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Abstract

Heterogeneous carbometallated palladacycle catalysts have been synthesized by treatment of palladation reagents with 3-hyd
triethoxysilane-incorporated MCM-41 (OH-M) under mild reaction conditions. Palladation over organo-functionalized MCM-41 and organo-
functionalized silica has been performed and it was found that the spatial confinement induced by the pore walls of organo-functionalize
MCM-41 forces the propyl group to cyclize in the presence of an electrophilic metal center which is found to be much lower in orga
functionalized silica. Optimization studies, including change in Pd concentration in solution, different palladation reagents in pa
reactions such as Li2PdCl4, Pd(OAc)2, effect of base, palladation temperature, and different solvents (methanol, chloroform, and aceton
used as reaction medium), have been performed over organo-functionalized MCM-41 for obtaining better results of palladation. A
characterization techniques have been exploited to support the formation of a palladacycle complex inside the pores of mesoporou
The Heck alkenylation reaction, which is universally accepted as a sharpening stone of palladium catalysts, was set as a model
evaluate the catalytic activity of all the catalysts investigated in this study. The heterogeneity of the catalyst has also been studied
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The carbon–carbon bond-forming reaction is a po
tial application of palladium catalysts[1]. Among a pool
of palladium catalysts, carbometallated Pd(II) compoun
especially palladacycles, have emerged as very prom
catalysts for C–C bond-forming reactions[2–5]. Cyclopalla-
dated phosphines, phosphinite, chelating diphosphines
bene ligands, and dimethylglycine have also been repo
[6–9]; however, for commercial use it has drawbacks as
catalysts require either hazardous phosphate ligands fo
stabilization of Pd in its zero valence state or tedious s
thesis and activation procedures. A recent trend in cataly
sis because of environmental and economic concerns i
transformation of a homogeneous catalytic system in

* Corresponding author. Fax: +91-20-25893761.
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doi:10.1016/j.jcat.2004.06.026
-

e

heterogeneous system in which the active centers are
ported on a solid, making the catalyst easily recover
from the reaction mixture with the possibility of reuse a
waste minimization[10–12]. For this reason, the activitie
of Pd and its metallic complexes supported over variet
solid supports, particularly active charcoal, silica, and in
ganic oxides, have been studied for C–C coupling react
[13–18]. Pd-modified zeolites have been studied in the H
reaction[19,20], but the smaller pore dimension limits the
application for larger molecules. Moreover, Pd-zeolite c
lysts need to be activated to get the active metallic Pd in
state.

The discovery of mesoporous molecular sieves has s
lated a renewed interest in developing adsorbents and
sors and designing catalysts due to their high surface
eas with narrow pore-size distributions (2–20 nm)[21,22].
Kosslick et al. have studied the anchoring of alkylsilyls
fonic acid into the walls of Al-MCM-41 to stabilize th
catalytically active palladium complex that was formed d
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ing the course of reaction[23]. Silica-supported pallada
cycle catalysts have been studied for C–C coupling
actions [24,25]. Corma and co-workers have reported
oxime–carbapalladacycle complex covalently anchore
silica as an active and reusable heterogeneous cataly
Suzuki cross-coupling in water[26]. Various attempts to
ward the immobilization of organometallic complexes ha
been made previously, such as attachment to the sup
materials by chemisorption, immobilization by steric h
drance in zeolite micropores (ship-in-a-bottle concept), o
supported liquid-phase catalysts[27].

ortho-Palladation with the weakest palladation ag
(Li2PdCl4) under very mild conditions, due to steric pr
motion of an aromatic C–H bond activation, was studied
Dunia et al.[28]. In this study, carbometallation was us
to immobilize the palladium catalysts on MCM-41 suppo
Carbometallation of anchored ligands with palladium me
centers enhanced by steric constraint of the mesopore
been exploited to obtain heterogeneous palladium catal
Recently, we have reported for the first time that alipha
C-metallated palladacycle was synthesized in the pore
3-hydroxypropyltriethoxysilane-functionalized MCM-4
and found as an active and stable catalyst for Heck alken
tion of bromobenzene[29]. Here we report the synthesis a
characterization of palladacycle-MCM-41 materials along
with the catalysts textural properties, and the influence
synthesis conditions on the catalytic performance of
catalysts in the Heck alkenylation of bromobenzene. Th
heterogeneity of the catalyst has also been examined.

2. Experimental

2.1. Materials

Tetraethylorthosilicate (TEOS, Aldrich, USA), 3-chlor
propyltriethoxysilane (3-ClPTS, Aldrich), 3-aminopropy
triethoxysilane (APTES, Lancaster, UK), cetyltrimeth
lammonium bromide (C16TAB, Loba Chemie, India), tet
ramethylammonium hydroxide (TMAOH, 25% solutio
in water, Aldrich), palladium acetate (Aldrich), palladiu
chloride, lithium chloride, sodium chloride, methanol, eth
ol, ammonia, chloroform, acetone, and sodium acetate (Lo
r

t

s
.

Chemie) were used as the reagents for the synthesis o
alysts. Styrene (Aldrich), bromobenzene (BB), potass
carbonate, and 2-methyl-N -pyrrolidone (s–d fine chemicals
India) were used as such without further purification.

2.2. Synthesis of Cl-MCM-41 (Cl-M)/OH-MCM-41
(OH-M)

3-ClPTS-functionalized MCM-41 has been prepa
by cocondensation of TEOS with 3-ClPTS. Prior to t
work, in the synthesis of 3-aminopropyltriethoxysilan
functionalized MCM-41, we have observed that the use
a surfactant (C16TAB) with TMAOH and evaporation of the
alcohol prior to gel refluxing strongly improve the orderi
of the functionalized MCM-41 materials[30]. Therefore,
we have applied the same synthesis approach in this w
Synthesis gels of the general molar composition (1− x)
TEOS:x 3-ClPTS:0.25 C16TAB:0.3 TMAOH:10 MeOH:90
H2O were prepared. The details of chemical compositi
for the synthesis gels are given inTable 1. In a typical syn-
thesis procedure, TEOS (25.0 g) and 3-ClPTS (0.84 g
methanol were added dropwise with stirring to an aque
solution of TMAOH (13.5 g) and C16TAB (11.24 g). The
mixture was stirred at room temperature for 5 h and t
transferred into a glass reactor and refluxed at 373 K fo
48 h. The product was filtered, washed with excess deion
water, and dried at 373 K for 10 h. The organic surfact
molecules were removed by refluxing with acid solvent mix-
ture (100 ml methanol+ 5 ml HCl/g of solid material) at
343 K for 24 h.

Chlorine groups in the Cl-M sample were hydrolyzed in
hydroxyl groups by treating 1 g of the extracted sample w
10 ml of H2O and 10 ml of MeOH at 338 K for 2 h. Th
hydrolyzed material (OH-M) was filtered and dried at 373
for 10 h.

2.3. Preparation of Cl/OH–SiO2

3-ClPTS-functionalized silica was obtained by a o
step, base-catalyzed procedure to obtain 20 wt% of 3-Cl
in a dry sample. The molar ratio of the compound was:
SiO2:0.1 ClPTS:8 EtOH:3 H2O:0.008 NH3. Wet gel was
Table 1
Molar composition of silylating agent and coupling agents in the synthesis of mesoporous materials with the molar composition: (1− x) TEOS:x 3-ClPTS:
0.25 C16TAB:0.3 TMAOH:90 H2O:10 MeOH

Catalysts TEOS
(mol)

3-ClPTS
(mol)

x 3-ClPTS (mmol/g) % of loading
of 3-ClPTS

Surface

area (m2/g)Input Outputa Input Outputa

Cl-M0 0.1 0 0 0 – – – 1050
Cl-M1 0.12 0.003 0.024 0.016 0.42 0.27 64 760
Cl-M2 0.107 0.007 0.061 0.036 1.08 0.6 56 735
Cl-M3 0.093 0.01 0.097 0.059 1.78 0.99 56 855
Cl-M4 0.08 0.013 0.14 0.1 2.7 1.67 62 614
Cl-M5 0.067 0.017 0.202 0.159 4.21 2.65 63 726
Cl-M6 0.05 0.02 0.286 0.196 6.66 3.26 49 715

a Calculated from the data obtained from C and H analysis.
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prepared as follows. First two solutions were prepared
room temperature: solution A contained TEOS, 3-ClP
and half of the total ethanol content whereas solutio
consisted of the remaining ethanol, water, and ammon
hydroxide. Solution A was added to B under stirring and
resulting sol was heated to 50◦C. The gelation took plac
in 1 h. The resulting alcogel was dried slowly under co
at room temperature to obtain 3-ClPTS-functionalized si
materials (Cl–SiO2). The Cl–SiO2 was treated with aqueou
methanol for 2 h to convert all the Cl groups into OH grou
(OH–SiO2).

2.4. Preparation of palladacycle MCM-41 (Pd-OMS)/
palladacycle–SiO2 (Pd–SiO2)

Palladation was carried out over the samples OH-M/O
SiO2 with the palladation reagent, Li2PdCl4, NaOAc in
methanol/acetone, or Pd (OAc)2 in CHCl3 either at reflux
temperature or at room temperature for 24 h. After palla
tion, the gray color material was washed thoroughly w
aqueous methanol to remove all unreacted palladium
and the inorganic base. Different concentrations of Li2PdCl4
have been used for the palladation of OH-M to get differ
concentrations of Pd-loaded catalysts.

2.5. Preparation of Am-MCM-41 and Am-PdMS

The molar composition of the synthesis mixture w
as follows: 0.8 TEOS:0.2 APTES:0.125 (CTMA)2O:0.15
(TMA)2O:90 H2O:10 MeOH. TEOS (16.6 g) and APTE
(4.4 g) in methanol (32.0 g) were added drop wise for 20
with stirring to an aqueous solution of TMAOH (10.9 g) a
CTMABr (9.1 g). The mixture was stirred at room temp
ature for 4 h and then transferred into a glass reactor an
refluxed at 373 K for 48 h. The product was filtered, was
with excess deionized water, and dried at 373 K for 10
The organic surfactant molecules were removed by reflu
with acid solvent mixture (100 ml methanol+ 5 ml HCl/g
of solid material) at 343 K for 24 h.

Am-PdMS (1.0 g, 1 mmol N/g) was prepared by trea
ing Am-MCM-41 with Pd(OAc)2 (1 mmol) in chloroform at
335 K for 24 h. The orange-colored material was obtai
by centrifuging the solution.

3. Characterization of catalysts

Synthesized catalysts were characterized by X-ray dif
fraction using a Rigaku Miniflex powder diffractometer o
finely powdered samples using Cu-Kα radiation and 45 kV
and 40 mA. The scans were done at 2◦ per minute. The XRD
patterns were recorded for 2θ ’s between 1.5◦ and 50◦.

Palladium content in the catalysts was determined u
inductively coupled plasma-optical emission spectra (I
OES) on a Perkin–Elmer P1000 instrument. An averag
two analyses was done to calculate the Pd content pres
 n

the samples. Samples for ICP-OES analyses were pre
by dissolving 0.05 g of sample in approximately 5 ml of H
and subsequently with 5 ml of aqua regia and then dilute
50 ml with deionized water. Analyses of the organic con
present in the catalysts were carried out using a Carlo-
C, H, and N analyzer.

Adsorption of nitrogen was carried out at 77 K using
NOVA 1200 (Quantachrome) apparatus for analyzing
face areas and pore-size distributions of the synthesized ca
alysts. Specific surface areas were calculated following
BET procedure. Pore-size distribution was obtained by
ing BJH pore analysis applied to the desorption branc
the nitrogen adsorption/desorption isotherms.

The FTIR spectra were recorded on a Perkin–Elmer S
trum One FT-IR spectrometer using a diffuse reflecta
scanning disk technique. The spectra of solid sample
luted with anhydrous KBr were recorded at room tempe
ture in the transmission mode, in the range 4000 to 450 c−1

at 4 cm−1 resolutions.
Thermogravimetric analyses (TGA and DTA) were p

formed using a Mettler Toledo 851e instrument, from 303 to
1173 K at a heating rate of 20 K/min under air flow.

The scanning electron microscope (SEM) photograph
the samples were obtained using a Leica Stereoscan 440 i
strument.

Solid-state13C spectra of OH-M5 and Pd-OMS5 an
29Si CP MAS NMR spectra of OH-M5 and Pd-OMS5 we
recorded on a Bruker DRX-500 NMR spectrometer spu
8 kHz. Liquid-state13C NMR spectra were recorded on
Bruker DRX-300 NMR spectrometer.

X-ray photoelectron spectra (XPS) were obtained usi
VG Microtech Multilab-ESCA-3000 spectrometer equippe
with a twin anode of Al and Mg. All the measurements
made on as-received powder samples using Mg-Kα X-ray
at room temperature. Base pressure in the analysis cha
was 4× 10−10 Torr. A multichannel detection system wi
nine channels is employed to collect the data. The ove
energy resolution of the instrument is better than 0.7 eV,
termined from the full width at half-maximum of the 4f7/2

core level of a gold surface. The errors in all BE (bind
energy) values were with in±0.1 eV.

The diffuse reflectance UV–vis spectra in the 200–800
ranges were recorded with a Shimadzu UV-2101 PC s
trometer equipped with a diffusereflectance attachment u
ing BaSO4 as a reference.

Heck alkenylation reactions (Scheme 2) were carried ou
in a 25-ml glass reactor. In atypical experiment 0.03 g
catalyst and 2.4 × 10−3 mol potassium carbonate we
added into a solution of 2× 10−3 mol bromobenzene an
3× 10−3 mol of styrene in 5.0 mlN -methyl-2-pyrrolidone
solvent. The reaction mixture was heated under stirring
a specified time. At regular intervals samples were colle
and analyzed by GC (HP 6890 N series) equipped with a
detector and HP-5 capillary column. Peak positions of re
tion products were compared and matched with the reten
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Scheme 1.

Scheme 2.

times of authentic samples. The identity of the products wa
also confirmed by GC-MS and1H NMR analysis.

4. Results and discussion

4.1. Synthesis

The generalized synthesis procedure of palladacycle
MCM-41 is outlined inScheme 1. In order to immobilize the
homogeneous catalyst on a heterogeneous solid surfac
organic linker group is needed. Organic functionalization
the internal surfaces of MCM-41 can be achieved, eithe
covalently grafting of various organic species onto the s
face or by incorporating of functionalities directly during t
preparation. The organosilane having ligands such as c
rine or amine is directly grafted to the silica surface by
in situ silylation procedure. The chlorine functional gro
is hydrolyzed into the hydroxyl group either under synt
sis condition or at postsynthesis hydrolysis treatment. Thes
types of ligands permit formation of complexes throu
coordination bonds with metal centers[31,32]. There are
three types of≡SiOH groups over a siliceous MCM-41 su
face[33], e.g., isolated single, hydrogen bonded, and g
inal ≡SiOH groups, only the single and geminal≡SiOH
groups of which are responsible for active silylation. The
drolysis of the required composition of 3-ClPTS and TE
(0.05–0.3 and 0.095–0.7, respectively) in the presenc
TMAOH enriches the mother liquor with single and ge
inal ≡SiOH monomer silica species. Cocondensation
symmetrical Si(OH)4 and unsymmetrical RSi(OH)3 species
results in the formation of uniformly distributed organ
functionalized silica.
n

Six different molar ratios of TEOS to 3-ClPTS in th
synthesis mixture have been taken to obtain materials w
range of concentrations of 3-ClPTS functional groups o
MCM-41. Six different samples are designated as Cl-M
Cl-M2, Cl-M3, Cl-M4, Cl-M5, and Cl-M6 and the respe
tive hydrolyzed samples are designated as OH-M1, OH-
OH-M3, OH-M4, OH-M5, and OH-M6. The fraction o
functionalized silicon atoms in the synthesis gel (x) was set
in the range of 0.025 to 0.3 as it was reported that ma
ial prepared with a fraction of silicon atoms in that range
more stable and hydrophobic in nature because of the
drophobization of all the silanol groups. The higher fract
of functionalized silicon atoms obtained in the synthesi
material was 0.2 (Table 1). From C and H elemental analy
sis it was observed that effective loading of 3-ClPTS gro
into the coupling agent, TEOS, was about 60 wt% with
spect to the amount of 3-ClPTS taken in the synthesis g

Palladation was carried out over OH-M1, OH-M2, O
M3, OH-M4, OH-M5, and OH-M6 samples under sim
ilar reaction conditions to obtain Pd-OMS1, Pd-OMS
Pd-OMS3, Pd-OMS4, Pd-OMS5, and Pd-OMS6, resp
tively. All the palladation reactions were carried out
335 K in methanol and with sodium acetate (Table 3).
Dunia et al. have achieved the best results whenortho-
palladation of a sterically crowded primary benzylami
α-phenylneopentylamine was performed with Li2PdCl4 and
excess sodium acetate in methanol[28]. Polar solvents hav
some advantages over nonpolar solvents in the pallad
reactions due to their strong solvating effect that ass
in the generation of a three-coordinate intermediate of
[L2PdX2(solv)] type required for subsequent C–H bond
tivation [34]. Here the same steric effect due to the orga
functionalized mesoporous structure has been utilized fo
activation of aliphatic C–H activation. Formation of a qua
immobilized palladium complex inside the mesopores w
the anchored 3-hydroxypropyltriethoxysilane is treated w
palladium source creates a steric constraint which m
be expected to cause aliphatic C–H bond activation
hence carbometallation occurs with the weakest of pa
dation reagents and weak ligands under mild conditions
the case of porous catalysts incorporating with organic fu
tionalities, not only the constraint of the surface but also
the pore itself must be considered, potentially resulting in
even larger constraint[35]. The spatial confinement induce
by the pore walls forces the propyl group to cyclize in
presence of an electrophilic metal centre. Two main poss
factors determine the easier aliphatic carbometallation
weakest palladation reagents: (i) a large effective volu
of the ligand (3-hydroxypropyltriethoxysilane) incorporat
into MCM-41 pore walls must increase an internal energ
the intermediate binuclear coordination compounds due
set of unfavorable nonbonding interactions[36], thus stimu-
lating an intermediate dissociation to form a reactive thr
coordinate species; (ii) the same steric effect must result
weakening of Pd–O bond in the coordination intermedi
to make the palladium(II) center more electrophilic. Bo
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effects essentially facilitate the C–H bond activation[37].
The palladation results obtained with the weak pallada
reagent, Li2PdCl4, in methanol in the presence of sodiu
acetate at room temperature may be considered as the
convincing evidence for the mesoporous structure-prom
aliphatic C–H bond activation.

Few samples were prepared with or without addition
base and at room temperature to study the effect of bas
synthesis temperature. Chloroform or acetone has also be
used instead of methanol but it was found that Li2PdCl4
was not dissolving in chloroform. Palladium acetate wa
taken as the palladium source in chloroform solvent.
textural properties along with the physicochemical act
ties of the synthesized catalysts are given inTables 2 and 3.
The different conditions in the preparation of different p
ladacycle catalysts are also given inTable 4. For com-
parison, 3-aminopropylated MCM-41 (Am-MCM-41) h
st

d

Table 2
Physical characteristics of the catalysts (OH-M)

Catalysts 2θ
(◦)

d100
(Å)

Unit-cell
parameter,
a0 (Å)

BET surface
area
(m2/g)

OH-M1 2.57 34.36 39.68 547
OH-M2 2.49 35.47 40.96 578
OH-M3 2.47 35.75 41.29 862
OH-M4 2.48 35.61 41.12 624
OH-M5 2.34 37.74 43.58 732
OH-M6 2.40 35.9 41.46 712

been palladated with Pd(OAc)2 under similar reaction con
ditions to get Am-PdMS catalysts and the characterizatio
data are compared with Pd-OMS-54 catalysts. Pallada
of 3-aminopropyltriethoxysilane with Pd(OAc)2 in CDCl3
solvent has been performed and analyzed by liquid-p
Table 3
Physicochemical characteristics of the catalysts (Pd-OMS)

Catalysts 2θ
(◦)

d100
(Å)

Unit-cell para-
meter,a0 (Å)

BET surface
area (m2/g)

Pd content
(wt%)

Conversion of BB
(wt%)g

Selectivity trans-
stilbene (%)

TONh

Pd-OMS1a 2.62 33.71 38.93 351 0.44 5.8 100 93
Pd-OMS2a 2.76 32.0 36.95 384 0.88 27.3 95 205
Pd-OMS3a 2.77 31.88 36.82 632 0.94 33.8 90 213
Pd-OMS4a 2.40 36.83 42.53 640 1.12 42.4 89 340
Pd-OMS5a 2.49 39.42 40.96 862 1.05 57.8 90 389
Pd-OMS6a 2.4 35.9 41.46 722 0.97 38.5 92 280
Pd-OMS51b 2.32 38.07 43.96 590 0.32 71.1 90.0 1570
Pd-OMS52c 2.36 37.42 43.21 605 0.35 86.6 90.0 1748
Pd-OMS53d 2.34 37.74 43.58 723 0.26 76.6 90.0 2082
Pd-OMS54e 2.38 37.1 42.85 894 0.38 53.6 90.0 997
Pd-OMS55f 2.44 36.2 41.8 802 0.71 74.0 91 736
Pd-Si-MCM-41
(CM0)

2.86 30.9 35.66 1020 0.14 No
reaction

– –

SiO2–Pda – − − 255 0.26 5.6 100 152

a OH-M1, OH-M2, OH-M3, OH-M4, OH-M5, OH-M6, and OH–SiO2, respectively,= 1 g; Li2PdCl4 = 1.4 × 10−4 mol (1.5 wt% Pd); NaOAc= 50 mg;
methanol= 20 ml; reaction temperature= 335 K; reaction time= 24 h.

b OH-M5 = 1.0 g; Li2PdCl4 = 1.4× 10−4 mol; NaOAc= 0.05 g; methanol= 20 cc; reaction temperature= 303 K; reaction time= 24 h.
c OH-M5 = 1.0 g; Li2PdCl4 = 1.4× 10−4 mol; methanol= 20 cc; reaction temperature= 335 K; reaction time= 24 h.
d OH-M5 = 1.0 g; Li2PdCl4 = 1.4× 10−4 mol; acetone= 20 cc; reaction temperature= 335 K; reaction time= 24 h.
e OH-M5 = 1.0 g; Pd(OAc)2 = 1.4× 10−4 mol; chloroform= 20 cc; reaction temperature= 335 K; reaction time= 24 h.
f OH-M5 = 1.0 g; Pd(OAc)2 = 1.4× 10−4 mol; NaOAc= 0.05 g; chloroform= 20 cc; reaction temperature= 335 K; reaction time= 24 h.
g BB = 2 mmol; styrene= 3 mmol; K2CO3 = 2.4 mmol; NMP= 5.0 ml; temperature= 423 K; catalyst= 30 mg; reaction time= 5 h.
h TON (turnover number)= moles of BB converted per mole of Pd.

Table 4
Effect of Pd loading (wt%)

Catalystsa Surface

area (m2/g)

Pd content (wt%)b Conversion of BB
(wt%)c

Selectivity trans-
stilbene (%)

TONd

Input Output

Pd-OMS5 (0.33) 911 0.48 0.33 18.8 100 403
Pd-OMS5 (0.62) 863 0.9 0.62 37.8 91.0 431
Pd-OMS5 (1.05) 862 1.5 1.05 57.8 92.0 389
Pd-OMS5 (1.4) 763 3.0 1.40 90.1 91.0 455
Pd-OMS5 (1.68) 887 6.0 1.68 70.0 100 291

a Number in parentheses denotes the Pd content (wt%) present in the catalyst.
b Input is based on the amount of Pd in solution during palladation reaction; output is based on the ICP-OES analysis.
c BB = 2 mmol; styrene= 3 mmol; K2CO3 = 2.4 mmol; NMP= 5.0 ml; temperature= 423 K; catalyst= 30 mg; reaction time= 5 h.
d TON (turnover number)= moles of BB converted per mole of Pd.
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13C NMR spectra and diffuse reflectance UV–vis spec
The results are compared with the solid sample prep
with Am-MCM-41.

4.2. X-ray diffraction (XRD)

The XRD patterns of the as-synthesized samples s
an intense peak due tod100 reflection, at 2θ between 2.0
and 2.5◦ accompanied by weaker reflections at 2θ between
4.0◦and 6.5◦, corresponding to thed110, d200, and d210
spacing (hexagonal symmetry p6mm) which are charac
istic peaks of MCM-41[21]. The XRD peak intensity o
template-extracted and hydrolyzed OH-M1 and OH-M2
creased significantly as compared to the peak intensity o
Cl-M1 and Cl-M2, respectively. Likewise the peak intens
of Pd-OMS1 and Pd-OMS2 catalysts decreased further whe
compared to the peak intensity of OH-M1 and OH-M2, re-
spectively (Fig. 1). As can be seen fromTable 1the fraction
of organo-functionalized atoms over Cl-M1 and Cl-M2
lower and hence might have left more silanol groups fr
While treating the catalysts with acidic solvents in the c
of template extraction and basic solvents in the case of p
dation reaction, the active Si–O bond in≡SiOH hydrolyzed
easily and hence the long-range order of the structure
lapsed as reflected in the XRD pattern (Fig. 1). On the other
hand, OH-M3, OH-M4, OH-M5, and respective pallada
materials Pd-OMS3, Pd-OMS4, and Pd-OMS5 retain t
long-range order after palladation as seen in X-ray diffr
tion (Fig 2). As the concentration of the organo-function
group increases the surface of the silica walls become m
passive due to the silylation, which help in retaining
long-range order during reaction with acidic or basic s
vents. The unit cell parameter (a0 = 2d100/

√
3) of the palla-

dated materials is close to 40 Å (Table 3).
The XRD pattern of palladium metal has major diffra

tion peaks at 2θ = 40.0◦ (111) and 46.5◦ (200), which are
found for Pd-OMS catalysts prepared with Li2PdCl4 and
NaOAc in methanol at 335 K, confirming the presence
bulk Pd on the surface apart from metallated pallad
(Fig. 3). Fig. 4shows the XRD pattern of OH-M-5, which
palladated with different amounts of Pd under similar re
tion conditions (Pd-OMS5 series). It was observed that w
the loading of Pd is lower, there was no diffraction patt
of metallic Pd observed. As the loading increases the diff
tion pattern corresponding to the Pd rises. At higher load
of Pd (Pd-OMS5 (1.4) and Pd-OMS5 (1.68)) the peak int
sity corresponding to Pd is higher. This shows that as
concentration of Pd increaseswhile loading the chance for
depositing bulk Pd at the surface also increases.

Palladation of OH-M5 with Li2PdCl4 and sodium acetat
in methanol either at room temperature or at 335 K produ
bulk Pd0 on the surface as evidenced by the XRD patte
Base added during palladation catalyzes the formatio
palladacycle and also the deposition of Pd as bulk on the
face of silica. Catalysts prepared with different solvents s
as methanol (Pd-OMS52), acetone (Pd-OMS53), and chlo
Fig. 1. X-ray diffraction patterns of Cl-M, OH-M, and Pd-OMS.

roform (Pd-OMS54) with Li2PdCl4 at 335 K without addi-
tion of base showed no characteristic Pd peak (Fig. 5). Pd-
OMS54 prepared with Pd(OAc)2 in CHCl3 at 335 K shows
no Pd0 peaks but the same when prepared with sodium
etate shows Pd0 peaks. These results suggest that forma
of palladacycle and deposition of bulk Pd on the surf
mainly depend on the solvents and base used. It was fo
that the propyl alcohol acts as a ligand in which the lo
pair of electrons on oxygen atoms coordinates with pa
dium which in turn coordinates with the carbon atom of
propyl chain by cyclization under very mild conditions wit
out formation of any bulk Pd at the silica surfaces.

4.3. ICP-OES and CHN analyses

The palladium content in the materials was determi
by ICP-OES analysis. When similar concentrations of
(1.5 wt% Pd) were treated with OH-M samples with d
ferent concentrations of 3-ClPTS, the uptake of Pd thro
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Fig. 2. X-ray diffraction patterns of Cl-M,OH-M, Si-MCM-41, Pd-OMS, and Pd–Si-MCM-41.
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Fig. 3. X-ray diffraction patterns of Pd-OMS catalysts.

coordination of ligands proportionally increases with
concentration of ligands (3-ClPTS) in the material, which
evidence, that loading of palladium depends on the con
tration of the ligand (Table 3). Total Pd content in the synthe
sized materials was achieved in the range of 0.3 to 1.7 w
which depended on both the loading of 3-ClPTS groups
the Pd concentration used in the reaction solution (Table 3).
When similar concentrations of ligands are exposed to
Fig. 4. X-ray diffractio patterns of Pd-OMS5 catalysts.

ferent concentrations of Pd, the uptake of Pd increase
the concentration of Pd increases in the solution up to a
tain level and then it levels off. The maximum uptake of
reaches to 70% for catalyst Pd-OMS5 (1.05) and then it
creases to 40% when higher concentrations of Pd are
in the solution. Palladation with organo-functionalized sil
also shows lower Pd uptake (0.25 wt% Pd) when comp
to Pd-OMS5. The lower Pd uptake can be accounted fo
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Fig. 5. X-ray diffraction patterns of Pd-OMS52, Pd-OMS53, and P
OMS54.

the slow palladation process over OH–SiO2, as there is no
spatial confinement as in the case of OH-M5.

The spatial confinement induced by the pore walls
OH–M drives the palladation more faster than in OH–Si2.
The Pd content was lower in the materials, which were s
thesized either at room temperature or without addition o
base or with acetone as a solvent as compared to the
terial synthesized at 335 K and with the addition of b
in methanol even though the reaction conditions are
same. Pd-OMS51, which was synthesized under room
perature, showed 0.32 wt% Pd whereas Pd-OMS5 (1
synthesized at 333 K showed 1.05 wt% Pd (Table 4). Sim-
ilarly Pd-OMS52, which was synthesized without addition
of base, showed a Pd content only 0.35 wt%. Pd-OMS
which was synthesized with palladium acetate and CH3

as a solvent at 335 K without addition of base, showed a
content 0.38 wt% but when the same one was synthes
at 333 K with addition of sodium acetate (Pd-OMS55
showed 0.71 wt% Pd. Pd-OMS53, prepared with aceton
a solvent, shows a very low Pd uptake compared to the s
one prepared with methanol solvent. The nonpolar solv
(acetone, 0.26 wt% Pd) favors palladation to lesser ex
than the polar solvent (methanol, 1.05 wt% Pd).

From thermal studies, it was confirmed that additio
complex formed exclusively when acetone was used as a
vent (exothermic peak around 673 K,Fig. 10c). These data
clearly indicate that a palladium complex has been form
under mild reaction conditions irrespective of the solv
and base but at the same time the base and reaction
perature enhance not only the formation of palladacycle bu
also the reduction of palladium salt into Pd0. So under the
optimum reaction conditions, the formation of palladacy
is enhanced. For comparison unfunctionalized Si-MCM
was treated with palladation reagents and a much lower P
uptake (0.14 wt% Pd) was found. This result clearly sho
that propyl alcohol plays an important role in stabilizing
as Pd(II) in the palladacycle complex. C, H, and N ana
ses of the samples show that there is a linear increas
-

-

-

carbon content as we go from Cl-M1 to Cl-M6 catalysts (Ta-
ble 3).

4.4. Adsorption studies

The surface areas of functionalized MCM-41 mater
were in the range of 500–900 m2/g, which are compara
ble to the previously reported organo-functionalized MC
41 with organosilane functional groups[30]. Surface area
of OH-M1 and OH-M2 were 547 and 578 m2/g, respec-
tively. The lower surface area for OH-M1 and OH-M2 th
for Cl-M1 (760 m2/g) and Cl-M2 (735 m2/g), respectively,
is attributed to their decreasing long-range order, whic
also evident from the XRD pattern. OH-M3, OH-M4, OH
M5, and OH-M6 materials do not show much difference
surface area, confirming that as the concentration of fu
tionalized silicon atom increases the passive character o
silica walls toward acidic or basic solvent mixture also
creases. The respective palladated catalysts show eithe
ilar or slightly higher surface areas. The surface area
average pore diameter as well as pore volume were fo
to increase when the material is palladated. The increa
surface area is attributed to the metal content and cyc
tion of groups inside the pores of MCM-41. The palladiu
which enters into the pore, causes the pores to wide
accommodate it and therefore there is an increase in
diameter as well as total pore volume (Fig. 6). The BJH
(Braunauer–Joyner–Halenda) pore-size distribution of
OMS5 illustrates a narrow peak centered at 28.8 Å for
pore diameter, and the pore volume measured was 0.63/g.
In case of pore-size distribution of OH-M5, the avera
pore diameter was in the range of 28.4 Å and the p
volume measured was 0.43 cc/g. The increase in pore vo
ume might be due to enlargement of pore dimension
to the organo-functionalized groups. The nonbonding in
actions between the organo-functionalized groups prod
some kind of strain inside the pores, which triggers the p
walls to stretch outward and, hence, increase the pore
ume as well pore diameter.

4.5. Fourier transform infrared spectra (FTIR)

Fig. 7shows the FTIR spectroscopy of the as-synthes
Cl-M5, OH-M5, and Pd-OMS-5 materials. The OH-M
containing propylalcohol group has a strong band in
region between 1300 and 800 cm−1, assigned to the C–O
stretching band and intense O–H stretching adsorptio
the region of 3600–2500 cm−1. In case of as-synthesize
Cl–M5 sample, very strong stretching bands in the
gion 2950–2850 cm−1 and deformation bands in the regio
1400–1420 cm−1 were observed. In the OH-M5 sample, t
methylene stretching bands of the propyl chain, in the reg
2950–2850 cm−1, and their deformation bands, at 141
1440, 1475 cm−1, are comparatively weaker (Fig. 7). These
bands can be assigned to the symmetric bending (“scis
ing”) mode of the three distinct methylene groups of
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Fig. 6. Nitrogen adsorption–desorption isotherms and pore-size distributio
(inset) of OH-M5 and Pd-OMS5.

propyl chain. The first one at 1416 cm−1 assigned to a
methylene directly bonded to silicon[38] is also presen
in the palladated samples but the intensity is comparati
weak. After the palladation it was found that the intens
of the O–H stretching vibration also decreased. The C
stretching bands also shifted from 2887 and 2941 cm−1 to
2894 and 2951 cm−1, respectively, and one more extra ba
at 2851 cm−1 was also seen in Pd-OMS5. The shift towa
the higher energy side indicates the change of bonding
havior of the C–H bond. These data provide suppleme
Fig. 7. FTIR spectra of as-synthesized Cl-M5, OH-M5, and Pd-OMS

evidence of the cyclometallation of the propyl alcohol gro
which is anchored on the walls of MCM-41 in the prese
of palladation reagents.

4.6. TGA-DTA analysis

The thermal stability of the palladated catalysts co
be measured by TGA-DTA analysis. The weight losses
served for Cl-M5, OH-M5, and Pd-OMS5 (1.68) correspo
to the loss of propylchloride, free propylalcohol, and co
plexed propylalcohol and are 30, 20, and 18 wt%, resp
tively (Fig. 8). It is clearly seen from the weight loss profi
that 30 wt% loss corresponds to propylchloride which is
duced to 20 wt% due to propyl alcohol as expected.
exothermic peak centered at 280◦C in Cl-M5 is shifted to
300◦C in OH-M-5. The palladated sample Pd-OMS5 e
hibits two broad peaks centered at 450 and 500◦C. The two
exothermic peaks can be interpreted in such a way tha
palladium complex formation with the ligands propylalco
occurs in two different way. The exothermic peak at 500◦C
can be assigned to the formation of palladacycle while
exothermic peak at 450◦C to the formation of additiona
complex (PdX2L2; L = ligand; X = –Cl or –OAc) [2–4].
When a similar concentration of ligands was treated with
ferent concentrations of Pd, it was observed that at lowe
concentrations, palladacycle predominates whereas at high
concentrations of Pd, additional complex as well pallada
cle formed (Fig. 9). It was also observed that the exoth
mic peak (around 400–450◦C) assigned for the addition
complex predominates when OH-M was treated without
addition of base at 335 K (Fig. 10c). Addition of base dur
ing synthesis catalyses the formation of palladacycle e
at room temperature (Fig 10b). Pd-OMS54, prepared usin
acetone as a solvent shows two exothermic peaks at
and 520◦C (Fig 10). The uptake of Pd is lower in case
Pd-OMS54 as measured by ICP-OES analysis, and fo
tion of additional complex predominates over palladacy
These results suggest that palladacycle formation req
optimum reaction conditions and base. The polar solv
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Fig. 8. TGA–DTA curves of (a) Cl-M5, (b) OH-M5, and (c) Pd-OMS5.

Fig. 9. TGA–DTA curves of (a) Pd-OMS5 (0.33), (b) Pd-OMS (1.68), and (c) Pd-OMS5 (1.05).
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methanol, favors the formation of palladacycle at room te
perature.

4.7. Electron microscopy

Scanning electron micrographs show the particle m
phology of the samples. SEM photographs of OH-M5 a
Pd-OMS5 shown inFig. 11are typical for mesoporous ma
terials. Uniform particles sizes (1–2 µm) were presen
OH-M5. Pd-OMS5 samples show particles sizes in the ra
of 1–3 µm. The same material when palladated und
different solvent system shows different morphologies.
OMS53 that is prepared with acetone medium shows
form spherical and cylindrical rod crystals.

4.8. Solid-state NMR studies

Fig. 12shows the29Si NMR spectra of Pd-OMS5. Th
peak at 67.0 ppm is due to the cross-linked silicon at
The concentration of cross-linked silicon atom is higher
hence the concentration of the Q3 species along with th
Q4 species is accountable. In order to confirm the cy
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Fig. 10. TGA–DTA curves of (a) Pd-OMS5, (b) Pd-OMS51, (c) Pd-OMS52, and (d) Pd-OMS53.

Fig. 11. SEM photographs of (a) OH-M5, (b) Pd-OMS5, (c) Pd-OMS53, and (d) Am-PdMS.
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Fig. 12.29Si NMR spectra of Pd-OMS5 catalyst.

palladation with aliphatic carbon and oxygen of OH gro
125.76 MHz solid-state13C CP/MAS spectra of OH-MCM
41 and Pd-OMS have been recorded on a Bruker DRX-
NMR spectrometer spun at 10 and 8 kHz, respectively,
are shown inFig. 13. Three main peaks of OH-M5 observe
at (δ) 8.67, 25.28, and 63.63 ppm have been shifted to 8
25.368, and 63.65 ppm, respectively, in Pd-OMS5. The s
of methylene carbon next to the silyl silicon toward hi
field is sufficiently higher, 0.34 ppm, compared to that of
middle carbon and carbon atom neighbor to the OH grou
Pd-OMS5. The shift of signal corresponding to methyle
carbon next to silyl silicon to high field confirms that th
carbon exhibited a different environment after palladat
while the other two carbons do not show much differen
The shift toward high field confirms the complexation of t
ligand with a Pd center.

Liquid-state13C NMR spectra of 3-aminopopyltriethoxy
silane in CDCl3 and APTES+ Pd(OAc)2 have been re
corded on a Bruker 300 MHz instrument to evidence
formation of a Pd complex (Fig. 14). APTES shows three
well-distinct peaks (C1, C2, and C3 at 7.16, 26.72, and
44.54 ppm, respectively) corresponding to the three
bons of the propyl group. When the APTES is added w
palladium acetate and heated at 333 K for 24 h, it sh
broader and almost invisible peaks corresponding to car
C1 and C3, strongly confirming the formation of comple
A peak at 26.72 ppm corresponding to C2 carbon of the
propyl group in APTES is found shifted toward higher fie
(24.7 ppm) after palladation. Though the shift is not mu
as in case of completely complexed solid, this shift sugg
that there is an equilibrium existing between partly co
plexed and uncomplexed ligand and hence the shift is
much. The peaks at 17.78 and 57.85 ppm correspond t1

(–CH3) and C2 (–CH2) carbon of ethoxy groups in APTES
respectively. This analysis confirms the formation o
Fig. 13.13C CP MAS NMR spectrum of OH-M5 and Pd-OMS5.

Fig. 14. Liquid-state13C NMR spectra of APTES and Pd(OAc)2 + APTES
in CDCl3.
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Fig. 15. XPS spectra of (a) Pd-OMS5 (1.4), (b) Pd-OMS54, (c) Pd-OMS51
and (d) Am-PdMS.

palladacycle complex with 3-aminopropylsilyl ligands a
chored onto the walls of MCM-41.

4.9. XPS studies

Pd (3d) XPS spectra of Pd-OMS5 (1.4), Pd-OMS51,
OMS54, and Am-PdMS support the formation of pallada
cle (Fig. 15). The binding energy of adventitious C 1s co
level, which is 284.6 eV[39], was used to correct for th
energy shift due to the surface charge. The accuracy o
measured BE was±0.2 eV. The peak maximum of the Pd(I
3d5/2 line for all the samples except Am-PdMS is cente
around 336 eV. Pd-OMS5 (1.4) shows a weak Pd(0) 35/2
line at a binding energy of 334.7 eV, which is found to
absent for other samples. Palladium present in palladac
is in the Pd(II) form and the binding energy is slightly low
compared to Pd(II) in PdO (335.6 eV). Pd-OMS54 prepa
with Pd(OAc)2 in chloroform at 335 K shows no should
corresponding to Pd (0) on its surface whereas Pd-OM
(1.4) prepared with Li2PdCl4 as Pd source at 333 K wit
Fig. 16. UV–vis spectrum of Pd-OMS5, Pd-OMS 51, Pd-OMS52,
Pd-OMS53.

methanol as a solvent and sodium acetate as base sh
weaker band at 334.7 eV which is a characteristic bind
energy of Pd(0). Pd-OMS51 prepared at room tempera
shows a clear peak corresponding to Pd(II) at 336.4
(Fig. 15c). Similarly Am-PdMS shows a clear and sha
peak at 337.6 eV confirming the formation of highly sta
palladacycle (Fig. 15d).

4.10. UV–vis spectra

The diffuse reflectance spectra (200–800 nm) of Pd-O
catalysts display nearly identical features with three absor
tion bands in the UV region in the range 260 and 4
nm with reference to BaSO4 standard (Fig. 16). Pd-OMS5
shows a characteristic absorption band at 284 nm corre
sponding to a metal–ligand charge transfer d–p transition
The shift toward higher energy values result from the me
lation. When the palladation was carried out at room te
perature over OH-M5, an intense absorption band aro
281 nm indicates the formation of palladacycle exclusiv
A weak shoulder at 346 nm followed by the intense b
may be due to little formation of additional complex. T
absorption band around 346 nm was more visible along
one more broad band at 475 nm when the OH-M5 was p
dated without the addition of base at 335 K. Palladation w
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Fig. 17. UV–vis spectrum of APTES, Pd(OAc)2, APTES+ Pd(OAc)2 in
CHCl3, and Am-PdMS.

acetone as a solvent shows a weak but exclusive absor
band corresponding to the rigid palladacycle.

To confirm the above fact, UV–vis spectra of APTES
CHCl3 solvent were recorded before and after the addi
of palladium acetate into APTESto evidence the complexa
tion. In the DR-UV–vis spectrum, it is clearly seen that t
absorbance band for the neat palladium acetate in CHC3 at
400 nm is shifted to 300 nm when subjected to complexa
with APTES ligand (Fig. 17). The blue shift is clear evidenc
of the formation of Pd complex. In the DR-UV–vis spectru
of solid Am-PdMS, the most characteristic absorption ba
at 261 and 400 nm indicate the formation of a rigid pa
dium complex and a nonrigid additional complex. The blue
shift found in case of solid Am-PdMS catalyst (139 nm)
higher than that of Pd complex in CHCl3 solution (100 nm)
as there are higher degrees of freedom for liquid than s
The absorption spectrum of neutral palladium(II) comple
is generally characterized by a ligand–metal charge tran
d–p transition. The observed spectral features are cons
with Pd(II) [d8] diamagnetic species[40]. These results con
firm the formation of a rigid palladacycle and a nonrigid a
ditional complex when OH-M5 or Am-MCM-41 was treate
with palladation reagents even under mild reaction co
tions.

4.11. Heck alkenylation of bromobenzene

Heck alkenylation of BB with styrene has been p
formed to evaluate the catalysts prepared under diffe
reaction conditions (Scheme 2). Palladacycle–SiO2 shows
lower activity for the conversion of BB. The uptake of P
is consequently signified in the Heck alkenylation react
(Fig. 18). Under similar reaction conditions the convers
and TON increase linearlyfrom Pd-OMS1 to Pd-OMS5
n

t

and thereafter decrease, which implies exceeding the opt
mum loading of 3-ClPTS groups. As the reaction proce
at the active Pd metal center, the TON (with respect to
varies significantly when the Pd content is changed.
Pd uptake increases proportional to the amount of lig
(3-hydroxypropyltriethoxysilane) present in the mesopor
walls of MCM-41 and so the rate of reaction (TON) i
creases accordingly. As can be seen fromTable 3, though
the Pd content (wt%) is higher in Pd-OMS2 than in P
OMS4 the activity was lower which might be attributed
the formation of bulk Pd in Pd-OMS2, which is catalytica
inactive for such reaction. The same fact also was obse
in Pd-OMS3 where the Pd content was higher than thos
Pd-OMS4 and Pd-OMS5 but found to be less active. F
these experiment it was clearlyseen that whenever there a
fewer ligands available for the formation of palladacycle,
excess palladium present in the solution tends to depos
the surface of silica near to the anchoring point of the fu
tional group. To confirm this fact, palladation was perform
with Si-MCM-41 (where there is no functional group) und
similar reaction conditions and it was found that uptake
palladium in the form of bulk Pd was substantially low
seen in XRD which is inactive for this reaction. In order
study the effect of base and reaction temperature pallad
was performed with and without the addition of base eithe
at room temperature or at 333 K. Palladacycle prepare
room temperature shows a lower Pd content (wt%) but m
erate activity. The catalytic activity of Pd-OMS54 prepa
with palladium acetate with chloroform solvent was fou
to be lower when compared to the one prepared with b
and at 333 K (Pd-OMS55).Table 4shows the effect of Pd
(wt%) loading over OH-M5 in the Heck alkenylation rea
tion. When OH-M5 was treated with different concentratio
of Pd-containing solution, the uptake of Pd increased u
70% and then started to decrease. Conversion of bromo
zene increases as the Pd content increases in the ca
A maximum of 1.68 wt% Pd content in the catalyst (P
OMS5 (1.68) was achieved but at the same time the cat
shows less activity in the conversion of bromobenzene
Pd-OMS5 (1.4) containing 1.4 wt% Pd. This result confir
that the activity of Pd arises only from Pd present as Pd(I
palladacycle and not from bulk Pd deposited on the surfa

4.12. Study of the heterogeneous nature of the Pd-OMS5

To analyze the heterogeneity of the catalyst, a reac
was performed with PdOMS5 catalyst. After attaining 20
conversion of bromobenzene, a 5-ml reaction mixture
filtered and the reaction was performed in a separate reactio
setup. After filtering the sample, the reaction was contin
further up to 24 h. A higher conversion of 36% of bromob
zene could be achieved with tributylamine as a base.
conversion of bromobenzne was lower when tributylam
was used as a base. Even though K2CO3 gave> 90% con-
version, tributylamine was chosen to study the leaching
Pd at a slower conversion rate and also organic amine
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Fig. 18. Heck alkenylation of bromobenzene; reaction conditio
BB = 1 × 10−2 mol; styrene = 1.5 × 10−2 mol; tributylamine =
1.2× 10−2 mol; NMP= 25 ml; temperature= 423 K; catalyst= 0.1 g.

equally mixed with the reactant mixture rather than K2CO3.
The Pd content present in the solution was measured by
OES analysis and it was found that a 0.2 ppm level of Pd
present in the solution. However, this Pd can be accou
for by bulk Pd present in the catalyst surface that may
leached out during the reaction and not the cyclized Pd.
fact can also be confirmed by the reaction performed w
the reaction mixture, which was separated after a 5-h rea
tion time and shows no increase in conversion.

The maximum concentration of organo-functionaliz
groups inside the mesopores was achieved through in
hydrolysis of TEOS and 3-ClPTS and successive cocon
sation of respective monomer silica species. It was obse
through optimization studiesthat the uptake and stabiliz
tion of Pd in palladacycle depend on both the concentratio
of ligands tethered on silica walls and the concentratio
Pd in the reaction medium. As seen in ICP analysis
palladium content increases with the concentration of
ands anchored onto the walls of mesoporous materials
certain extent and then it levels off. Loading of Pd as p
ladacycle depends mainly on the reaction conditions.
polar solvent, methanol, favors formation of palladacy
with sodium acetate as base under mild reaction condit
Higher reaction temperatures enhance the deposition of
Pd along with the formation of palladacycle, which is o
served in XRD and XPS. The nonpolar solvent, acetone
favors only additional complex under similar reaction c
ditions as evident from thermalanalysis. The formation o
rigid palladacycle and nonrigidadditional complex is char
acterized by means of characteristic absorption bands in th
UV–vis region. Solid-state and liquid-state13C NMR studies
confirm the formation of a palladacycle complex. Pd-OM
(1.4) having 1.4 wt% Pd exhibited higher activity in the co
version of bromobenzene totrans-stilbene. Heterogeneit
study reveals that leaching of Pd from the complex into
-

-

.

solution is much lower (0.2 ppm) and could be used as a
erogeneous coupling catalyst.

5. Conclusion

Heterogeneous carbometallated palladacycle has
successfully synthesized by treatment of palladation reag
with 3-hydroxypropyltriethoxysilane-incorporated MCM
41 (OH-M) under mild reaction conditions. The spatial c
finement induced by the pore walls drives the pallada
process. A number of characterization techniques supp
the formation of a palladacycle complex inside the po
of mesoporous materials. Among the catalysts screene
Heck alkenylation of bromobenzene, Pd-OMS5 (1.4) h
ing 1.4 wt% Pd exhibited higher activity in the convers
of bromobenzene totrans-stilbene. Heterogeneity study r
veals that leaching of Pd from the complex into the solutio
is much lower (0.2 ppm) and could be used as a heter
neous coupling catalyst.
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