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ABSTRACT

A new concept of simultaneous covalent anchoring of a N-heterocyclic carbene palladium/ionic liquid matrix on the silica surface and the
application of the resulting catalyst in the Heck reaction of a variety of different haloarenes is described. The catalyst shows high thermal
stability (up to 280 °C) and could be recovered and reused for four reaction cycles, giving a total TON = 36 600. Furthermore, TEM coupled
with EDX analysis indicate the formation of Pd nanoparticles within the immobilized IL layer.

The palladium-catalyzed arylation of olefins, universally
referred to as the “Heck reaction”, has received increasing
attention in the past decade because it is a selective method
for the formation of new C-C bonds in a single operational
step.1 Although the Heck reaction has mostly been catalyzed
by palladium complexes with phosphine ligands in homo-
geneous solution,2 recently, the N-heterocyclic carbene
(NHC) ligands have emerged as an alternative to phosphines
as ligands for this transformation.3

However, homogeneous catalysts have been of somewhat
limited use, mainly because of the difficulty of separation
from the reaction product that in turn may lead to economi-
cal/environmental problems especially in the case of expen-
sive or toxic metal catalysts. Therefore, the development of
polymer-supported and insoluble transition-metal complexes
has attracted a great deal of attention to address this issue.4

Along this line, several polymer-supported NHC-Pd cata-
lysts by immobilization of the corresponding homogeneous
complexes on Wang resin,5 Merrifield resin,6aand polystyrene6b

have been developed to combine the advantages of both
homogeneous and heterogeneous catalysts in a number of
cross-coupling reactions. However, the polymer backbones
in these catalysts are very expensive and most of them suffer
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from the drawback that many of their catalytic active sites
are in the interior of the support. Therefore, they are, in
general, less accessible for the substrates so that it is often
necessary to use a high loading of these palladium-based
catalysts in a typical reaction. On the other hand, ionic liquids
(ILs) as environmentally acceptable solvents for organic
reactions have also attracted attention in recent years because
they have a very low vapor pressure and can be used to
replace organic solvents. Among them, imidazolium-based
ionic liquids have been extensively utilized as reaction media
for a number of palladium-catalyzed coupling reactions that
in fact act as in situ imidazole carbene ligands with transition
metals.7 However, ionic liquids are very expensive, and
therefore, for many practical applications, it is more desirable
to minimize the amount of ILs in reaction processes on the
basis of economic criteria. Very recently, Mehnert and co-
workers reported a new, interesting method for thenonco-
Valent immobilization of a homogeneous phosphine-Rh+

complex/[bmim][BF4] solution onto the surface of silica
modified with a monolayer of ionic liquid.8 The catalyst was
then successfully used for hydrogenation and hydrofor-
mylation of olefins.8 However, it has been shown that the
metal complex can leach from the surface because the
adsorbed [bmim][BF4], which served as the reaction phase,
is partially dissolved in the organic phase and therefore
restricted long-period catalyst recovery. A possible strategy
to circumvent the aforementioned drawbacks could be based
on the simultaneous covalent immobilization of the metal
complex/ionic liquid matrix onto high-surface inorganic
solids such as silica. Along the line of this hypothesis, herein
we wish to disclose a new concept for in situ generation of
Pd-NHC complexes in an imidazolium-type ionic liquid
matrix (which is prefunctionalized with a trimethoxysilyl-
propyl group) and then simultaneous grafting of the whole
system on the surface of silica. The preparation procedure
for this new concept is shown in Scheme 1.

The ionic liquid matrixN-3-(3-trimethoxysilylpropyl)-3-
methyl imidazolium chloride (1) was first synthesized by
the reaction ofN-methylimidazole with the corresponding
(3-chloropropyl)trimethoxysilane in refluxing toluene.9 Then,
a sub-stoichiometric amount of Pd(OAc)2 was allowed to
react under an inert atmosphere with an excess of1 at 50-
60 °C for 8 h and then at 100°C for 4 h toafford a clear,
pale green-yellow solution (Figure 1, Supporting Informa-
tion). In situ13C NMR analysis of this solution showed two
peaks at 160 and 161 ppm concerning two regioisomers of
2, which clearly supports the formation of a NHC-Pd
complex.5,7dThe resulting solution was then diluted with dry
CHCl3 and further reacted with SiO2 under reflux for 24 h
to form the correspondingcoValentlyanchored NHC-Pd/
IL matrix system3.9 FT-IR spectroscopy of3 showed a new
broad absorption band at 1537 cm-1 (CdC stretching) along
with bands at 1956, 2982 (for aliphatic C-H stretching),
and 3171 cm-1 (unsaturated C-H stretching), respectively.
This clearly indicates the successful covalent attachment of
the above-mentioned matrix onto the silica surface (Figure
2, Supporting Information). TGA/DTG analysis of3 shows
a weight loss due to the desorption of water below 100°C
followed by a second small weight loss centered at 150°C
which is owing to the loss of inner water molecules as well
as the loss of MeOH upon further condensation of unreacted
methoxy groups. This is finally followed by a set of weight
losses centered at 280°C corresponding to the elimination
of the surface-bound organic groups (Figure 3, Supporting
Information). This indicates that catalyst3 is thermally stable
up to 280°C.
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Scheme 1a

a (a) (MeO)3Si(CH2)3Cl, toluene, reflux, 24 h. (b) Pd(OAc)2, 50-
60 °C Ar, 8 h. (c) 100°C, 4 h. (d) SiO2, CHCl3, reflux, Ar, 24 h.
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The catalytic activity of3 was tested in the palladium-
catalyzed arylation of olefins with different types of aryl
halides under two different reaction conditions. Not unex-
pectedly, various types of substituted iodobenzenes were
found to have high activity using electron-poor olefins such
as methyl, ethyl, and butyl acrylate (1.1-2.5 equiv), a
mixture of K2CO3/Et3N (1.1 equiv each),10 in the presence
of 3 (0.05 mol %) in DMF at 100°C (condition A),
producing the corresponding cinnamic acid alkyl esters in
excellent yields (Table 1).

However, bromobenzene was unreactive and 2-fluorobro-
mobenzene only resulted in a low 9% yield, respectively,
under similar reaction conditions (Table 1, entries 9 and 10).
Interestingly, we found that by changing the base to NaOAc
(1.5 equiv), changing the solvent toN-methylpyrolidinone
(NMP), and increasing the reaction temperature to 140°C
the coupling reaction of bromobenzene with methyl acrylate
went to completion within 24 h in the presence of as little
as 0.01 mol % of3, affordingE-cinnamate in excellent yield
(condition B, Table 2, entry 1). To examine the scope of
this method, the Heck reaction was reinvestigated with
various types of iodo- and bromobenzenes coupled with
different acrylates as well as styrene under the same reaction
conditions (Table 2).

As shown in Table 2, all aryl iodides were rapidly
converted to the corresponding Heck products with excellent
yields, regardless of the electronic nature of the substituents
(Table 2, entries 2-9). The coupling reaction of both
electron-deficient and electron-rich aryl bromides with olefins
also proceeded smoothly to furnish the Heck products with

excellent yields (Table 2, entries 10-17). Especially, het-
eroaromatic substrates such as 3-bromopyridine and highly
deactivated substrates such as 4-bromoanisole underwent the
coupling reaction with good to excellent yields (Table 2,
entries 14, 15, and 17). Unfortunately, our studies showed
that this catalytic system in its present form is not suitable
for the Heck reaction of chloroarenes even upon increasing
the catalyst loading (Table 2, entry 18).

For practical applications of heterogeneous systems, the
lifetime of the catalyst and its level of reusability are very
important factors. To clarify this issue, we established a set
of experiments using the recycled catalyst. Owing to very
low catalyst loading (0.01 mol %), we performed the reaction
of unactivated bromobenzene with methyl acrylate on a 30
mmol scale. After the completion of the first reaction to
afford the corresponding methyl cinnamate in 95% yield,
the catalyst was recovered by filtration, successively rinsed
with distilled water (to remove excess of base), EtOH, and
ether, and finally dried at 100°C for 5 h. A new reaction
was then performed with fresh solvent and reactants under
the same conditions. Gratifyingly, the supported NHC-Pd/
IL system could be reused four times with an average of
91.5% chemical yield in this way with virtually no consider-
able loss of activity (Scheme 2). This extremely high catalytic
activity is clearly reflected by a high total turnover number
up to 36 600 for this reaction.

To determine whether the catalyst is actually functioning
in a heterogeneous manner or whether it is merely a reservoir
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Table 1. Heck Cross-Coupling Reaction of Iodobenzenes with
Acrylates in the Presence of Silica-Supported NHC-Pd/IL 3

entry R1 R2

time
(h)

yielda,b,c

(%)

1 H Me 5 95d

2 H Et 6 79
3 H n-Bu 3 95
4 4-F Me 4 94d

5 4-F Et 5 91
6 4-F n-Bu 4 89
7 4-MeO Me 8 98d

8 4-MeO n-Bu 7 92
9 H Me 18 e

10 2-F Me 18 9f

a Isolated product.b The molar ratios of iodobenzenes/acrylates/K2CO3/
Et3N/3 are 1:1.1:1.1:1.1:0.0005.c The reaction was carried out in DMF under
an Ar atmosphere at 100°C. d The reaction was performed in the presence
of 2.5 equiv of methyl acrylate.e Bromobenzene was used as substrate.
f 2-Fluorobromobenzene was used as substrate.

Table 2. Heck Cross-Coupling Reaction of Haloarenes with
Olefins in the Presence of Silica-Supported NHC-Pd/IL 3

a Isolated product.b The molar ratios of iodobenzenes/olefins/NaOAc/3
are 1:1.1:1.5:0.0001 unless otherwise stated.c The reaction was carried out
in NMP under an Ar atmosphere at 140°C. d The reaction was performed
in the presence of 2.5 equiv of methyl acrylate.e 1 equiv of olefin was
used.f A mixture of products was formed.
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for more active soluble palladium species, we performed a
hot filtration test11 after the reaction of bromobenzene with
methyl acrylate initiates and before the substrates are
consumed. The hot filtrates were then transformed to another
Schlenk flask containing NaOAc (1.5 equiv) in NMP at 140
°C. Interestingly, upon the further heating of catalyst-free
solution for 10 h, no considerable progress (∼7% by NMR
analysis) was observed. Moreover, using atomic absorption
spectroscopy of the same reaction solution at the midpoint
of completion, we detected no palladium species. On the
basis of these observations, we may conclude that the
observed catalysis is truly heterogeneous in nature.

Quite recently, Dupont et al. made an interesting observa-
tion concerning the role and size evolution of Pd nanopar-
ticles in an ionic liquid in the Heck reaction by performing
a transmission electron microscopy (TEM) analysis before
and after the coupling reaction.12 To gain better insight into
how our catalytic system changes during the reaction on a
molecular level, we have also studied the catalyst evolution
by means of TEM and energy-dispersive X-ray analysis
(EDX). Interestingly, inspection of the TEM images of a
sample of catalyst3 after recovery from the cross-coupling

reaction of bromobenzene with methyl acrylate clearly
indicates the involvement of Pd nanoparticles with an
irregular shape and wide-range size distribution (10-40 nm)
confined inside the irregular pores of amorphous SiO2

(Figures 4 and 5, Supporting Information). Furthermore, the
recovered catalyst was analyzed at the nanoparticle level by
EDX to ascertain whether palladium particles present inside
the IL layer are directly attached to the silica surface. On
the basis of the results of the EDX spectra, palladium seems
to be present only in the imidazolium region (Figure 6,
Supporting Information). Therefore, we concluded that the
palladium particles were surrounded by the IL layer on the
surface of silica.

In conclusion, we have described a new concept for
simultaneous immobilization of a new NHC-Pd/IL matrix
on silica. This system was effectively applied to the Heck
reaction with a wide variety of iodo- and bromoarenes. The
catalyst shows high thermal stability (up to 280°C) and could
be recovered and reused for four reaction cycles, giving a
total TON= 36 600. Furthermore, TEM coupled with EDX
analysis indicate the formation of Pd nanoparticles within
the immobilized IL layer. Further investigations aimed at
developing this new concept are currently underway in our
laboratories.
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