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a b s t r a c t

Initially, pore walls of mesoporous silica SBA-15 with template were modified with chlorotrimethylsilane.
Then imidazolium salts were similarly incorporated covalently in the inner pore walls of mesoporous silica
SBA-15 albeit without the template. Finally, palladium salts were introduced into the pore channels of
the previously processed mesoporous silica via electrostatic interaction. The resulting palladium catalysts
demonstrated exceptional activity for the room-temperature Suzuki coupling reaction in aqueous-organic
mixed solvents and good recycling ability for at least 4–6 times. The turnover frequency of resulting
catalysts could reach up to 84,000 h−1 at 50 ◦C. The corresponding samples were analyzed with solid-
state NMR, FT-IR, XRD, nitrogen adsorption–desorption isotherms, TEM and XPS techniques. In addition,
agglomeration of palladium catalyst in the Suzuki coupling reaction can be effectively controlled due to
Ionic liquid
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the stabilizing effect of the imidazulium salt and confinement of mesoporous walls.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Palladium as a catalyst has played an important role in organic
ynthesis over the past decades [1]. Palladium-catalyzed cou-
ling reactions offer an abundance of possibilities to asymmetric
arbon–carbon bond formation such as the Mizoroki-Heck [2,3],
uzuki-Miyaura [4,5], Sonogashira [6], and Stille [7] coupling reac-
ions. On the other hand, palladium catalysts are also exploited in
arbon–nitrogen bond formation such as the Buchwald-Hartwig
oupling reactions [8,9]. Palladium catalysts with phosphines lig-
nd [10,11], carbenes ligand [12,13], palladacycle [14], and other

oordinates have likewise led to the activation of weak leaving
roups such as chloride, have also led to the exhibition of higher
ON (turnover number) and reaction rates, and have improved the
ifespan and stability of the reactions with water or under air at
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oom temperature. New techniques as well have been developed,
uch as microwave-assisted heating technology [15]. However, two
actors limit the commercialization of new catalysts. One is an
dditional separation step required to remove the homogeneous
atalyst from the product. Another is recycling the expensive tran-
ition metal and ligand. Fortunately, a few strategies overcome the
bove drawbacks, for example, heterogeneous catalysts [16] and
wo-phase catalysis can make use of various solvent combinations,
uorinated solvents, supercritical fluids, dendrimers, and ionic liq-
ids [17].

Heterogeneous palladium catalysis has been investigated exten-
ively for the Suzuki cross-coupling reaction. Different supporting
aterials and approaches have been exploited for the immo-

ilization of palladium precursors which include palladium (II)
xchanged sepiolite clay [18] and NaY zeolite [19], palladium con-
aining perovskite [20], carbon-supported palladium nanoparticles
21,22], hydroxyapatite supported palladium complexes [23], poly-

IPE (i.e., a porous polymer obtained by the polymerization of a
igh internal phase emulsion) supported palladium nanoparticles
24], subnanometer palladium clusters immobilized on random
opolymer micelles [25], and palladium immobilized on meso-
orous SiO2 [26–30]. Recently, the palladium catalysts for the
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oom-temperature Suzuki coupling reaction have been widely
nvestigated, such as ligand-free palladium catalysts [31] and com-

ercialized Pd/C catalysts [22].
As reported in the literature, ionic liquids often result in a signif-

cant improvement in catalytic performance [32–34]. However, the
ide use of industrial ionic liquids is hindered primarily by their
igh cost, limited information on their physico-chemical prop-
rties, separating behavior, biodegradability, and ecotoxicology.
herefore, supported ionic liquids as an alternative approach were
tudied in recent years [35–41]. Hagiwara et al. developed highly
fficient Suzuki coupling of aryl halides with arylboronic acids
n 50% aqueous ethanol and employing Pd(OAc)2 immobilized in
iethylaminopropylated alumina pores with the aid of an ionic liq-
id ([bmim][PF6]) without a phosphine ligand at room temperature

n a short period of time [42]. However, the ionic liquids cova-
ently bonded to the inorganic porous oxides which exhibit better
hermal and mechanical properties than that of impregnation, and

inimize the consumption of ionic liquids in catalytic reactions.
mong the inorganic porous oxides, highly ordered mesoporous
ilica could be an outstanding carrier due to its large specific surface
rea, highly ordered pore structure, and inert environment [43,44].
hiot et al., meanwhile, have shown that polyionic gels represent a
easible alternative to ionic liquids as reaction media for recyclable
eterogeneous catalytic systems [45]. These polyionic gels display
n efficient metal soaking ability, which rely on strong noncova-
ent interactions between metal and ions within the gel. Similarly,
hey provide favorable and stabilizing environments for the gener-
tion of heterogeneous metal-based catalytic systems. Pd-soaked
olyionic gels have actually been used in Suzuki coupling reaction,
hile Rh-soaked polyionic gels have been used in hydrosilylation

f phenylacetylene with diethoxylmethylsilane.
In this study, taking into account the advantage of mesoporous

ilica, we present the option of covalent immobilization of imida-
olium salts inside the channel of mesoporous silica SBA-15. The
esultant materials with highly ionized surfaces and large surface
reas are suitable as efficient scavengers of novel metal salts and
s substances for supported catalyst preparation. The palladium-
ased supported catalysts are then prepared and their catalytic
erformance for the Suzuki cross-coupling reaction at room tem-
erature investigated.

. Experimental

.1. Catalyst preparation

.1.1. Synthesis of N-3-(3-triethoxysilyl propyl)-3-methyl
midazolium chloride

N-3-(3-triethoxysilyl propyl)-3-methyl imidazolium chloride
as synthesized through 1-methylimidazole and (3-choropropyl)-

riethoxysilane in dried toluene refluxed for 24 h under argon
tmosphere. Then toluene was removed from the solution under
educed pressure. The remaining liquid was washed with diethyl
ster 4 times and dried in a vacuum oven for 10 h. Finally, white,
ax-like solid was obtained. The product was verified using 1H
MR and 13C NMR analysis. 1H NMR ıH (ppm, 300 MHz, DMSO-
6): 9.32 (s, 1H), 7.82 (t, J = 1.5 Hz, 1H), 7.76 (t, J = 1.5 Hz, 1H), 4.16 (t,
H, CH2), 3.78 (s, 3H, CH3), 3.87 (s, 3H, CH3), 3.74 (s, 6H, CH2), 1.81
m, 2H, CH2), 1.13 (t, 9H, CH3), 0.51 (m, 2H, CH2); 13C NMR ıC (ppm,
5.4 MHz, DMSO-d6): 136.2, 123.5, 122.1, 57.8, 50.9, 39.5, 35.6, 23.6,
8.1, 6.6.
.1.2. Preparation of mesoporous silica SBA-15
Mesoporous silica SBA-15 samples were prepared according to

he previously mentioned study in literature [46]. A typical proce-
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sis A: Chemical 295 (2008) 57–67

ure was described as follows: 9 g of triblock copolymer Pluronic
123 was dissolved in a solution of 70 mL of deionized water, then
50 g of 2 M HCl at 35 ◦C was added to the above solution under
tirring. Afterwards, 20 g of TEOS was added into the above solu-
ion. The resulting mixture was stirred at 35 ◦C for 24 h, and then
ged at 80 ◦C for 24 h. Finally, the white powder samples were
cquired.

.1.3. Immobilization of palladium salt in the pore channels
f imidazolium-functionalized mesoporous silica SBA-15
Pd-M-T-S)

In this section, mesoporous SBA-15 samples were firstly stirred
ith chlorotrimethylsilane before the template P123 was removed.

he hydroxyls outside of the pore walls were protected in advance.
hen the template P123 was removed with ethanol in a Soxhlet
xtractor at 100 ◦C for 24 h and then dried in vacuum. The obtained
aterials were designated as TMS-S. Then, samples of TMS-S were

efluxed with N-3-(3-triethoxysilyl propyl)-3-methyl imidazolium
hloride in dry toluene for 24 h under argon atmosphere. After fil-
ration and drying, the white powder samples were collected. The
btained materials were designated as T-M-S. Finally, the adsorp-
ion of palladium salt was performed by ultrasonication of 1 g
midazolium salts-functionalized mesoporous silica with 20 mL
MF solution of PdCl2 (0.2 M) for 30 min at room temperature. After
ltration, washing and drying, the yellow powder was collected.
e designated it as Pd-M-T-S. The process has been illustrated in

ig. 1. For comparison, palladium salts were also immobilized on
nmodified mesoporous SBA-15 via wet impregnation. For exam-
le, a suspension of 5 mL DMF solution of PdCl2 (0.2 M) and 0.5 g of
nmodified mesoporous SBA-15 in 20 mL of acetone were stirred
or 24 h. The solvents were removed by rotary evaporation. The
esulting samples were dried in vacuum at 100 ◦C. The acquired
ellow powder was designated as Pd (II)/SBA-15.

.2. Characterization

13C- and 29Si-cross polarization magic-angle spinning (CP-MAS)
MR were recorded on a 400 MHz Bruker Avance instrument. FT-IR

pectra were recorded on a Boi-Rad FTS135 infrared spectrometer.
ow-angle X-ray diffraction (XRD) patterns were recorded on a D8
-ray Reflector with Cu K� radiation at 40 kV and 40 mA. Typically,
he data were collected in the range of 0.5◦ < 2� < 3◦ with a step size
f 0.01◦ and a count time of 1 s per step. Wide-angled XRD pat-
erns were recorded with PW1700 X. The data were then collected
n the range of 10◦ < 2� < 80◦ with a step size of 0.1◦ and a count
ime of 1 s per step. Transmission electron microscope (TEM) exam-
nation was subsequently carried out using a JEOL-1011 electron

icroscope with an accelerating voltage of 100 kV. The samples
ere prepared by dispersing the silica powder in ethanol and drop-
ing on copper grids. Nitrogen adsorption–desorption isotherms
t 77 K for mesoporous silica particles and modified silica sam-
les were next obtained using a NOVA1000. The specific surface
rea was calculated employing the multiple-point the Brunauer-
mmett-Teller (BET) method. The pore size distribution curves
ere computed using the Barrett-Joyner-Halenda (BJH) method.

his was followed by the verification of the content of palladium in
he samples by inductively coupled plasma-atomic emission spec-
roscopy (ICP-AES) and elemental analysis finally. Meanwhile, X-ray
hotoelectron spectra (XPS) were measured with VG ESCALAB MK
VG Company, UK) at room temperature using a Mg K� X-ray source

h� = 1253.6 eV) at 14 kV and 20 mA. Gas chromatograph (GC) anal-
ses were performed on a Shimadzu G-2010A instrument. Lastly, 1H
nd 13C NMR were recorded on a 300 MHz Bruker Avance instru-
ent, with CDCl3 or DMSO-d6 as the solvent and TMS as the

nternal standard.
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Fig. 1. Illustration of the procedure for immobilization of P

.3. Procedure for Suzuki cross-coupling reaction

.3.1. Suzuki cross-coupling reaction between aryl halide with
rylboronic acid

A typical experiment for the Suzuki coupling reaction between
ryl halide with arylboronic acid was carried out in a 50 mL round-
ottomed flask with 20 mL of solvents composed of 2.0 mmol of
ryl halides, 2.2 mmol of arylboronic acids, and 6.0 mmol of bases
n the presence of palladium catalysts. These were magnetically
tirred at room temperature. After this procedure, the mixture was
iluted with ethyl ether. The used catalysts were separated by fil-
ration. The filtrate was separated into two layers, and the aqueous
ayer was extracted with ethyl ether several times. The combined
rganic layers were dried over MgSO4 and were analyzed by gas
hromatograph.

.3.2. Suzuki cross-coupling reaction between dihaloaromatic
ith arylboronic acid

Another typical experiment for the Suzuki coupling reaction
as carried out in a 50 mL round-bottomed flask with 20 mL of

tOH/H2O (v/v = 1:1) co-solvent made up of 1.0 mmol of dihaloaro-
atic, 2.2 mmol of arylboronic acids, and 6.0 mmol of K2CO3 in the

resence of 3.1 wt.% Pd-M-T-S (Pd/dihaloaromatic = 1/500 in molar
atio). These were magnetically stirred at room temperature. After
his procedure, the mixture was diluted with CH2Cl2. The used
atalysts were separated by filtration. The filtrate afterwards was
eparated into two layers and the aqueous layer was extracted with
H2Cl2 several times. The combined organic layers were dried over
gSO4, filtered, and evaporated to dryness. Yield was determined

y 1H NMR spectroscopy.

.3.3. Recovery and reuse of Pd-M-T-S
The recycling experiment for the Suzuki coupling reac-

ion was carried out in a 250 mL round-bottomed flask
ith 100 mL of EtOH/H2O (v/v = 1:1) co-solvent composed of
0 mmol of p-bromoanisole, 22 mmol of phenylboronic acids, and
0 mmol of K2CO3 in the presence of 3.1 wt.% Pd-M-T-S (Pd/p-
romoanisole = 1/1000 in molar ratio). These were magnetically
tirred at room temperature. After this procedure, the mixture
as diluted with ethyl ether. The used catalysts were separated

(
g
o

a

in imidazolium-functionalized mesoporous silica SBA-15.

y filtration, washed with deionized water and acetone, and dried
or the next run. The filtrate was separated into two layers and
he aqueous layer was extracted with ethyl ether several times.
he combined organic layers were dried over MgSO4 and analyzed
y GC. The dried catalysts were weighed and reused in the next
un; proportional amounts of reactants were added to keep the
ubstrate-to-catalyst and the solvent-to-catalyst ratios constant
hroughout the series of reuses.

. Results and discussion

.1. Characterization of catalyst

The structure of the organic functionality was proved through
omparing the liquid-state 13C NMR spectrum of N-3-(3-
riethoxysilyl propyl)-3-methyl imidazolium chloride (Fig. 2A) with
he solid-state 13C CP-MAS NMR of M-T-S (Fig. 2B). The assignments
f 13C resonances in solution were based on the observed chemical
hifts (see Table 1). The shifts obtained in solid-state NMR spectra
f M-T-S, which are also listed in Table 1, match well with the solu-
ion data, and thus confirm the presence of the imidazolium groups
n the silica surface [47].

The concentration of functional groups in M-T-S was measured
rom the relative intensities of Tn and Qn silicon groups observed
y 29Si CP-MAS NMR spectrum. Q2, Q3 and Q4 represent silicon
toms (denoted as Si*) in (HO)2Si*(OSi)2, HOSi*(OSi)3 and Si*(OSi)4
ilicate species, respectively. T2 and T3 represent silicon atoms
denoted as Si*) in RSi*(OH)(OSi)2 and RSi*(OSi)3 species, where

is the organic functional group. A peak at −110 to −111 ppm
omes from Q4, the peak at −102 to −103 ppm comes from Q3, the
eak at −92 to −93 ppm comes from Q2 and the other peaks are
elated to T3 and T4 (see Fig. 3). The presence of the T units (T2 + T3)
urther suggests the incorporation of organic groups within the

esoporous silicas. By deconvolution and integration of the 29Si
pectrum, the following molecular formula was obtained for M-T-S:

SiO2)100(H2O)12(C7H12N2Cl)13. The concentration of imidazolium
roups is calculated as being 1.6 mmol g−1 and the surface densities
f organic groups can be estimated to be 2.1 nm−2.

The presence of the imidazolium functional group in the cat-
lytic materials was also confirmed from the FT-IR spectrum (Fig. 4).
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Fig. 2. (A) 13C NMR spectrum of N-3-(3-triethoxysilyl propyl)-3-methyl imidazolium chloride in DMSO-d6 solution. (B) 13C CP-MAS NMR spectrum of M-T-S.

Table 1
13C chemical shifts for N-3-(3-triethoxysilyl propyl)-3-methyl imidazolium chloride
and M-T-S (ppm)

Sample Solvent C1 C2 C3 C4 C5 C6 C7 C8 C9

M
M

F
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z
T
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a
t
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s
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t
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Fig. 4. FT-IR spectra of pure SBA-15 (a) and M-T-S (b).
IM-TES DMSO-d6 6.6 23.6 50.9 35.6 123.5 122.1 136.2 57.8 18.1
-T-S Solid-state 7.8 22.3 50.6 35.9 122.5 136 – –

T-IR spectrum of M-T-S (Fig. 4b) exhibit three bands at 1574, 1462
nd 619 cm−1, assigned to the C–H bending vibration of imida-
olium groups, the propyl group and methyl group respectively.
he three peaks are not observed in the spectrum of the pure
BA-15 (Fig. 4a). Pure SBA-15 materials show characteristic bands
t 3470 cm−1 from the Si–OH stretching vibration and 1638 cm−1

he O–H stretching vibration and bands at 1081, 951 798, 565
nd 460 cm−1 due to the Si–O stretching vibration. A very intense
nd broad band at a high frequency region between 3700 and
200 cm−1 implies the presence hydrogen bonding in the meso-
orous silica [48].

Powder low-angle XRD patterns for the resultant materials are
hown in Fig. 5. All samples exhibit one intense peak at 0.81–0.82◦

long with two weak peaks at 1.41–1.42◦ and 1.61–1.63◦, which
orrespond to 100, 110, and 200 reflections. These results suggest
he presence of periodic arrangement of channels in a hexagonal
eometry. The pure SBA-15 shows a diffraction peak at a 2� of
.81◦, which corresponds to its d-spacing of 10.9 nm. We likewise
oted that the intensities of the diffraction peaks become weak and

he ordered pore structure are remained after modification on the
urface of mesoporous silica SBA-15.

TEM images for Pd-M-T-S (Fig. 6) clearly show two dimensional
exagonal symmetry structures. It indicates the remaining overall
tructure after a series of modifications on the surface of meso-

Fig. 3. 29Si CP-MAS NMR spectrum of M-T-S.

Fig. 5. Low-angle XRD patterns for bare mesoporous silica SBA-15, trimethylsilane
modified the outer surface of mesoporous SBA-15 (TMS-S), imidazolium salts func-
tionalized the TMS-S (M-T-S) and palladium salt loaded on the M-T-S (Pd-M-T-S).
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Fig. 6. TEM image of Pd-M-T-S; scale bar = 50 nm.
orous silica. The nitrogen adsorption–desorption isotherms at
7 K for the samples are shown in Fig. 7A and the corresponding
ore size distribution curves can be seen in Fig. 7B. The BET surface
reas decrease from 803 to 599, 509, 461 m2 g−1 for pure SBA-15,
MS-S, M-T-S, and Pd-M-T-S, respectively. Meanwhile, the average

b
E
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e
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Fig. 7. (A) Nitrogen adsorption–desorption isotherms for the resulting m

able 2
ffect of solvents and temperature for the Suzuki reaction of p-bromoanisole and phenylb

ntry Solvent system Base

1a Dioxane K2CO3

2a Toluene K2CO3

3a DMF K2CO3

4a iPrOH K2CO3

5a EtOH K2CO3

6a H2O K2CO3

7a DMF/H2O (v/v = 1:1) K2CO3

8a iPrOH/H2O (v/v = 1:1) K2CO3

9a EtOH/H2O (v/v = 1:1) K2CO3

10a EtOH/H2O (v/v = 1:8) K2CO3

11a EtOH/H2O (v/v = 1:4) K2CO3

2a EtOH/H2O (v/v = 1:2) K2CO3
13a EtOH/H2O (v/v = 1:1) K2CO3

T: room temperature.
a Reaction conditions: p-bromoanisole (2.0 mmol), phenylboronic acid (2.2 mmol), K2C
b Yields were determined by GC.
sis A: Chemical 295 (2008) 57–67 61

ore sizes are 54.1, 64.7, 67, 65.8 Å. The pore volume also decreases
rom 1.09 to 0.97, 0.84, 0.77 cm3 g−1 for pure SBA-15, TMS-S, M-T-S
nd Pd-M-T-S samples, respectively.

The content of palladium in the samples was confirmed finally
y ICP-AES elemental analysis. The weight percentages of pal-
adium are 3.1 wt.% (0.28 mmol g−1), 2.0 wt.% (0.18 mmol g−1) for
d-M-T-S, Pd (II)/SBA-15, respectively.

.2. Optimization of reacting condition

In this section, we firstly investigated the corresponding param-
ters for the Suzuki cross-coupling reaction. It includes different
olvents and bases for the room-temperature Suzuki reaction,
f p-bromoanisole, and phenylboronic acid in the presence of
.1 wt.% Pd-M-T-S. The molar ratio of Pd/p-bromoanisole was set
t 1/1000 for the Suzuki coupling reaction. The single solvent such
s dioxane, toluene, DMF, iPrOH, EtOH, and H2O gave low yields
anging from 0 to 53% as illustrated in Table 2, entries 1–6. When
e adopted the organic/aqueous co-solvent, satisfactory results
ere obtained. They afforded high yields of 89–97% as shown

n Table 2, entries 7–9. The merit of the co-solvent is attributed
o the good solubility of the organic reactants and the inorganic

ase. We next tested the influence of different volume ratios of
tOH/H2O as a solvent under the Suzuki reaction at room temper-
ture. They afforded yields of 42–97%, as demonstrated in Table 2,
ntries 9–13. Evidently, the optional volume ratio should be set at
:1.

aterials; (B) corresponding pore size distribution by BJH model.

oronic acid

Temperature Time (h) Yield (%)b

RT 1 12
RT 1 5
RT 1 53
RT 1 46
RT 1 34
RT 1 0
RT 1 89
RT 1 98
RT 1 97
RT 1 42
RT 1 60
RT 1 89
RT 1 97

O3 (6 mmol), 3.1 wt.% Pd-M-T-S (0.1 mol% Pd) in 20 mL solvent in air.
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Table 3
Effect of bases on the Suzuki cross-coupling reaction of p-bromoanisole and phenylboronic acid

Entry Base Yield (%)b Entry Base Yield (%)b

1a K2CO3 97 5a NaOAc 60
2a Na2CO3 90 6a NaOEt 98
3a Cs2CO3 98 7a Na3PO4 81
4a K3PO4 86 8a NEt3 34
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a Reaction conditions: p-bromoanisole (2.0 mmol), phenylboronic acid (2.2 mmol
h in air.
b Yields were determined by GC.

We then examined the effect of bases for the Suzuki reaction. The
norganic bases including K2CO3, Cs2CO3, Na2CO3, K3PO4, Na3PO4,
nd NaOEt afforded high yields of 81–98%, as shown in Table 3,
ntries 1–4, 6, 7. The inorganic base NaOAc, on the other hand, gave
moderate yield of 60%, as illustrated in Table 3, entry 5. However,

he organic base NEt3 gave a lower yield of 34% as shown in Table 3,
ntry 8. Thus, we select K2CO3 as the base and co-solvent EtOH/H2O
volume ratio = 1:1) as the solvent.

.3. Catalytic activity of Pd-T-M-S

.3.1. Test for the catalytic efficiency of Pd-M-T-S
The catalytic efficiency of Pd-M-T-S was also investigated at

0 ◦C. The catalyst loading contents were decreased from 0.1 mol%
o 0.01 mol%, 0.005 mol%, and 0.001 mol% Pd. The desired reaction
an then be accomplished with the low-loading content palladium
atalyst. The detailed results are listed in Table 4. The turnover
requency (TOF) can reach up to 84,000 h−1 with the coupling reac-
ion of p-bromoanisole with phenylboronic acid using 0.001 mol%
d as catalyst. It demonstrated that the Pd-M-T-S sample has been
highly efficient catalyst under mild conditions for the Suzuki

eaction.

.3.2. Suzuki cross-coupling reaction between aryl halide with
rylboronic acid

Using our optimized reaction conditions, we now selected a
eries of aryl bromides and some aryl chlorides in the Suzuki reac-
ion. All reactions were performed using 1:1.1 stoichiometric ratio
f aryl halide and arylboronic acid in air. The results are summarized
n Table 5. The methodology is applicable to a wide range of aryl
romide substrates (Table 5, entries 1–20); good yields at 87–99%
ave been obtained under an ambient temperature within a short
ime with arylboronic acid. A wide range of functional groups has

lso been tolerated in the reaction. It was similarly demonstrated
hat the coupling reaction could be efficiently executed at differ-
nt substituted positions of aryl bromide and of arylboronic acid.
urthermore, sterically hindered aryl bromides could be coupled
ith phenylboronic acid to give good yields of 87–93% of products

p
o
n
3
s

able 4
fficiency of Pd-M-T-S catalyst on Suzuki reaction of p-bromoanisole and phenylboronic a

ntry Pd (mol%) Time (h)

a 0.1 0.5
a 0.01 0.5
a 0.005 0.5
a 0.001 1

a Reaction conditions: p-bromoanisole (20 mmol), phenylboronic acid (22 mmol), K2CO
b Yields were determined by GC.
(6 mmol), 3.1 wt.% Pd-M-T-S (0.1 mol% Pd) in 20 mL EtOH/H2O (v/v = 1:1) at RT for

Table 5, entries 5, 6, 10, 11, 15 and 16). Nonetheless, aryl chlorides
re not active reactants in our system with a high loading content
f 1.0 mol% Pd and give the homo-coupling product for arylboronic
cid (Table 5, entries 21–22) as well.

.3.3. Suzuki cross-coupling reaction between dibromoarenes
ith arylboronic acids

Palladium-catalyzed Suzuki cross-coupling polymerization has
ecome an extremely useful tool for synthesis of an array of
olydisperse conjugated polymers [49]. This method has been

ikewise applied to the coupling reaction of dibromoarenes with
rylboronic acids. Using the abovementioned optimized reaction
onditions, the Suzuki cross-coupling reaction has been observed
n a variety of aryl bromides including 1,4-dibromobenzene, 1,3-
ibromobenzene, 1,2-dibromobenzene and 2,6-dibromopyridine
ith arylboronic acid. The results are summarized in Table 6. The

oupling reaction of 1,4-dibromobenzene, 1,3-dibromobenzene
ith a variety of arylboronic acid afforded good results, in yields of

3–99% and the ratio of mono-substituted to di-substituted product
eing 1:99 (Table 6, entries 5–13). The coupling reaction of 1,2-
ibromobenzene with a variety of arylboronic acid under ambient
emperature also gave relatively good yields of 77–80% (Table 6,
ntries 1–3) and the good selectivity of a di-substituted product
fter a long reaction time of 20 h. In contrast, the coupling reaction
f 1,2-dibromobenzene with o-methoxy phenyl boronic acid gave
lmost a mono-substituted product and low yield of 15% (Table 6,
ntry 4). The coupling reaction of 2,6-dibromopyridine with phenyl
oronic acid, p-methyl phenyl boronic acid, p-trifluoromethyl
henyl boronic acid and m-methoxy phenyl boronic acid, however,
ave good yields of 86–98% (Table 6, entries 14–17). The ratios of
ono-substituted and di-substituted product are 5:95, 3:97, 10:90

nd 30:70 respectively to phenyl boronic acid, p-methyl phenyl
oronic acid, p-trifluoromethyl phenyl boronic acid and m-methoxy

henyl boronic acid (Table 6, entries 14–17). The coupling reaction
f 2,6-dibromopyridine with o-methoxy phenylboronic acid alter-
atively gave almost a mono-substituted product and low yield of
2% for a long reaction time of 20 h (Table 6, entry 18). Then again,
imilar to aryl chlorides, the Suzuki reaction for dichloroarenes gave

cid

Yield (%)b TOF (h−1)

99 1,980
99 19,800
96 38,400
84 84,000

3 (60 mmol), 3.1 wt.% Pd-M-T-S catalyst in 100 mL EtOH/H2O (v/v = 1:1) in air.
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Table 5
Suzuki cross-coupling reaction of aryl halide with arylboronic acids

Entry X R1 R2 Time (h) Yield (%)b TON

1a Br p-CH3CO H 0.5 99 990
2a Br p-CH3O H 1 96 960
3a Br p-CH3 H 1 98 980
4a Br p-OH H 1 91 910
5a Br o-CH3O H 1 87 870
6a Br o-CH3 H 1 90 900
7a Br p-CH3CO p-CH3 0.5 99 990
8a Br p-CH3O p-CH3 1 98 980
9a Br p-CH3 p-CH3 1 98 980

10a Br o-CH3O p-CH3 1 91 910
11a Br o-CH3 p-CH3 1 92 920
12a Br p-CH3CO m-CH3O 0.5 98 980
13a Br p-CH3O m-CH3O 1 95 950
14a Br p-CH3 m-CH3O 1 95 950
15a Br o-CH3O m-CH3O 1 90 900
16a Br o-CH3 m-CH3O 1 93 930
17a Br p-CH3CO o-CH3O 0.5 96 960
18a Br p-CH3O o-CH3O 1 90 900
19a Br p-CH3 o-CH3O 1 93 930
20a Br H o-CH3O 1 96 960
21c Cl p-CHO H 24 13d –
22c Cl p-CH3O H 24 5d –

a Reaction conditions: aryl bromides (2.0 mmol), phenylboronic acid (2.2 mmol), K2CO3 (6 mmol), 3.1 wt.% Pd-M-T-S (0.1 mol% Pd) in 20 mL EtOH/H2O (v/v = 1:1) at RT in
a

o
n

3

g

a

T
S

E

1

ir.
b Yields were determined by GC.
c Catalyst (1 mol% Pd).
d Yield for homecoupling product of phenylboronic acid.

nly a homo-coupling product of arylboronic acid; the results are

ot shown in the paper.

.3.4. Reusability
At this point, the recycling ability of Pd-M-T-S was investi-

ated. The coupling reaction of p-bromoanisole with phenylboronic

i
b
r
t
a

able 6
uzuki cross-coupling reaction of dibromoarenes with arylboronic acids

ntry Dibromoarenes R2

1a 1,2-Dibromobenzene p-Me
2a 1,2-Dibromobenzene p-CF3

3a 1,2-Dibromobenzene m-CH3O
4a 1,2-Dibromobenzene o-CH3O
5a 1,3-Dibromobenzene H
6a 1,3-Dibromobenzene p-Me
7a 1,3-Dibromobenzene p-CF3

8a 1,3-Dibromobenzene m-CH3O
9a 1,4-Dibromobenzene H

10a 1,4-Dibromobenzene p-Me
11a 1,4-Dibromobenzene p-CF3

2a 1,4-Dibromobenzene m-CH3O
13a 1,4-Dibromobenzene o-CH3O
14a 2,6-Dibromopyridine H
15a 2,6-Dibromopyridine p-Me
16a 2,6-Dibromopyridine p-CF3

17a 2,6-Dibromopyridine m-CH3O
18a 2,6-Dibromopyridine o-CH3O

a Reaction conditions: dibromoarenes (1.0 mmol), arylboronic acids (2.5 mmol), K2CO3
b Yields were determined by 1H NMR spectroscopy.
c The ratios of mono-substituted to di-substituted product.
cid was chosen as the model reaction. The amount of palladium

n the Suzuki coupling reaction was set at a fixed value (Pd/p-
romoanisole = 1/1000). Detailed results are listed in Table 7. The
eaction time had been extended to 3 h in runs 2–3 for the recycle
est. The yields are 96%, 95% and 89%, respectively to run 1, run 2
nd run 3. When the reacting time of 3 h was further prolonged to

Time (h) Yield (%)b Mono:Dic

20 80 <1:>99
20 60 <1:>99
20 77 <1:>99
20 15 >99:<1

2 98 <1:>99
2 99 <1:>99
2 99 <1:>99
2 98 <1:>99
2 99 <1:>99
2 96 <1:>99
2 98 <1:>99
2 98 <1:>99
2 93 <1:>99
5 96 5:95
5 95 3:97
5 98 10:90
5 86 30:70

20 32 >99:<1

(6 mmol), catalyst (0.2 mol% Pd) in 20 mL EtOH/H2O (v/v = 1:1) at RT in air.
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Table 7
Reusability of 3.1 wt.% Pd-M-T-S for Suzuki reaction between p-bromoanisole and phenylboronic acid

No. of Runa Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
React time (h) 1 3 3 3 12 12 12
Yield (%)b 96 95 89 60 90 78 60
Pd content (%)c 3 3 2.8 2.8 2.7 2.5

a Reaction conditions: p-bromoanisole (20 mmol), phenylboronic acid (22 mmol), base
air.

b Yields were determined by GC.
c Pd contents of the fresh and recovered Pd-M-T-S were determined by ICP-AES elemen
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ig. 8. XRD patterns of recovered Pd-M-T-S after run 2, 3, 4, 6 for the Suzuki reaction
n the wide angle ranges.

2 h, the 60% yield was increased to 90% for run 4. The yields are
8% and 60%, respectively, for run 5 and run 6 within 12 h for the
ecycle experiment. Interestingly, the prepared catalyst was reused
or three times with little loss of activity in the reaction. The further
ecycling experiment will take more time than the previous runs.
he activity of Pd-M-T-S catalyst has been subsequently reduced
moothly.

After recycle run of Pd-M-T-S, the contents of palladium in the
ecovered Pd-M-T-S were confirmed finally by ICP-AES elemental
nalysis. The weight percentages of palladium are 3.0 wt.%, 3.0 wt.%
.8 wt.%, 2.8 wt.% 2.7 wt.%, 2.5 wt.% for run 1–6, respectively. The
eaching of active palladium species can be identified by the above
esults of elemental analysis. Wide-angle XRD patterns for the
ecovered Pd-M-T-S (Table 7, run 2, 3, 4, 6) have presented in the
ig. 8. The peaks of palladium crystalline structure were found in the

i
S

m

able 8
omparison of performance of Pd-M-T-S catalyst with Pd (II)/SBA-15 and PdCl2 for Suzuk

ntry Pd catalyst Pd (mol%

a Pd-M-T-S 0.1
a Pd (II)/SBA-15 0.1
a PdCl2 0.1

a Reaction conditions: p-bromoanisole (20 mmol), phenylboronic acid (22 mmol), base
b Yields were determined by GC.
c Pd contents of the recovered Pd-M-T-S and the recovered Pd (II)/SBA-15 were determ
(60 mmol), 3.1 wt.% Pd-M-T-S (0.1 mol% Pd) in 100 mL EtOH/H2O (v/v = 1:1) at RT in

tal analysis.

ide-angle XRD patterns of run 3, 4, 6 for the recovered Pd-M-T-S
Fig. 8).

.4. Comparison of performance of Pd-M-T-S catalyst with Pd
II)/SBA-15 and PdCl2 for Suzuki reaction at room temperature

Using our optimized reaction conditions, we now compared
he performance of Pd-M-T-S with Pd (II)/SBA-15 and PdCl2 for
he Suzuki cross-coupling reaction between p-bromoanisole and
henylboronic acid at room temperature. The amount of palla-
ium in the Suzuki coupling reaction was also set at the previously
entioned value (Pd/p-bromoanisole = 1/1000 in molar ratio). The

etailed results are listed in Table 8. The supported catalyst of Pd
II)/SBA-15 correspondingly gave a high yield of 93% in 1 h (Table 8,
ntry 2). The homogeneous catalyst of PdCl2 gave high yield of 95%
n 1 h (Table 7, entry 3). After Suzuki reaction, the contents of pal-
adium in the recovered Pd-M-T-S and the recovered Pd (II)/SBA-15

ere confirmed finally by ICP-AES elemental analysis. The weight
ercentages of palladium are 3.0 wt.%, 1.6 wt.% for the recovered
d-M-T-S and the recovered Pd (II)/SBA-15 respectively. Combining
bove results with the results of the recycle test, we can conclude
hat the benefit of these imidazolium-silica composites can prevent
eaching of Pd salts to a degree during Suzuki reactions. The wide-
ngle XRD patterns for the recovered Pd-M-T-S and the recovered
d (II)/SBA-15 have presented in the Fig. 9 respectively. The new
eak at 40◦ in Fig. 9b is the peak of palladium crystalline structure
nd that was not found in Fig. 9a.

.5. Structural and mechanism studies of the Pd-M-T-S catalyst

Andrews et al. developed a possible mechanism for catalyst
ormation, in which the true catalyst was possibly reduced to Pd
ntroduced Pd (II)-exchanged perovskites as pre-catalysts in the
uzuki coupling reaction of bromoarenes and arylboronic acids.

Palladium catalysts can be highly dispersed in our supporting
aterial due to electrostatic interaction, owing to the presence of

i reaction at room temperature

) Yieldb Pd content (%)c

96 3
93 1.6
95 –

(60 mmol), in 100 mL EtOH/H2O (v/v = 1:1) at RT for 1 h in air.

ined by ICP-AES elemental analysis.
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ig. 9. XRD patterns of recovered Pd-M-T-S after first run for the Suzuki reaction (a)
nd recovering Pd (II)/SBA-15 after reaction (b) in the wide angle ranges.

midazolium salts on the pore walls. Once the reaction is starting,
he color of Pd-M-T-S changes to black in the reaction mixture. It
uggests that Pd (II) on Pd-M-T-S has been in situ reduced to zero
alence palladium during the Suzuki reaction. As shown in Fig. 10,
he binding energies of Pd 3d5/2 is shifted from 336.5 eV for fresh
d-M-T-S to 335.1 eV for recovered Pd-M-T-S in Table 6, run 1. This
ndicates that the valence state of palladium have transformed from
ivalence into zero valence completely after the Suzuki reaction
50]. Therefore, we assume that ligand-free palladium (II) has been
educed in situ to zero valence palladium and has entered into the
atalytic cycle (Fig. 11).

It is widely believed that during the catalytic cycle, the Pd (II)
omplexes initially presented in the catalyst are reduced to Pd (0)
pecies, and unsaturated Pd (0) complexes can interact strongly
ith each other under the reaction condition to form Pd clus-

ers. The Pd (0) species is subject to two competing processes. The
atalyst can either enter the catalytic cycle or aggregate to form ini-
ially soluble palladium clusters, which at some point will turn into
nsoluble palladium black. The latter process is self-catalyzed and
apidly leads to the withdrawal of all palladium from the catalytic
ycle. The catalyst loading contents is low, and so the actual con-
entration of active catalytic species in solution is below levels that
romote self-deactivation [51]. Therefore, the low-loading contents

0.001 mol% Pd) of Pd-M-T-S (Table 4, entry 4) gave higher cat-
lytic efficiency. Narayanan and El-Sayed found that colloidal metal
anoparticles are unstable and undergo changes in their morphol-
gy (size and shape) to survive in the reaction mixture [52]. They

r
i
o
w

Fig. 10. XPS spectra of Pd-M-T-S bef
Fig. 11. Catalytic cycle of Pd-M-T-S for the Suzuki coupling reaction.

lso observed that the spherical PVP–palladium nanoparticles grew
arger after the first cycle of the Suzuki reaction because of the Ost-
ald ripening process. They then explored the possibility of using

arbon-supported metal nanoparticles as good potential catalysts
o catalyze the Suzuki reaction [21]. In general, the catalytic activ-
ty of palladium nanoparticles is inversely proportional to the size
f palladium nanoparticles. Primary agglomeration of active pal-
adium species form larger palladium nanoparticles. However, the
resence of the support makes the palladium nanoparticles resis-
ant to aggregation, precipitation and also preserves their catalytic
ctivity. Therefore, the long term stability of the immobilized cat-
lyst would be related to the ability of the support to release and
atch the active species in order to regenerate the catalyst for a new
uzuki reaction cycle.

Forsyth et al. evaluated a variety of ligand-free catalysts includ-
ng Pd(OAc)2, PdCl2 and Pd/C in both ionic liquid media and NMP
53]. They found a better catalytic performance in the ionic liq-
id and decreased palladium black formation using palladium salts
s pre-catalysts. Ammonium salts for homogeneous catalysts have
hown related sequestration and stabilization effects for palladium
pecies. Our highly dispersed palladium supported catalyst was
repared through electrostatic interaction of the imidazolium salts

nto the mesoporous silica. As shown in Fig. 11, ligand-free palla-
ium (II) is reduced in situ to zero valence palladium and enters

nto the reacting cycle (oxidative-addition, transmetallation and

eductive elimination). At the end of the reaction, palladium (0)
s re-deposited on the pore walls. With the pore-containing effect
f mesoporous silica and stabilized imidazulium salt on the inner
alls, the palladium (0) did not simply agglomerate. Comparison

ore (A) and after (B) reaction.



66 P. Han et al. / Journal of Molecular Cataly

F
(
t

o
e
o
P
c
t
o
r
1
s
f
s
s
n
p
(
i

S
c
s
a

4

p
c
S
e
p
a
t
e
t
z

A

u
5
P
C
t
(
P

R

[
[

[
[
[

[
[
[

[

[
[

[
[

[

[

[

ig. 12. TEM images of recovered Pd-M-T-S after first run for the Suzuki reaction,
A) micrograph taken with the beam direction parallel to the pore, (B) micrograph
aken with the beam direction perpendicular to the pore.

f the wide-angle XRD patterns of recovered Pd-M-T-S and recov-
red Pd (II)/SBA-15 (Figs. 8 and 9) have demonstrated that the peak
f palladium crystalline structure cannot be found in recovered
d-M-T-S at run 1 and 2 (Figs. 8 and 9). The peak of palladium
rystalline structure can be found in Fig. 8 afterwards run 3. On
he XRD patterns of recovered Pd (II)/SBA-15 (Fig. 9b), the peak
f palladium crystalline structure can be found after the first run
eaction. Imidazolium salts-functionalized mesoporous silica SBA-
5 can capture and stabilize catalytically active soluble palladium
pecies, which are generated during the Suzuki reaction. There-
ore, the palladium-imidazolium-silica composites (Pd-M-T-S) is
uperior in the long term stability to the control SBA-15/palladium

amples (Pd (II)/SBA-15). As shown in TEM images in Fig. 12, there is
o visible palladium nanoparticles on the imidazolium-silica sup-
ort. Combining the XRD patterns (Figs. 8 and 9) with TEM images
Fig. 12) for the recovered palladium-imidazolium-silica compos-
tes (Pd-M-T-S), palladium (0) can disperse very well after the

[
[
[
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uzuki reaction for Pd-M-T-S. Similarly, agglomeration of palladium
an be controlled due to the stabilizing effect of the imidazulium
alt contained on the mesoporous silica inner walls. The catalytic
ctivity for palladium can be retained to some extent.

. Conclusions

We have successfully prepared highly dispersed palladium sup-
orted catalysts in that palladium salts are loaded in the pore
hannels of imidazolium salts-functionalized mesoporous silica
BA-15 due to electrostatic interaction. It has demonstrated a highly
fficient recyclable catalyst for the room-temperature Suzuki cou-
ling of a wide range of aryl bromides and dibromoarenes with
rylboronic acids. Controlling supported palladium salts located in
he inner pore channel can effectively restrain palladium agglom-
ration to form lager palladium particles in the reaction owing to
he pore containment effect of silica and the stabilization of imida-
olium salts on the inner walls synergistically.
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