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Hybrid organic–inorganic silica materials containing
di(2-pyridyl)methylamine–palladium dichloride complex

as recyclable catalysts for Suzuki cross-coupling reactions
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Abstract—High surface hybrid silica materials containing di(2-pyridyl)methylamine–palladium dichloride complex covalently
bonded to the silica matrix were prepared by sol-gel process and successfully tested as reusable catalysts for Suzuki cross-coupling
reactions.
� 2006 Elsevier Ltd. All rights reserved.
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Palladium-catalyzed Suzuki cross-coupling1 reactions
have become a powerful and general methodology for
C–C bond formation. On the other hand, the hetero-
genization of homogeneous catalysts by their immobiliza-
tion on polymeric organic2 or inorganic3 supports is an
expanding research area offering the advantage of easy
product separation and catalyst recovery. Phosphines
are common ligands used in palladium catalyzed reac-
tions, but they are readily oxidized to their correspond-
ing phosphine oxides, which can prevent the easy
recovery and recycling of the catalyst. Thus, phos-
phine-free palladium catalysts offer the advantage of
superior stability.

Some of us discovered4 air and moisture stable phos-
phine-free macrocyclic triolefinic palladium(0) com-
plexes. We have reported their immobilization onto
cross-linked polystyrene,5 and onto a silica matrix,6

and the activity of these heterogeneous versions as
recoverable catalysts in Suzuki and telomerization reac-
tions. However, the immobilized versions of macrocyclic
palladium(0) complexes were only found to be efficient
with activated and deactivated aryl iodides, the ideal
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substrates for coupling reactions being aryl chlorides,
cheaper and more widely available than their iodide
counterparts.7 Several phosphine-free palladium systems
have been developed in the literature as robust and effi-
cient catalysts (high TON and TOF) for the challenge to
use aryl chlorides in coupling reactions (palladacycles,
N-heterocyclic carbene ligands and bipyridine based sys-
tems). First, we turned our attention to bipyridine-type
ligands to obtain immobilized palladium catalysts onto
a silica matrix. Palladium(II) complexes of bipyridyl
ligands 1 (Fig. 1) have been described by Buchmeiser8

as efficient catalysts for C–C and C–N bond formation
and they have been covalently anchored to a polymeric
matrix resulting from a ROMP polymerization. Nájera9

developed related palladium(II) complexes 2 (Fig. 1)
1

2a R = NH-(CH2)3-Si(OEt)3

2

Figure 1. Palladium dichloride complexes of bipyridine ligands.
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derived from di(2-pyridyl)methylamine as efficient catal-
ysts for Heck (aryl iodides, bromides and chlorides),
Suzuki (aryl bromides and chlorides) and Sonogashira
(aryl iodides and bromides) reactions in organic and
aqueous solvents under homogeneous conditions. Very
recently, this complex has been covalently anchored to
a styrene–maleic anhydride co-polymer affording a
recoverable catalyst active in the above-mentioned
reactions.10

Inorganic solids such as silica, particularly known for
their mechanical and thermal stability and also for their
chemical inertia, represent interesting supports for hetero-
genizing catalysts.11 In this context, the formation of
organic–inorganic hybrids by the Sol-Gel Chemistry12

is a convenient route to solid materials with catalytic
properties.3,13 We want to present here our work on
the preparation of hybrid organic–inorganic materials
from the co-gelification of the silylated monomer 2a
(Fig. 1) with different amounts of tetraethoxysilane
(TEOS) and the preliminary results of the activity and
recyclability of these materials in the Suzuki cross-cou-
pling of p-bromoacetophenone and m-chlorobenzo-
nitrile with phenylboronic acid.

Our approach is summarized in Scheme 1.

Di(2-pyridyl)methylamine 3 was prepared as recently
described14 by zinc reduction of the oxime derived from
commercial di(2-pyridyl)methanone. It was immediately
reacted overnight under stirring with freshly distilled 3-
(triethoxysilyl)propyl isocyanate in anhydrous dichloro-
methane at room temperature. The resulting urea deriv-
ative 415 was treated with PdCl2(CH3CN)2 in anhydrous
toluene at 80–90 �C overnight to afford the palla-
dium(II) complex 2a.16 Co-gelification of the silylated
N
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Scheme 1. Preparation of hybrid silica materials 5a–c.
monomer 2a with different amounts of TEOS (1:10,
1:20, 1:40) was performed in dimethylformamide under
standard sol-gel conditions with the stoichiometric
amount of water and ammonium fluoride as catalyst,
leading to palladium-containing materials 5a–c.17 These
were characterized by surface area BET measurements,
solid state 29Si NMR and 13C NMR, IR and elemental
analysis, the amount of palladium being obtained by
ICP (inductively coupled plasma) (Table 1). Hetero-
geneous catalysts are more efficient when the specific
surface area is high. Great amounts of TEOS (10, 20 and
40 molar equivalents with respect to 2a) were used in
order to favour solid formation with high surface areas
and indeed these vary from 337 m2g�1 (for 5a) to
504 m2g�1 (for 5c) accordingly to the BET adsorption–
desorption measurements. The solid state NMR spectra
(29Si and 13C) provide evidence for the presence of the
organic ligand in the hybrid solids. The 29Si spectra of
5a–c show two groups of chemical shifts: T units at
around �55 to �68 ppm and Q units ranging from
�100 to �120 ppm. T units result from the hydrolysis-
condensation of 2a whereas Q units formed from TEOS.
Only the solid state 13C NMR of 5a was performed, the
organics in 5b and 5c being in too little amount in the
corresponding hybrids to be measured in reasonable
time. The spectrum of 5a exhibits signals at 8.7 (CH2–
Si), 16.6 (CH3 from residual ethoxy groups), 23.0
(CH2–CH2Si), 42.6 (CH2–N), 58.1 (CH2 from residual
ethoxy groups), 74.3 (CH–N), 126.8, 141.7, 154.5 (3C
from pyridine rings) and 158 (C@O) ppm attributable
to the chemical shifts of the organic part of 5. The signal
at 8.7 ppm (CH2–Si) confirms the covalently bonded
ligand to silica.

The activity of catalysts 5a–c was tested in the Suzuki
cross-coupling of phenylboronic acid 7 with an aryl
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Table 2. Suzuki couplings with catalysts 5a–c giving rise to 8 and 10

(Scheme 2)a

Cycle 6 to 8 (%)b 9 to 10 (%)c

5a 5b 5c 5b

7 h 24 h

1 100 100 100 61 82
2 100 100 99 44 59
3 96 99 98 34 38
4 97 96 98 31 34
5 96 96 97 25 26
6 95 94 98 — —
7 97 96 96 — —
8 98 96 97 — —
9 97 97 95 — —
10 94 96 95 — —

a Conditions: 0.2% molar of Pd, [ArX] = 0.5 M, PhB(OH)2,
(1.5 equiv), K2CO3 (2 equiv), DMF/H2O (95:5), 110 �C, 45 min for
catalysts 5a–b and 60 min for catalyst 5c for the reaction of 6 to 8,
and 24 h for the reaction of 9 to 10 with catalyst 5b.

b Isolated yields.
c Conversion of 9 by GLC (undecane as internal standard).

Table 1. Some analytical data of 5a–c

5a 5b 5c

% Pd 6.05 3.88 2.63
Mmol Pd/g 0.569 0.365 0.247
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bromide, p-bromoacetophenone 6, and an aryl chloride,
m-chlorobenzonitrile 9 (Scheme 2 and Table 2). After
some experimentation (MeOH/H2O 3:1, KOH, rt,
24 h; MeOH/H2O 3:1, KOH, 60 �C, 45 min; toluene,
K2CO3, 110 �C, 3 h) the conditions specified in Table 2
(DMF/H2O 95:5, K2CO3, 110 �C, 45–60 min) were adopted
for the Suzuki coupling of Eq. 1. Ten consecutive cycles
with the same batch of catalyst were performed, main-
taining the same reaction time in every run. The isolated
yields of 4-phenylacetophenone 8 for every catalytic
material are given in Table 2.18 No significant differences
were found within the materials with respect to their
recyclability, but the reaction time required to achieve
complete conversion of the aryl halide is longer with
5c containing less percentage of Pd. The same reaction
(Eq. 1 of Scheme 2) was also tested under the same con-
ditions with the material 5bSi obtained by refluxing 5b
with excess hexamethyldisilazane for capping surface
silanol groups, but the reaction was slower, 4 h being
required to achieve a 97% isolated yield of 8. We noticed
that the catalytic pale yellow materials 5a–c became grey
after the first cycle and darkened progressively to black.
This is due to the formation of metal nanoparticles in
the materials, which can be observed by high-resolution
electron transmission microscopy (HRTEM) (both the
inorganic matrix and the organic ligand of the hybrids
can contribute to their stabilization).19 Electron diffrac-
tion (ED) of the sample showed the pattern characteris-
tic of face-centred cube (fcc) palladium(0). In Figure 2,
we show an example of HRTEM micrographs of one
of the samples (material 5c after the fourth cycle,
DMF/H2O, K2CO3, 110 �C, 60 min), the size distribution
of nanoparticles and the ED image (d-spacings = 0.239,
0.207, 0.147, 0.124 nm). The nanoparticles were not
observed by TEM in the materials before being tested
as catalysts, but darkening of the recovered materials
after the first run was observed under any condition
used (see Supplementary data). Palladium nanoparticles
observed by TEM have been also recently described by
Nájera.10 The amount of Pd determined by ICP-MS in
the product 8 isolated from the first cycle performed
with catalyst 5a under the conditions of Table 2 and in
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Scheme 2. Suzuki cross-couplings tested with catalysts 5a–c.
the solid mixture obtained in this cycle by evaporation
of the filtrate were found to be 12 and 80 ppm, respec-
tively. Nájera10 has used water or MeOH/H2O as solvent
systems in their recycling experiments with the catalyst
anchored to organic polymer. In our case, the use of less
amount of water and potassium carbonate as base instead
of KOH improved the recyclability (the system DMF/
H2O 95:5 was better than MeOH/H2O 3:1).

Then, we tested the material 5b in a more challenging
substrate, the m-chlorobenzonitrile, 9, which was
reacted with phenylboronic acid 7 to afford 3-cyanobiphe-
nyl, 10 (Eq. 2 of Scheme 2) under the conditions of
Table 2 (0.2% molar of Pd, DMF/H2O 95:5, K2CO3,
110 �C). As expected, the reaction was much slower than
with the aryl bromide, and even after being left for 24 h,
a total conversion could not be achieved. Conversions of
9 were determined by GLC at two reaction times (7 h
and 24 h) for each of the five consecutive cycles (Table
2). In this case, a significant decrease of conversion upon
recycling was found, prolonged reaction times being not
useful. More research is necessary to improve the results
with aryl chlorides.

In summary, high surface hybrid silica materials with
covalently attached di(2-pyridyl)methylamine–palladium
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Figure 2. (a) and (b) HRTEM micrographs of Pd nanoparticles; (c) ED image; (d) Particle size distribution (104 particles; mean particle size:
5.1 ± 0.9 nm).
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dichloride complex were prepared and found to be very
active and recoverable catalysts for Suzuki cross-coupling
of activated aryl bromides. They are also active for aryl
chlorides, although further investigation is needed in
order to improve the yield and the recyclability. Forma-
tion of fcc Pd(0) nanoparticles has been shown by
HRTEM and ED.
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