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Abstract—A silica hybrid material containing palladium-N-heterocyclic carbene complexes was prepared by the sol-gel transforma-
tion of a molecular triethoxysilylated Pd-NHC complex. The material showed high activity as heterogeneous catalyst in Mizoroki—
Heck reaction of aryl bromides and -iodides with styrene and methyl acrylate and could be re-used in at least five reaction cycles

with unchanged catalytic properties.
© 2007 Elsevier Ltd. All rights reserved.

N-Heterocyclic carbenes (NHC) attracted considerable
interest in the last few years. Firstly described by Wanz-
lick and Ofele in the late 1960s,! NHCs were recognized
to be versatile transition metal ligands since Arduengo
et al. reported the first stable and crystalline NHC in
1991.2 Due to their strong o-donating and low n-accept-
ing abilities,> NHCs can efficiently replace phosphine
ligands in transition metal complexes, and especially
Pd-NHC complexes appeared as versatile catalysts for
a multitude of cross coupling reactions.* Furthermore,
the stability of Pd—carbenes has been exploited for cata-
lyst immobilization on organic polymer> and inorganic®
support, and also for their immobilization in ionic liquid
phases.”

In continuation on our work concerning silica supported
transition metal catalysts,® we focused on heterogeneous
metallic NHC complexes. We recently reported nano-
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Scheme 1. Synthesis of the bis-silylated imidazolium precursor 1.
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structured silica bearing imidazolium substructures.’

These ionic species are versatile precursors for the gener-
ation of NHC complexes.!® Here, we report the first sil-
ica hybrid supported Pd-NHC complex.

We synthesized the bis-silylated imidazolium precursor
1, which was prepared by coupling 3-iodopropyl-trieth-
oxysilane with N-(3-triethoxysilylpropyl)-1H-imidazole
(Scheme 1).!'! The tetrasilylated Pd-NHC complex 2
was subsequently synthesized by reacting precursor 1
and palladium(II) acetate in THF (Scheme 2). This com-
pound was isolated as an orange solid and characterized
by NMR and mass spectroscopy.'?

Compound 2 was directly used for the synthesis of
organic-inorganic hybrid silica by the sol-gel process.
However, it appeared necessary to adapt the hydrolysis
polycondensation conditions to the chemical stability of
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Scheme 2. Synthesis of the silylated Pd-NHC complex 2.

the carbene complex, which rapidly decomposed in basic
reaction media, leading to the formation of palladium
black. Fortunately, the hydrolysis polycondensation in
tetrahydrofurane medium under nucleophilic catalysis
of fluoride ions'? led to the formation of the desired
amorphous silica hybrid material 3 as an orange powder
(Scheme 3).'4

The hybrid silica 3 was characterized by solid state
NMR, nitrogen adsorption desorption experiments
and elemental analysis. The '*C CP-MAS NMR spec-
trum of 3 shows the signals of the saturated Pd-NHC
complex. Chemical shifts of the propyl chains and the
imidazolium rings were similar to those obtained for
precursor 2 in a '°C NMR experiment in solution, indi-
cating a successful incorporation of the Pd-NHC com-
plex in the hybrid silica network (Fig. 1). However,
sharp signals at 18 and 58 ppm reveal non-hydrolyzed
ethoxy groups, and a small signal at 136 ppm indicates
the presence of free imidazolium rings, probably formed
by partial C-Pd bond cleavage during the hydrolysis-
polycondensation.

The 2°Si CP-MAS spectra (Fig. 2) shows signals at
—60 ppm and —66 ppm characteristic for T and T° sites
of RSiO; units with different condensation degrees. The
absence of signals in the region around —100 ppm con-
firms that no Si—C bond cleavage took place during the
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Scheme 3. Sol-gel transformation of precursor 2 leading to the silica
hybrid material 3.
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Figure 1. '3C CP-MAS NMR spectrum of material 3.
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Figure 2. °Si CP-MAS NMR spectrum of material 3.

hydrolysis polycondensation procedure. Elemental anal-
ysis gave a Pd/Si ratio of 1/5, indicating that a small part
of the palladium leached out during the hydrolysis-poly-
condensation. This result also confirms the limited sta-
bility of the Pd-NHC complex under the hydrolysis
polycondensation conditions. In nitrogen adsorption—
desorption experiments, hybrid material 3 showed low
porosity with a specific surface area of approx. 5m?* g~

We used this material as a heterogeneous catalyst for
Mizoroki-Heck coupling reactions (Scheme 4). Initial
trials were performed to optimize reaction conditions
for the coupling reaction of iodobenzene and methyl
acrylate. After screening a range of usual inorganic
and organic bases and exploring the scope of various
solvents, we found that the hybrid NHC catalyst is effi-
cient for Mizoroki-Heck reaction in refluxing DMF in
the presence of triethylamine. Using these optimized
reaction conditions, the efficiency of the hybrid catalyst
was studied for the coupling reaction of various aryl ha-
lides and alkenes. The results are summarized in Table 1.

Despite the low porosity of the material, we observed
high catalytic activity in Heck reactions. Aromatic iodo
and activated bromo compounds were efficiently cou-
pled with methylacrylate and styrene to give the corre-
sponding 1,2 substituted alkenes in good to excellent
yields. The reactions with 2-iodothiophene were success-
fully achieved (entries 5 and 6), which provide a useful
way for introduction of unsaturated group on the thio-
phene ring. However, reactivity toward chloroarenes,
which was observed by others,'> was not achieved with
our catalyst system.

For practical applications of heterogeneous systems, the
lifetime of the catalyst and its level of reusability are
important factors. To clarify this issue, we performed
a set of experiments using the recycled catalyst. We
found that the catalyst showed excellent recyclability
in the Heck coupling reaction of iodobenzene with
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Scheme 4. Heck coupling reaction using Pd-NHC containing hybrid
silica catalyst 3.
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Table 1. Heck reaction of aryl halides and alkenes using catalytic
hybrid material 3*

Entry Aryl halide Product Yield® (%)
o O
1 @ \ CO,Me 95
2 @B @1 82
' \ CO,Me
3 Q| Q \ O 77
4 QBr { O\ O 70
5 S | S 94
U/ WA CO,Me
s s
SR VSV ’
O
S e W
8 ) \ ’
9 N:—OBr N= < >—\\ 83
CO,Me
10 N:—@Br N= O \ O 65
11 OHCOBr 0HC©‘\» 77
CO,Me
12 OHCOBr oHC O \ O 59
13 | 93
g} %}_\C%Me
’ Q O o

#Reaction was carried out using 1 mmol of aryl halide, 1.5 mmol of
alkene, 2 mmol of triethylamine and 16 mg (0.013 mmol Pd) catalyst
in refluxing DMF (5 ml).

®Yield was determined by GC with dodecane as internal standard with
respect to aryl halide, and was confirmed by '"H NMR spectroscopy.

methyl acrylate (Table 2). All runs were carried out
under similar conditions in refluxing DMF. After the
first reaction giving methyl cinnamate in 95% yield,
the catalyst was recovered by filtration, washed with
dichloromethane and acetone and finally dried at
100 °C for 1 h. A new reaction was then performed with

Table 2. Recyclability of catalytic hybrid material 3 in the Heck
coupling reaction of iodobenzene with methyl acrylate

Run Reaction condition (°C/h) Conversion (%)
1 130/12 95
2 130/12 94
3 130/14 96
4 130/14 94
5 130/15 93

fresh solvent and reactants under similar conditions.
The silica hybrid catalyst showed unchanged catalytic
activity in at least five reaction cycles. No catalyst dete-
rioration was observed, confirming the high stability of
the heterogeneous PA-NHC catalyst under the reaction
conditions.

Pd leaching of this catalyst was also examined in the
Heck reaction of iodobenzene and methyl acrylate by
inductively coupled plasma-atomic emission spectro-
scopy (ICP-AES). This study revealed that the superna-
tant part of the Heck reaction of iodobenzene and
methyl acrylate contained 22 ppm of palladium. This va-
lue, higher than those we already observed for other het-
erogenous catalysts for Mizoroki-Heck reactions,!® may
be due to the relatively high reaction temperatures.
However, this leaching did not affect the catalytic activ-
ity of the recovered solid.

In conclusion, we report the first silica hybrid material
incorporating Pd—-NHC species. This material appears
as an efficient heterogeneous catalyst in Mizoroki—Heck
coupling reactions of aryl halides with styrene and
methyl acrylate. However, the reaction only occurs at
high temperatures and therefore requires a high boiling
solvent such as DMF. We are currently investigating
supported Pd-NHC catalysts which allow to perform
coupling reactions under milder reaction conditions
which may allow to reduce metal leaching.
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