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bstract

MCM-41-supported bidentate phosphine palladium(0) complex was conveniently synthesized from commercially available and cheap �-
minopropyltriethoxysilane via immobilization on MCM-41, followed by reacting with diphenylphosphinomethanol and palladium chloride and

hen the reduction with hydrazine hydrate. The powder X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were employed to
haracterize the title palladium complex. It was found that this complex is a highly active catalyst for the heterogeneous Suzuki reaction of aryl
alides with arylboronic acids and can be reused many times without loss of activity.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The importance of biaryl units as molecular components in
harmaceuticals, herbicides and natural products, as well as in
ngineering materials such as conducting polymers, molecu-
ar wires and liquid crystals, has attracted enormous interest
1,2]. The Suzuki reaction is proving to be increasingly popular
ethod for the construction of unsymmetrical biaryl compounds

s it represents an attractive alternative over other methods using
rganometallics because organoboranes are air- and moisture-
table with relatively low toxicity [3,4]. However, catalysts used
n the Suzuki reaction have been traditionally based on homo-
eneous palladium complexes, which are rarely recoverable
ithout elaborate and wasteful procedures that are commer-

ially unacceptable [5]. From the standpoint of environmentally
enign organic synthesis, development of immobilized palla-
ium catalysts is challenging and important [6–8]. In an ideal
ystem, they can be recovered from the reaction mixture by
imple filtration and re-used infinitely, and contamination of

roducts by palladium is prevented. Recently, palladium immo-
ilized on cross-linked polystyrene resins [9] or silica gels
10–12] have been used for Suzuki reaction. However, these cat-
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lysts have generally suffered from limited mass transfer, low
pecificity and selectivity in addition to leaching of the catalytic
pecies from the surface of the support [9,13]. Very recently,
oc et al. described the synthesis of diphosphino-functionalized
olymer chips (PC) anchored palladium complex and its cat-
lytic properties in Suzuki coupling reaction [14]. Keeping in
iew the application and interest of heterogeneous palladium
atalysts in academia and industry, there is a need to design and
evelop highly active, re-usable and easily recoverable chemi-
ally supported heterogeneous palladium catalysts.

Our approach was guided by three imperatives: the poly-
eric reagent should be easily accessible (1), starting from

eadily available and cheap reagents (2). The polymeric lig-
nd should be air stable at room temperature, which should
llow its storage in normal bottles with unlimited shelf life
3). Recent developments on the mesoporous silicate molec-
lar sieve MCM-41 provided a new possible candidate for a
olid support for immobilization of homogeneous catalysts [15].

CM-41 has a regular pore diameter of ca. 50 Å and a specific
urface area >700 m2 g−1 [16]. Its large pore size allows passage
f large molecules such as organic reactants and metal com-
lexes through the pores to reach to the surface of the channel

17–19]. To date, a few palladium complexes on functionalized

CM-41 support have been prepared and used in organic reac-
ions [20–24]. However, to the best of our knowledge, there
as been no general study of Suzuki reaction catalyzed by a

mailto:caimingz@tom.com
dx.doi.org/10.1016/j.molcata.2006.12.011
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CM-41-supported palladium complex catalyst described to
ate. In this paper, we wish to report the synthesis of the first
CM-41-supported bidentate phosphine palladium(0) complex

abbreviated as MCM-41-2P-Pd(0)] and its catalytic properties
n the Suzuki reaction.

. Experimental

All chemicals were reagent grade and used as purchased.
he mesoporous material MCM-41 was prepared according to

iterature procedure [25]. All reactions were performed under
n inert atmosphere of dry argon using distilled dried sol-
ents. All coupling products were characterized by comparison
f their spectra and physical data with authentic samples. IR
pectra were determined on a Perkin-Elmer 683 instrument. 1H
MR spectra were recorded on a Bruker AC-P300 (300 MHz)

pectrometer with TMS as an internal standard in CDCl3 as sol-
ent. 13C NMR spectra were recorded on a Bruker AC-P300
75 MHz) spectrometer in CDCl3 as solvent. X-ray pow-
er diffraction patterns were obtained on Damx-rA (Rigaka).
-ray photoelectron spectra were recorded on XSAM 800

Kratos).

.1. Preparation of MCM-41-NH2

A solution of �-aminopropyltriethoxysilane (2.20 g,
0 mmol) in dry chloroform (18 ml) was added to a suspension
f the mesoporous support MCM-41 (2.80 g) in dry toluene
180 ml). The mixture was stirred for 48 h at 100 ◦C. Then
he solid was filtered and washed by CHCl3 (2 × 20 ml), and
ried in vacuum at 160 ◦ for 5 h. The dried white solid was
hen soaked in a solution of Me3SiCl (4.36 g, 40 mmol) in dry
oluene (150 ml) at room temperature under stirring for 24 h.
hen the solid was filtered, washed with acetone (3 × 20 ml)
nd diethyl ether (3 × 20 ml), and dried in vacuum at 120 ◦C
or 5 h to obtain 3.54 g of hybrid material MCM-41-NH2. The
itrogen content was found to be 1.27 mmol/g by elemental
nalysis.

.2. Preparation of MCM-41-2P

A Schlenk flask was charged with paraformaldehyde
0.701 g, 23.3 mmol), dry MeOH (20 ml) and diphenylphos-
hine (4.340 g, 23.3 mmol). The reaction mixture was heated
o 60 ◦C under Ar until the white suspension formed a colorless
olution. After removal of MeOH in vacuo the remaining viscous
il was diluted in dry toluene (20 ml). This solution was added to
suspension of MCM-41-NH2 (3.020 g) in dry toluene (60 ml)

nd the reaction mixture was heated to 105 ◦C under Ar for 24 h.
n the cooler regions of the flask the water–toluene azeotrope
eparated indicating the reaction progress. After cooling to room
emperature the solid product was collected by filtration under
r, washed with dry toluene (4 × 30 ml), CH2Cl2/THF (1/1)
2 × 30 ml), CH2Cl2 (2 × 30 ml) and dried in vacuo (100 ◦C) for
h to give 4.08 g of the light yellow MCM-41-2P. The nitrogen
nd phosphine content was found to be 0.76 and 1.44 mmol/g,
espectively.
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.3. Preparation of MCM-41-2P-Pd(0) complex

To a solution of PdCl2 (0.216 g, 1.22 mmol) in acetone
50 ml) was added the MCM-41-2P (2.01 g). The reaction mix-
ure was refluxed under Ar for 72 h. The product was allowed
o cool, then filtered. The yellow solid was washed with dis-
illed water (3 × 30 ml) and acetone (3 × 30 ml), then stirred
ith hydrazine hydrate (1.6 g) and EtOH (25 ml) at 30 ◦C under
r for 5 h. The resulting product was filtered, washed with
tOH (3 × 25 ml) and Et2O (3 × 25 ml) and dried under vac-
um at 60 ◦C to give 1.93 g of the brown MCM-41-2P-Pd(0).
he nitrogen, phosphine, and palladium content was 0.58, 1.15
nd 0.52 mmol/g, respectively.

.4. General procedure for Suzuki coupling of aryl halides
ith arylboronic acids

A mixture of aryl halide (1.0 mmol), arylboronic acid
1.5 mmol), potassium carbonate (2.0 mmol), dioxane (3 ml) and
he MCM-41-2P-Pd(0) complex (0.006 mmol of Pd) was stirred
nder Ar in an oil bath at 80–100 ◦C for 2–10 h. The mixture
as cooled and filtered. The MCM-41-2P-Pd(0) complex was
ashed with distilled water (2 × 10 ml), dioxane (2 × 10 ml)

nd Et2O (2 × 10 ml) and reused in the next run. The filtrate
as poured into a saturated aqueous NaCl solution (50 ml) and

xtracted with methylene chloride (2 × 50 ml). The extracts was
ashed with water (3 × 30 ml) and dried over MgSO4. After

emoval of the solvent, the residue was purified by column
hromatography on silica gel.

. Results and discussion

It is well known that zerovalent palladium complexes show
nique reactivity in various organic reactions. However, it is very
ifficult to use the Pd(0) complexes as practical catalysts because
f their instability to air and moisture. Over the last few years
he N,N-bis(diphenylphosphinomethyl)amino-functionality has
een used for the preparation of dendrimer-bound and
upramolecular homogeneous catalysts [26–28]. Alper and
oworkers first reported the synthesis of polymeric ligand con-
aining N,N-bis(diphenylphosphinomethyl)amino-functionality
y using the Mannich reaction [29]. Just recently insolu-
le versions of this chelating phosphine ligand have been
pplied in Rh-catalyzed hydroformylation and Rh-catalyzed
ydrogenation [30,31]. The first MCM-41-supported bidentate
hosphine palladium(0) complex [MCM-41-2P-Pd(0)] was con-
eniently synthesized from commercially available and cheap
-aminopropyltriethoxysilane via immobilization on MCM-41,

ollowed by reacting with diphenylphosphinomethanol which
esulted from adduct formation between diphenylphosphine and
araformaldehyde, and palladium chloride and then the reduc-
ion with hydrazine hydrate (Scheme 1).

X-ray powder diffraction (XRD) patterns of the parent MCM-

1 and the modified materials MCM-41-2P, MCM-41-2P-Pd(0)
re displayed in Fig. 1. Small angle X-ray powder diffraction of
he parent MCM-41 gave peaks corresponding to hexagonally
rdered mesoporous phases. For MCM-41-2P and MCM-41-
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Scheme 1. Preparation

P-Pd(0), the (1 0 0) reflection of the parent MCM-41 with
ecreased intensity was remained after functionalization, while
he (1 1 0) and (2 0 0) reflections became weak and diffuse, which
ould be due to contrast matching between the silicate frame-
ork and organic moieties which are located inside the channels
f MCM-41. These results indicated that the basic structure of
he parent MCM-41 was not damaged in the whole process of
atalyst preparation.

Elemental analyses and X-ray photoelectron spectroscopy
XPS) were used to characterize the MCM-41-supported biden-
ate phosphine palladium(0) complex. The phosphine and
alladium content of the MCM-41-2P-Pd(0) was determined to

e 1.15 and 0.52 mmol/g, respectively, and the P:Pd mole ratio
f this complex was 2.21. The XPS data for MCM-41-2P, MCM-
1-2P-Pd(II), MCM-41-2P-Pd(0) and PdCl2 are listed in Table 1.

ig. 1. XRD profiles of the parent MCM-41 (1), MCM-41-2P (2) and MCM-
1-2P-Pd(0) (3).
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e MCM-41-2P-Pd(0).

t can be seen that the binding energies of N1s, Si2p, and O1s of
CM-41-2P-Pd(II) are similar to those of MCM-41-2P, and the

inding energy of Cl2p of MCM-41-2P-Pd(II) is similar to that
f PdCl2. However, the difference of Pd3d5/2 binding energies
etween MCM-41-2P-Pd(II) and PdCl2 is 1.2 eV. The differ-
nce of P2p binding energies between MCM-41-2P-Pd(II) and
CM-41-2P is 0.5 eV. These results suggest that a coordination

ond between P and Pd is formed in the MCM-41-2P-Pd(II). The
inding energy (336.2 eV) of Pd3d5/2 of MCM-41-2P-Pd(0) was
ower than the binding energy (336.9 eV) of Pd3d5/2 of MCM-
1-2P-Pd(II). The Pd3d5/2 binding energy depends strongly on
he nature of the ligands. Consequently, it is impossible to iden-
ify the reduced complex as a zerovalent one on the basis of its
d3d5/2 binding energy only. However, the binding energy of Cl2p

n the MCM-41-2P-Pd(0) cannot be detected, the shift (lower) of
d3d5/2 binding energy together with the change in color (from
ellow to brown) suggests that the reduction of the starting pal-
adium(II) complex to the lower valent state has taken place.
he MCM-41-2P-Pd(0) complex catalyst formed is stable in air
ut for prolonged storage is better stored under an atmosphere
f argon in which case no decomposition and deactivation are

oted over the period of six months at room temperature.

In order to evaluate the catalytic activity of the first
CM-41-supported bidentate phosphine palladium(0) complex

able 1
PS data for MCM-41-2P, MCM-41-2P-Pd(II), MCM-41-2P-Pd(0) and PdCl2

ample Pd3d5/2 P2p N1s Si2p O1s Cl2p

CM-41-2P-Pd(0) 336.2 131.9 399.4 103.2 533.1
CM-41-2P-Pd(II) 336.9 131.7 399.2 103.3 533.0 199.3
CM-41-2P 132.2 399.3 103.2 533.1

dCl2 338.1 199.2

he binding energies are referenced to C1s (284.6 eV) and the energy differences
ere determined with an accuracy of ± 0.2 eV.
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Table 2
Coupling reaction of iodobenzene with phenylboronic acid in the presence of
several bases and solvents

Entry Base Solvent MCM-41-2P-Pd(0)
(mol %)

Time
(h)

Yielda

(%)

1 K3PO4 o-Xylene 0.6 10 67
2 K3PO4 DMF 0.6 8 81
3 K3PO4 Dioxane 0.6 10 79
4 Na2CO3 o-Xylene 0.6 8 85
5 Na2CO3 DMF 0.6 8 91
6 Na2CO3 Dioxane 0.6 2 94
7 K2CO3 o-Xylene 0.6 8 88
8 K2CO3 DMF 0.6 8 93
9 K2CO3 Dioxane 0.6 2 98

10 K2CO3 Dioxane 0.3 4 96
11 K2CO3 Dioxane 0.1 7 95
12 K2CO3 Dioxane 1.0 1 96
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Table 3
Heterogeneous Suzuki reaction of aryl iodides and bromides with arylboronic
acids catalyzed by MCM-41-2P-Pd(0)

Entry R1 X R2 Temperature
(◦C)

Time
(h)

Product Yield
(%)a

1 H I H 80 2 3a 98
2 4-CH3O I H 80 2 3b 97
3 4-O2N I H 80 2 3c 96
4 4-CH3O I 4-Cl 80 2 3d 95
5 4-Cl I 4-Cl 80 2 3e 94
6 3-O2N I 4-Cl 80 2 3f 97
7 4-CH3OCO I 4-Cl 80 2 3g 96
8 4-Cl I 4-CH3 80 2 3h 95
9 4-CH3O I 4-CH3 80 2 3i 94

10 4-O2N I 4-CH3 80 2 3j 96
11 H Br H 100 4 3a 87
12 4-CHO Br H 100 4 3k 88
13 4-CH3OCO Br H 100 4 3l 90
14 4-CH3O Br 4-Cl 100 4 3d 85
15 3-CN Br H 100 4 3m 88
16 4-Cl Br 4-Cl 100 4 3e 89
17 4-Cl Br 4-CH3 100 4 3h 87
18 4-CH3 Br 4-Cl 100 4 3n 90
19 4-O2N Br 4-CH3 100 4 3j 91
20 2-CN Br 4-CH3 100 10 3o 84

Reactions were carried out with 1 mmol of aryl halide, 1.5 mmol of arylboronic
a

s
a
a
i
w
c
w
o
i
p
t
p
a

M
c
r

ll reactions were performed using 1.0 mmol of iodobenzene, 1.5 mmol of
henylboronic acid, 2.0 mmol of base in 3.0 ml of solvent at 80 ◦C under Ar.
a Isolated yield based on the iodobenzene used.

MCM-41-2P-Pd(0)], the Suzuki reactions of arylboronic acids
ith aryl halides were studied. The reactions were performed
nder conditions similar to those used in the corresponding
omogeneous reactions. The influences of bases, solvents and
mounts of the catalyst on catalytic property of the MCM-41-
P-Pd(0) complex were investigated by using coupling reaction
f iodobenzene with phenylboronic acid. The results are shown
n Table 2. It was found that among the bases tested [K2CO3,
a2CO3, and K3PO4], anhydrous K2CO3 proved to be the
ost efficient. Among the solvents used [DMF, dioxane, and

-xylene], dioxane was the best choice. Increasing the amount
f palladium catalyst could shorten the reaction time, but didn’t
ncrease the yield of biphenyl (entry 12). Taken together, excel-
ent result was obtained when the coupling reaction was carried
ut with 0.6 mol % of the catalyst using K2CO3 as base in
ioxane at 80 ◦C (entry 9).

To examine the scope for this coupling reaction, a variety of
ryl iodides and bromides were coupled with different phenyl-
oronic acids in dioxane in the presence of a catalytic amount
f MCM-41-2P-Pd(0) using K2CO3 as base (Scheme 2). The
ypical experimental results are summarized in Table 3. As
hown in Table 3, the Suzuki coupling reactions of a variety
f substituted iodobenzene with arylboronic acids proceeded
ery smoothly at 80 ◦C to afford the corresponding coupling

roducts in excellent isolated yields after 2 h. As expected, the
eactivity of aryl bromides was lower than that of aryl iodides
nd the coupling reactions of aryl bromides with arylboronic
cids required slightly higher temperature and longer times. As

t
(
fi
t

Scheme 2. Suzuki reaction of aryl iodides and bromides wit
cid, 0.006 mmol of palladium catalyst, 2 mmol of K2CO3 in 3 ml of dioxane.
a Yield of isolated product 3 based on the aryl halide.

een from Table 3, the Suzuki coupling reactions of a variety of
ryl bromides with arylboronic acids could proceed smoothly
t 100 ◦C to give the corresponding coupling products in high
solated yields on longer times. A favorable effect of electron-
ithdrawing substituents is normally observed in palladium

atalyzed reactions [32]. With our catalyst however, electron-
ithdrawing groups in aryl halides have relatively little effect
n the Suzuki coupling reaction. Substituted chlorobenzenes are
nert under the same conditions giving traces of cross-coupling
roducts. To further illustrate that chloroarenes are inert in
he reaction system, 1-chloro-4′-methylbiphenyl was selectively
roduced in the coupling reaction of (4-methylphenyl)boronic
cid with 1-bromo-4-chlorobenzene (Table 3, entry 17).

In order to determine whether the catalysis was due to the
CM-41-2P-Pd(0) complex or to a homogeneous palladium

omplex that comes off the support during the reaction and then
eturns to the support at the end, we performed the hot filtration

est [33]. We focused on the coupling reaction of iodobenzene
1.2 equiv.) with (4-chlorophenyl)boronic acid (1.0 equiv.). We
ltered off the MCM-41-2P-Pd(0) complex after 30 min of reac-

ion time and allowed the filtrate to react further. The catalyst

h arylboronic acids catalyzed by MCM-41-2P-Pd(0).
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ltration was performed at the reaction temperature (80 ◦C) in
rder to avoid possible recoordination or precipitation of soluble
alladium upon cooling. We found that, after this hot filtration,
o further reaction was observed. This result suggests that the
alladium catalyst remains on the support at elevated tempera-
ures during the reaction.

This novel MCM-41-supported bidentate phosphine palla-
ium(0) catalyst can be easily recovered by simple filtration.
n an attempt to show that the MCM-41-2P-Pd(0) can be recy-
led, the coupling reaction of iodobenzene with phenylboronic
cid was repeated ten times using the same batch of supported
atalyst. The isolated yields of biphenyl remain around 96%
learly illustrating the high stability and excellent reusability of
he catalyst. The result is important from a practical point of
iew.

. Conclusion

We have described the first MCM-41-supported bidentate
hosphine palladium(0) complex whose preparation is simple
nd convenient. This complex has not only high activity for
uzuki coupling reactions of aryl halides with arylboronic acids,
ut offers practical advantages such as easy handling, separation
rom the products and reuse. The Suzuki reaction of aryl iodides
r bromides with arylboronic acids catalyzed by MCM-41-2P-
d(0) provides a better and practical procedure for the synthesis
f unsymmetrical biaryl compounds.
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