as nitrogen
substituents in the imidazolium salt precursors, probably for the
same reason reported above [18].

The products are obtained as yellow to orange solids, which
can be safely handled in air and are stable for long periods also
in solution. They exhibit poor solubility in all solvents, except
hot acetonitrile, N,N-dialkylamides and DMSO (the latter being
used for their NMR characterization).

The 'H NMR spectra of complex (4) exhibits signals
slightly upfield in comparison with the parent diazolium salt; as
expected, the C,—H signal is absent. Correspondingly, the '3C
NMR spectrum shows the characteristic coordinated C, signal
at § ca. 163.8 ppm, well downfield from § 138.5 ppm in the dia-
zolium salt. Furthermore, there is only a single set of signals
for the imidazolin-2-ylidene rings in both the 'H and '3C NMR
spectra, which indicates a highly symmetric structure and there-
fore a bidentate chelating binding mode of the carbene ligand.

The obtained complexes have been employed as catalysts for
the arylation of olefins with aryl halides (Heck reaction) [12].
The Heck reaction has become in the last years a widespread
mean to assess the reactivity of palladium complexes; in par-
ticular, some Pd-carbene complexes are among the most active
catalysts for this reaction [1b,6a,10,19]. Some dicarbene com-
plexes, among which complex (1), have also been tested as
catalysts [10]. However, in most cases catalytic tests were per-
formed quite unsystematically, with relatively large amounts of
catalyst and with strongly activated aryl bromide and iodide sub-
strates. On the other hand, recent reports by de Vries et al. [17]
and by Yao et al. [20] have highlighted that simple Pd salts in
low concentration are already highly effective in catalyzing the

Heck reaction of aryl bromides. The key feature is the dilution
that apparently limits the formation of palladium nanoclusters
and eventually of palladium black. This prevents the deactivation
of the catalyst in that a relatively high proportion of palladium
is always present as highly active molecular species. In the light
of these findings, it is apparent that, in order to have a proper
assessment of the reactivity of a novel Pd complex in the Heck
reaction, such assessment should be done at low catalyst loading
and preferably with non-activated or deactivated substrates. Cat-
alytic tests at low palladium concentration are also called for by
the need of high TON catalysts, which are the most interesting
ones in view of practical application of the Heck reaction as high-
lighted recently by Farina [12b]. In this perspective, catalytic
tests with Pd/ArX higher than 1073 are of little use. Further-
more, simple Pd salts such as palladium(II) acetate should be
used as benchmark catalysts under the same reaction conditions
in order to have a reference value against which to measure the
efficiency of the novel catalyst.

Thus, the complexes (1)—(4) have been tested in two standard
Heck reactions, namely the reaction of an activated aryl bromide
such as 4-bromoacetophenone or of a deactivated one such as
4-bromoanisole with n-butyl acryllate using two different reac-
tion protocols. To the best of our knowledge, complexes (2)—(4)
have never been previously tested as catalysts for this reac-
tion. The protocol for the reactions with 4-bromoacetophenone
(Method A) was derived from a work of Cavell and co-workers
10c] on related dicarbene complexes in order to compare the
results obtained therein. The protocol for the reaction with 4-
bromoanisole (Method B) was instead taken from the recent
work of de Vries et al. [17]. Indeed, although we were unable to
fully reproduce the results reported by de Vries et al., we have
confirmed that the reaction conditions developed by him, and
in particular the use of low Pd concentrations (10~* to 10~ M)
and of Schlenk tubes as reaction vessels instead of the more tra-
ditional apparatus (round bottomed flask and reflux condenser),
lead to significantly improved yields with deactivated aryl bro-
mides.

The results of these catalytic tests are reported in Table 1.
Initial tests were run with 4-bromoacetophenone (BrAcPh) as
the reagent (entries 1-5). It can be appreciated that the majority
of the carbene complexes show comparable or slightly supe-

Table 1

Heck reactions catalyzed by complexes (1)—(4)

Entry Catalyst Aryl halide® Mol% of catalyst Time (h) Yield (%) TON
1 1P BrAcPh 0.001 24 13 13000
2 ) BrAcPh 0.001 24 88 88000
3 3P BrAcPh 0.001 24 63 63000
4 4P BrAcPh 0.001 24 77 77000
5 [Pd(OAc),1° BrAcPh 0.001 24 68 68000
6 (1) BrAn 0.05 5 7 148
7 (2)¢ BrAn 0.05 5 31 424
8 3)¢ BrAn 0.05 5 19 384
9 4)° BrAn 0.05 5 36 712

10 [Pd(OAc),]¢ BrAn 0.05 5 66 1320

4 Reaction conditions: BrAcPh =4-bromoacetophenone, BrAn =4-bromoanisole.

b Reaction conditions: see Method A in Section 2.
¢ Reaction conditions: see Method B in Section 2.
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Fig. 1. Yield (%) vs. time diagram for the Heck reaction of 4-bromoanisole
with n-butyl acrylate with different catalysts: Pd(OAc); (¢), complex (1) (H),
complex (2) (A), complex (3) (@) and complex (4) (X). For reaction conditions,
see Method B in Section 2.

rior reactivity as compared to palladium(II) acetate, with the
only exception of Herrmann’s catalyst (1). The achieved yields
in coupling product are fully comparable to the best results
reported by Cavell and co-workers with ortho- and meta-xilylene
bridged complexes, even in the absence of any promoter such as
hydrazine hydrate or tetraalkylammonium salts [10c].

We were initially quite surprised by the low reactivity exhib-
ited by Herrmann’s catalyst (1) under our reaction conditions.
However, the catalytic results proved to be fully reproducible.
Moreover, exactly the same order of reactivity was observed in
the subsequent tests with 4-bromoanisole (BrAn). In these tests,
simple palladium(II) acetate proved to be the best catalyst, and
catalyst (1) to be the worst, followed by catalyst (3). We later
found out that very similar observations on the unexpectedly low
reactivity of Herrmann’s catalyst were reported in a very recent
paper under somewhat different reaction conditions (0.5 mol%
catalyst, 165175 °C) [18]. In yet another recent paper on pincer
dicarbene complexes as catalysts for the Suzuki reaction, N-
methyl substituted ligands proved again to be the least effective
[21]. In these papers, “steric effects” were claimed as responsible
for the unsatisfactory performance of such Herrmann-type cat-
alysts. However, no mention was made about the way in which
such putative steric effects could influence the catalytic activity.

We became interested in finding a rational explanation for
these experimental observations. First of all, we obtained kinetic
plots for the Heck reaction of BrAn (Fig. 1) in order to deter-
mine if the different catalytic performances observed could be
explained in terms of the existence of different induction times,
if any, for the investigated catalysts. As can be clearly seen from
Fig. 1, no induction period was however observed for any of
them. Whereas palladium(II) acetate proved indeed to have the
highest initial rate of reaction, catalysts (2)—(4) displayed com-
parable initial rates whereas catalyst (1) was clearly inferior.

We then tried to gain more insight into the underlying chem-
istry by running tests with catalyst (1) generated in situ. We
found out that [Pd(OAc);] in the presence of one equivalent
of the parent azolium salt (1a) was only slightly more reactive
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Fig. 2. Yield (%) vs. time diagram for the Heck reaction of 4-bromoanisole
with n-butyl acrylate with different catalysts: Pd(OAc), (4), complex (1) (A),
Pd(OACc); in presence of one equivalent of the azolium salt (1a) (). For reaction
conditions, see Method B in Section 2.

than complex (1) and that the final yield at 24 h was the same
(Fig. 2). Furthermore, the addition of (1a) in a 10-fold excess
to [Pd(OAc),] fully quenched the catalytic reaction. Thus, the
azolium salt (1a) effectively acts as apoison towards the catalyt-
ically active species generated in situ from [Pd(OAc),] under
these conditions.

The experimental results reported above can be interpreted
in the following terms. First of all, the palladium species which
enters the catalytic cycle appears to be a dicarbene palladium(0)
derivative, ensuing from the in situ reduction of the correspond-
ing dicarbene palladium(II) precursors. This is supported by the
fact that the initial reaction rates observed with all dicarbene
palladium complex catalysts are significantly different from the
one obtained with [Pd(OAc);] alone. In principle, one could not
rule out that the dicarbene ligand is released from the palla-
dium center giving rise to the same active species formed in the
case of a pure ligandless system. In fact, in several instances it
was shown that allegedly very stable and robust palladium com-
plexes did not withstand the reaction conditions and that they
were only precursors to ligandless systems [17,22]. However,
the kinetic reaction profile should in this case exhibit an induc-
tion period, after which it should resemble that obtained with a
ligandless system (e.g. with simple [Pd(OAc);]) as shown by de
Vries et al. in the case of palladacyclic catalyst precursors [17].
Since this is not the case in our systems, it can be assumed that
the catalytically active species involve a coordinated dicarbene
ligand.

Such catalytically active species appear to be less active that
simple Pd species generated from [Pd(OAc),]. This aspect and
the different initial rates of complex (1) and complexes (2)—(4)
are more difficult to rationalize. A possible explanation is that
such dicarbene complexes undergo dimerization in solution,
leading to catalytically inactive dimers, either before reduction
to the catalytically active palladium(0) species or after oxidative
addition of the aryl halide (for a discussion about the existence of
similar dimerization equilibria under Heck reaction conditions
and their effect on the coupling rate, see ref. [23]). Experimen-
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Scheme 2. A possible mechanism of deactivation of dicarbene palladium com-
plex catalysts.
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tal support for this possibility is offered by literature evidence
that trans-binuclear palladium(II) complexes with two bridg-
ing dicarbene ligands can be formed in alternative to chelating
mononuclear complexes [10a,b], and that the latter can indeed
be transformed into binuclear complexes at high temperature
[24]. Such a monomer—dimer conversion could also explain the
lower initial reaction rate of complex (1) as the less sterically
demanding ligand is expected to form the dimer more readily.
We are currently engaged in finding experimental evidence for
this transformation under Heck reaction conditions.

The poisoning effect of (1a) is most likely related to its depro-
tonation under reaction conditions (which are definitely basic)
which yields the corresponding dicarbene (1,1’-dimethyl-3,3'-
methylene-diimidazolin-2,2’-diylidene, 1b). Such a free dicar-
bene ligand can potentially interact with catalytically active
palladium(II) or palladium(0) species in solution forming bis-
chelate tetracarbene complex. Although there are apparently no
reports on tetracarbene palladium(0) complexes, the correspond-
ing palladium(II) species are well-known [25]; remarkably, they
were also reported to be formed during Heck couplings in
1,3-dialkylimidazolium ionic liquids and shown to be catalyt-
ically inactive [26]. Incidentally, this is also the reason why
Pd-catalyzed reactions in such ionic liquids often occur much
more efficiently in 2-alkylated derivatives, where the transfor-
mation into cyclic diaminocarbenes is impossible [27].

The rationalization of the poisoning effect of (1a) may also
help explaining the apparent deactivation of the dicarbene com-
plex catalysts, which was observed after a few hours of reaction
(Fig. 1). In the course of the reaction, some degree of cata-
lyst decomposition is invariably observed, as highlighted by the
darkening of the reaction solution, which is indicative of the
formation of Pd colloids. Remarkably, this does not prevent
the catalytic system based on simple [Pd(OAc);] from reach-
ing reaction completion. On the other hand, in the case of the
dicarbene complex catalysts such a decomposition would lead
to the buildup of free dicarbene in solution, which then acts as
a poison, as discussed above (Scheme 2).

All the dicarbene palladium(II) complex catalysts investi-
gated herein may be expected to behave in a similar way as (1).
However, for complexes (2)—(4) the inhibiting effect of the dicar-
bene ligand is not as strong as for complex (1) and intermediate

Table 2
Heck reactions catalyzed by complexes (1) and (2) in presence of the azolium
salts (1a) and (2a) (five-fold molar excess to palladium)

Catalyst Diimidazolium salt Yield (%) Yield (%) without
azolium salt

(1) (1a) 14 21

1 (2a) 21 21

(2) (2a) 73 65

2) (1a) 0 65

Reaction conditions: see Method B in Section 2.

initial reaction rates and final yields are observed. This implies
that the postulated monomer—dimer equilibrium lies more to
the side of the monomer in these cases, as well as that the
parent dicarbenes (2b—4b) do coordinate to the corresponding
catalytically active palladium(II) and/or palladium(0) dicarbene
complexes less strongly than 1b. The latter conclusion was
confirmed by some cross-tests (Table 2), where palladium(II)
precatalysts (1) and (2) were used in the presence of a five-fold
excess of either their own parent azolium salt or of the other com-
plex (1a and 2a). Whereas 1a exhibited a clear poisoning effect
on both complexes (quite surprisingly, much more pronounced
on complex (2) than on complex (1) itself), the azolium salt 2b
did not change significantly the catalytic performances of both
(1) and (2). According to the interpretation given above, this
means that on one hand the dicarbene 2b is not able to inter-
fere with the palladium species derived from (1). This is in line
with recently reported results on a dicarbene ligand with n-butyl
substituents, with which it was indeed possible to run the Heck
reaction in an ionic liquid made out of the diimidazolium salt
[28]. On the other hand, 1b is apparently able to interact with
the palladium complexes derived from dicarbenes 1b or 2b, so
that their catalytic activity is severely compromised.

In summary, the catalytic activity of the dicarbene complexes
(1)-(4) in the Heck coupling of 4-bromoanisole with r-butyl
acryllate is likely to be dependent on the coordinating ability of
the corresponding dicarbene: the higher this ability, the lower the
catalytic activity. In fact, the dicarbene ligand appears to have
an inhibiting effect, which can be correlated to its ability to form
inactive dimers and/or bischelate, tetracarbene palladium(II)
derivatives. From the kinetic plots of Fig. 1, we can conclude
that the coordinating ability of the dicarbenes (1b)—(4b) should
decrease in the order 1b>3b = 4b >2b, which is roughly the
order of increasing steric bulkiness. In this connection, the sub-
stitution of the small methyl groups in the 1,1” positions of the
dicarbene moiety with phenyl groups is apparently much more
effective in improving the catalytic activity than the replace-
ment of either imidazole rings with benzimidazole ones or of
the methylene bridge with the phenylene one.

4. Conclusions

The dicarbene complexes (1)—(4) are active in the Heck
coupling of 4-bromoacetophenone and 4-bromoanisole with n-
butylacrylate under “omeopathic” conditions. The more reactive
4-bromoacetophenone tends to level off the catalytic perfor-
mance and with this substrate the dicarbene precatalysts perform
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almost equally well as palladium acetate. With the deactivated
aryl bromide 4-bromoanisole the dicarbene complexes exhibit
lower activity with respect to the ligandless system based on
palladium acetate alone. The inhibiting effect of the dicarbene
could be associated to its ability to form inactive dimers and/or
bischelate, tetracarbene palladium(II) derivatives. In this con-
nection, the coordinating ability of the dicarbenes is likely to
depend on its steric features, with catalytic activity increasing
with ligand bulkiness.

The results of the present study illustrate once more the
importance of making critical comparisons with suitable bench-
mark catalysts (such as conventional [Pd(OAc);] under omeo-
pathic conditions) while testing new catalytic systems. Only
through comparisons of this kind will the catalytic performance
of the new catalysts be properly assessed.
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