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Abstract Palladium (Pd) nanoparticles were synthesized using the dendrimer-tem-

plate method and then immobilized on a silica support (SBA-15). The SBA-15 support

material was specifically synthesized with a pore size large enough (d = 6.6 nm) to

accommodate the dendrimer generation used (G-5 PAMAM-OH; d = 5.4 nm). The

morphology of the Pd-supported catalyst (Pd0/SBA-15) was characterized by scanning

electron microscopy coupled to an energy dispersive X-ray spectrometer which con-

firmed the elemental composition of the catalyst. Transmission electron microscopy

confirmed the ordered array of the mesoporous SBA-15 and showed that the Pd NPs

were indeed immobilized inside the pores. The catalyst had a pore size of 5.7 nm, a pore

volume of 0.78 cm3/g and a surface area of 493 m2/g as determined by surface ad-

sorption/desorption measurements from BET analysis. The prepared Pd0/SBA-15 cata-

lyst was an efficient recyclable heterogeneous catalyst for Suzuki coupling. The catalytic

activity was investigated using different experimental conditions such as temperature,

catalyst loading, base and solvent variations. The catalyst gave high conversions and

turnover frequencies even in aqueous solutions and at fairly low temperatures showing

the potential for the green synthesis of important organic molecules through C–C bond

formation.
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Introduction

Metal nanoparticles have attracted much interest in scientific research and industrial

application due to their large surface area [1–3]. Industrial catalysts are normally

composed of inorganic supports such as silica and titania to overcome the

environmental problems that might be caused by some of the hazardous metals,

such as being lethal to the species which survive in water. Most of the waste from

the industries is being discharged to the rivers and dams. Small molecule solid phase

synthesis has become a great tool in the discovery of new drugs and molecular

materials. The following reactions are used in the synthesis of important organic

molecules and these molecules are highly important in the synthesis of pharma-

ceuticals which are important to the health issues and in many other applications in

life.

Palladium catalyzed C–C coupling reactions have received great attention

worldwide as shown by several extensive reviews [4–9]. The reactions include the

Suzuki cross coupling of aryl halides with aryl boronic acids [10–22], the Heck

reaction between an aryl or alkyl halide and a vinyl functionality [23–27], the

Sonogashira reaction [28–30], and the cross coupling reaction of organostannyl

reagents with a variety of organic electrophiles named the Stille reaction [30].

Although homogeneous palladium catalysts have been extensively investigated [31–

36], their industrial applications remain limited due to the difficulty in the separation
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process from the products for recycling [37–40]. Heterogenization of the existing

homogeneous palladium catalysts, therefore, offers an attractive solution to this

problem.

In this study, we report on the preparation of palladium nanoparticles supported

on SBA-15 mesoporous material without the need for prior functionalization of the

silica support. We use the dendrimer template method for the synthesis of the

nanoparticles and then match the diameter of the dendrimer generation to the pore

size of the mesoporous SBA-15. In this way the NPs are efficiently immobilized

inside the pores of the support and subsequent calcination removes the organic

dendrimer, leaving NPs well dispersed inside the pores of the SBA-15. The prepared

catalyst was then used to catalyse the Suzuki C–C bond formation reaction between

phenyl boronic acid and aryl halides. The influence of different reaction conditions

including temperature, base, catalyst loading and type of aryl halide are reported.

The use of water as a solvent for the coupling reaction is also explored as an

approach towards a greener method of organic synthesis.

Experimental

Materials and Equipment

Generation five hydroxyl-terminated poly (amido)amine (G-5 PAMAM-OH; 5 wt%

in MeOH) dendrimers, potassium tetrachloropalladate(II) (K2PdCl4), sodium

borohydride (NaBH4), phenylboronic acid, iodobenzene (PhI), bromobenzene

(PhBr), chlorobenzene (PhCl), tetraethyl orthosilicate (TEOS), pluronic P123

(EO20PO70EO20) and triethylamine (Et3N) were all purchased from Sigma-Aldrich.

Sodium carbonate (Na2CO3), sodium hydrogen carbonate (NaHCO3) and sodium

acetate (NaOOCH3) were purchased from Merck Chemicals. The methanol in the

dendrimer solutions was removed in vacuo before use while all other chemicals

were used without further purification. All solutions were prepared in Milli-Q

(18.3 MX�cm) water. Scanning electron micrographs were taken on a Tescan Vega

3LMH scanning electron microscope with the samples carbon-coated on copper

grids using an Agar Turbo Carbon Coater. High resolution transmission electron

microscopy (HRTEM) was performed on a JEOL JEM-2100F electron microscope

with an accelerating voltage of 200 kV. Nitrogen adsorption/desorption measure-

ments were performed on a Micromeritics TriStar 2460 surface area and porosity

analyzer with a Micrometritics Degas System for degassing samples prior to

analysis. Thermogravimetric analysis (TGA) was performed on an SDT Q600

Thermogravimetric Analyzer while infra-red spectra were taken using a Bruker

Tensor 27 Fourier transform infrared spectrometer. Gas chromatographic measure-

ments were performed on a Shimadzu GC-2010 Plus while mass spectra were taken

on a Shimadzu GCMS-QP2010. Metal loadings were determined using a Spectro

Arcos FSH12 Inductively-coupled plasma optical emission (ICP-OES)

spectrometer.
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Preparation of Catalyst

Synthesis of SBA-15 Support

The mesoporous support was synthesized using the surfactant method reported by

Zhao et al. [41, 42] and later modified by Vunain et al. [43]. Briefly, the surfactant

tri-block copolymer pluronic P123 (EO20PO70EO20) (8.250 g) was dissolved in de-

ionized water (40 mL) by stirring at room temperature for 30 min. After all the

surfactant had dissolved, HCl (2 M, 360 mL) was added and the solution stirred in

an oil bath pre-heated to 40 �C for a further hour. After 1 h, tetraethyl orthosilicate

(18.0 mL) was added and the mixture stirred at 40 �C for 24 h. The temperature was

then raised to 90 �C and the white slurry formed aged without stirring for 48 h. The

reaction was then cooled to room temperature and then the white product collected

by vacuum filtration. The solid was washed with copious amounts of water and then

dried at 100 �C in an oven. The resulting powder was heated at a rate of 1.0 �C/min

to 550 �C for 8 h and then calcined at 550 �C for 4 h. The oven was allowed to cool

to room temperature.

Synthesis of Pd0/SBA-15 Catalyst

To a stirred aqueous solution of G-5 PAMAM dendrimer (2.5 9 10-3 M; 100 lL),
an aqueous solution of K2PdCl4 (0.1 M; 200 lL) was added to give a Pd2?/den-

drimer ratio of 80. The solution was stirred for 1 h under a N2 atmosphere to allow

coordination of Pd2? ions to the interior amines of the dendrimer. This was followed

by the addition of a tenfold equivalent of NaBH4 solution (1.0 M; 200 lL) with
continued stirring. The solution immediately turned brown due to the formation of

Pd dendrimer-encapsulated nanoparticles (PdDENs). The PdDENs formed were

characterized by UV/Vis spectrophotometry as well as TEM prior to the addition of

SBA-15 support. To the solution of the pre-formed PdDENs was then added 1.0 g of

the previously synthesized SBA-15 and the heterogeneous mixture stirred for 16 h

at ambient temperature. The solid catalyst was collected by centrifugation on a

Hettich Universal centrifuge set at 100 % and a speed of 4000 rpm for 1 h. The grey

solid was then dried at 100 �C and part of the sample was then calcined at 550 �C to

remove the dendrimer template.

General Experimental Procedure for Suzuki C–C Coupling Reaction

The coupling of phenylboronic acid, PhB(OH)2 with aryl halides (Ph-I, Ph-Br and

Ph-Cl) was carried out under various conditions. In a typical reaction, the boronic

acid (1.2 mmol), aryl halide (1.0 mmol), base (2.0 mmol) and the nanocatalysts

were stirred in a solvent (10 mL) in a 25 mL two-necked round-bottomed flask. The

reaction was carried out at various temperatures and various catalyst loadings.

Stirring was stopped at time intervals and samples taken and filtered using a syringe

filter (0.22 lm pore size). The filtered samples (100.0 lL) were then diluted to

1.0 mL and analyzed by GC. Confirmation of products was done by the use of

certified standards as well as by GC–MS.

1876 P. Ncube et al.

123



Results and Discussion

Preparation and Characterization of Catalyst

The DENs were characterized prior to immobilization on the silica support using

UV/Vis spectrophotometry, FT-IR and HRTEM. From the UV–Vis spectrophoto-

metric analysis the formation of metal nanoparticles was confirmed. In Fig. 1a, a

band at k 208 nm appears after the addition of Pd2? to the dendrimer solution due to

ligand-to-metal charge transfer (LMCT) which corresponds to the complexation of

Pd2? ions to the tertiary amines of the dendrimer interior [44]. The addition of

reducing agent results in the disappearance of the LMCT band confirming the

reduction of Pd2? to zerovalent Pd. The size and size distribution of the PdDENs

was determined by HRTEM (Fig. 1b) and the corresponding size distribution

histogram is shown in Fig. 1c. The average diameters measured were obtained by

counting 250 nanoparticles from several TEM images and the average diameter of

the PdDENs was found to be 2.14 ± 0.35 nm.

The pore diameters (5.4 and 5.7 nm), BET surface areas (SBET) (813.8 and

493.6 m2/g) and the total pore volumes (0.85 and 0.78 cm3/g) of the calcined SBA-

15 support as well as the Pd0/SBA-15 catalyst respectively, were determined from

BET analysis. The pore diameter, a high surface area and pore volume obtained for

the calcined support are all consistent with the values obtained using similar

synthetic methods for SBA-15 [43, 45]. There was a significant decrease in the

surface area after the immobilization of the Pd nanoparticles. The N2 adsorption–

desorption isotherms (Fig. 2a) showed that the isotherms were of Type IV with a H1

hysteresis loop, typical of mesoporous materials with ordered pore structures, as

classified by the International Union of Pure and Applied Chemistry (IUPAC) [46].

The plot of pore volume per unit length versus the pore diameter for the SBA-15

support and for the Pd0/SBA-15 catalyst is shown in Fig. 2b. The fact that both the

Fig. 1 Characterization of PdDENs; a UV/Vis spectrophotometry, b HRTEM image of PdDENs and
c the size distribution histogram of the PdDENs
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pore size and surface area decreased upon the introduction of Pd is good evidence

that the metal nanoparticles were deposited primarily inside the mesopores of the

SBA-15.

Fig. 2 a N2-adsorption/desorption isotherms for as synthesized SBA-15 and Pd/SBA-15 catalyst for
three consecutive cycles and the pore diameter of SBA-15 and Pd/SBA-15 and b plot of pore diameter
against pore volume

Fig. 3 a FTIR spectra and b TGA thermo-grams of SBA-15 and Pd-SBA-15 catalyst
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The FTIR spectra of the SBA-15 and Pd-SBA-15 are depicted in Fig. 3a. The

characteristics absorption bond for SBA-15 is present at t 3384 cm-1 and it shows

the presence of Si–OH groups, which is not present after SBA-15, is being loaded

with palladium. The asymmetric stretch of Si–O–Si bonds was observed at t
1044 cm-1 for SBA-15 and at t 1050 cm-1 for Pd-SBA-15. In SBA-15 there is a

weak peak at t 962 cm-1 which is absent in Pd-SBA-15. Similar results were

reported by Ivashchenko et al. [47] The thermo-gravimetric traces of the SBA-15

and Pd/SBA-15 in Fig. 3b show a very small initial weight loss (0.1 %) below

100 �C which shows that the materials does not absorb large amounts of moisture

from the air. The overall weight loss of about 1.4 %, observed for un-calcined

Pd0SBA-15, was due to the loss of the dendrimer template while only a loss of

0.5 % for the calcined catalysts was observed proving that the stability of the

material is very suitable for high temperatures as is one of the requirements for

heterogeneous catalysis. These results showed that our catalyst was both air and

thermally stable, meaning that it can therefore be used at ambient atmosphere and is

stable up to high temperatures.

A typical SEM image of the Pd0/SBA-15 catalyst shown in Fig. 4a show that the

morphology of our catalyst consist of well-defined surface of rod-shaped particles,

similar to that obtained by Veisi et al. [12] as well as Alizadeh and co-workers [20].

The presence of metallic Pd in the catalyst was confirmed by EDX analysis

(Fig. 4b), which also clearly showed the Si and O from the SBA-15 support. The

peaks observed from C were due to the carbon-coating used in preparing the sample,

while a small amount of residual Na was from the NaBH4 used as reducing agent in

the formation of the nanoparticles. Transmission electron micrographs (Fig. 5a)

show the ordered pore array in the synthesized matrices as well as the honey-comb

porous structure characteristic of SBA-15 materials [48]. HRTEM micrographs

Fig. 4 a Scanning electron micrograph of Pd0/SBA-15 catalyst and b EDX spectrum showing elemental
composition of the catalyst
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showing the supported Pd NPs (Fig. 5b, c) show clearly that the nanoparticles are

inside the pore channels of the SBA-15 support and that introduction of the metal do

not alter the ordered matrix of the support. Even though it was difficult to get a

statistical number of clearly visible supported nanoparticles due to the support

matrix, it was clear from a sample such as in Fig. 5c that there was no significant

agglomeration of the Pd DENs upon immobilization on the SBA-15 support.

The small angle X-ray diffraction (XRD) patterns of SBA-15 and Pd0/SBA-15

catalyst (Fig. 6a) show a typical three-peak pattern with a strong diffraction and two

small diffraction peaks for the 100, 110 and 200 planes confirming a well-defined

hexagonal symmetry and long-range ordering of structure [12, 47, 48]. The similar

pattern for the SBA-15 and the catalysts indicate that the method used for the

immobilization of the Pd nanoparticles does not alter the ordered structure of the

Fig. 5 HRTEM micrographs of a SBA-15, b Pd0/SBA-15 catalyst and c a magnified portion of Pd0/
SBA-15 catalyst showing Pd0 NPs on the support mesopores

Fig. 6 a Low-angle powder X-ray diffraction spectra for the as synthesized SBA-15 support and the Pd0/
SBA-15 catalyst and b high-angle X-ray diffraction spectra of the catalysts before and after four cycles of
reaction
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support. Due to the very small metal loadings using in preparing our catalyst, high

angle XRD (Fig. 6b) showed no peaks for the Pd in the catalyst, but the spectra is

shown here for comparison before and the catalytic reaction showing the stability of

our catalyst. The TEM and p-XRD confirmed that no large particles were present in

the catalyst and that all Pd nanoparticles were less than 10 nm in diameter.

Catalytic Activity

There is a need to have easily prepared and recyclable heterogeneous catalysts for

reactions that are important in producing fine chemicals such as C–C coupling

reactions. Different parameters that have previously [49, 50] been shown to affect

the Suzuki coupling, namely; catalyst loading, solvent, base and the type of aryl

halide substrate were investigated. To optimize reaction conditions iodobenzene and

phenylboronic acid were used as model substrates. Iodobenzene was then replaced

by different aryl halides to investigate the effect of changing the substrate. The

effect of varying temperature on the reaction was also done and the thermodynamic

parameters calculated from the results of the temperature variations.

Influence of Metal Loading

The influence of the amount of Pd metal in the catalyst was determined for the

reaction between iodobenzene and phenylboronic acid at 110 �C in DMF/H2O with

Et3N as the base. Increasing the amount of Pd resulted in an increase in the

percentage conversion of PhI into biphenyl (Fig. 7). The reaction had reached

conversions greater than 90 % within an hour for the metal loading of 0.05 mol%

Pd while the lowest metal loading (0.015 %) gave only about 20 % conversion even

after 7 h reaction time. The rate constants for the different catalyst loadings were

Fig. 7 a Influence of catalyst amount on the conversion of iodobenzene and b rate constants as a
function of catalyst amount
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calculated using the Kinetic studio software (Tgk Scientific Limited version 2.08;

2010) and as expected values increased with increasing amount of catalyst showing

that the reaction was indeed a catalytic reaction, catalyzed by our prepared Pd0/

SBA-15 catalyst. The highest metal loading of 0.05 mol% Pd was used for

optimizing other reaction conditions.

Influence of Base and Different Solvents

We investigated the influence of using different solvents on the Suzuki coupling

between iodobenzene and phenylboronic acid. The catalyst loading was maintained at

0.05 mol% Pd. Different bases were also employed to see their influence on the

reaction. We first used five solvent systems with the same base Et3N (Table 1 entries

1–5). DMF gave the best TOF of 1996 h-1 (entry 1) while an attempt to use water as

the solvent gave poor yield in 1 h and only 15.1 % after 5 h (TOF = 60.4 h-1).

However a significant improvement in the reaction was observed when we used water

in combinationwithDMF resulting in a yield of 98.5 % (TOF = 1313.3 h-1) albeit in

a slightly longer reaction time of one and half hours (entry 3). The use the alcohols

MeOH (entry 4; TOF = 468.6 h-1) and EtOH (entry 5; TOF = 453.3 h-1) gave

moderate performance with yields around 70 % after 3 h reaction time. We therefore

did not further explore these solvents, instead focused on the more interesting DMF

and water solvent systems by investigating the effect of using different bases. For

DMF as the solvent we observed that changing from the organic base (Et3N) to the

inorganic bases (Na2CO3, NaHCO3 and CH3COONa) there was significant drop in

reaction activity, with TOF values dropping from 1996 h-1 for ET3N (entry 1) to

164.4 h-1 for CH3COONa (entry 8). Poor activity was also observed when pyridine

was used as a base (entry 9, TOF = 20 h-1). A possible explanation for the poor

catalytic activity when using the inorganic bases is the poor miscibility with the

solvent DMF. In this light we therefore explored the use of these inorganic bases with

water only as the solvent. Only NaHCO3 and CH3COONa (entries 10 and 11) were

used and we observed that reaction activity was indeed improved from a

TOF = 60.4 h-1 Et3N (entry 2) to TOF values of 160 and 124 h-1 for NaHCO3

and CH3COONa respectively. We also investigated the 1:1 DMF/H2O solvent system

using different bases. We observed that using this solvent system gave similar activity

with all the bases with TOF values of 1313.3, 1310.7 and 1042.7 h-1 for Et3N,

NaHCO3 and CH3COONa respectively (entries 3, 12 and 13 in Table 1).

Influence of Varying Aryl Halide Substrate

We also investigated the influence of using different aryl halide substrates. The

measured conversions after an hour are shown in Table 2. The cross-coupling

reaction was seen to decrease in the order I[Br[Cl as the halide group and using

DMF as solvent (entries 1–3 in Table 2). This trend can be explained by the

decrease in bond energy in the order C–I\C–Br\C–Cl which makes it

increasingly difficult to activate the C–X bond for the oxidative addition of Pd to

form C–Pd–X catalyst species which is suggested in the mechanism for Pd

catalyzed C–C coupling reactions [51]. We further explored the use of substituted
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aryl halides as substrates in the Suzuki coupling (entries 4–6). We observed that

having a methyl group on the bromobenzene substrate (entry 4 in Table 2) only

slightly increased the activity from a TOF of 802 h-1 for bromobenzene (entry 2 in

Table 3) to a TOF of 906 h-1 for 4-methyl bromobenzene (entry 4 in Table 2) when

using DMF as solvent. A decreased activity was however observed with the

introduction of water in the solvent system and we therefore did not further explore

the influence of any other alky substituted aryl benzenes. We investigated two

carboxylic acid substituted aryl benzenes (entries 5 and 6 in Table 2). We observed

that these gave high activity even in water both of which are comparable with that

for iodobenzene in DMF (entry 1). This is important as the use of water as a solvent

means biphenyl compounds with water miscible substituents can be synthesized

under Green conditions.

Influence of Temperature: Determination of Thermodynamic Parameters

The reaction was carried out at four different temperatures (353, 363, 373 and

383 K). The time course of the reaction at the four temperatures used is shown in

Fig. 8a and the rate constants (kobs) of 2.15 (±0.11) 9 10-4 s-1; 2.93

(±0.19) 9 10-4 s-1; 4.65 (±0.16) 9 10-4 s-1 and 7.77 (±0.16) 9 10-4 s-1 for

Table 1 The influence of using different solvents and bases on the Suzuki C–C coupling reaction

X B(OH)2

Pd0/SBA-15

DMF/H2O (1:1)
110 oC

Entry Solvent Base Time (h) Yield (%)a TOF (h-1)

1 DMF NEt3 1 99.8 1996

2 H2O NEt3 5 15.1 60.4

3 DMF:H2O (1:1) NEt3 1.5 98.5 1313.3

4 MeOH NEt3 3 70.3 468.6

5 EtOH NEt3 3 68.0 453.3

6 DMF Na2CO3 5 49.8 199.2

7 DMF NaHCO3 5 54.1 216.4

8 DMF CH3COONa 5 41.1 164.4

9 DMF Pyridine 5 5.0 20.0

10 H2O NaHCO3 5 40.0 160.0

11 H2O CH3OONa 5 31.0 124.0

12 DMF:H2O (1:1) NaHCO3 1.5 98.3 1310.7

13 DMF:H2O (1:1) CH3OONa 1.5 78.2 1042.7

Reaction conditions: iodobenzene (1 mmol), phenylboronic acid (1.2 mmol), base (2 mmol), solvent

(10 mL), 110 �C, catalyst loading = 0.05 mol% Pd
a Yields were determined by GC-FID
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the four temperatures respectively, thus obtained are plotted against temperature in

Fig. 8b. Figure 8b shows the typical exponential increase of the rate constants as the

temperature increases. From the temperature variation experiments, the activation

energy (EA = 48.32 kJ mol-1) for the reaction was calculated using the Arrhenius

equation (Eq. 1), while the enthalpy change (DH = 45.27 kJ mol-1) and entropy

change (DS = -43.03 J mol-1) were calculated using the Eyring equation (Eq. 2)

ln kobsð Þ ¼ lnA� EA

RT
ð1Þ

ln
kobs

T

� �
¼ �DH

RT
þ ln

kB

h

� �
þ DS

R
: ð2Þ

Table 2 The influence of varying aryl halide substrate on the Suzuki C–C coupling reaction

Entry Aryl halide Solvent Yield (%)a TOF (h-1)

1 I DMF 99.8 1996

DMF/H2O (1:1) 94.3 1886

2 Br DMF 40.1 802

DMF/H2O (1:1) 28.5 570

3 Cl DMF 15.0 300

DMF/H2O (1:1) 10.6 212

4 Br DMF 45.3 906

DMF/H2O (1:1) 25.2 504

5 I

OHO

DMF/H2O (1:1) 98.8 1976

H2O 99.5 1990

6 Br

OHO

DMF/H2O (1:1) 78.6 1572

H2O 90.5 1810

Reaction conditions: iodobenzene (1 mmol), phenylboronic acid (1.2 mmol), base (2 mmol), solvent

(10 mL), 110 �C, catalyst loading = 0.05 mol% Pd, reaction time = 1 h
a Yields were determined by GC-FID
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Catalyst Leaching and Recyclability

Leaching of Catalyst: Hot Filtration Test

An important method commonly used to determine whether a catalyzed reaction is

truly heterogeneous or not is the hot filtration test [14]. This method is used to rule

out the possibility of homogenous or semi-heterogeneous catalysis. The test is

carried out by running the reaction for a period of time and then filtering off the

catalyst and allowing the reaction to proceed without the solid catalyst. No catalytic

activity was observed with the filtrate, as shown by no increase in the product

(determined by GC measurements). This confirmed that no Pd leached into solution

and that our catalyst was acting as a heterogeneous catalyst in the performed C–C

coupling reaction. To further confirm that no significant Pd metal had leached out of

the support, ICP-OES was used to determine the amount of metal in the filtrate and

again this gave negligible readings.

Recyclability of Catalyst

The reusability of catalysts is one of the most important benefits of heterogeneous

catalytic systems from an economic point of view. The recyclability of our catalyst

was investigated for the reaction between iodobenzene and phenylboronic acid by

carrying out four consecutive cycles using the same reaction conditions. After each

run, the catalyst was recovered by filtration, washed with acetone and water, then

dried at 110 �C in an oven and subsequently used with fresh reactants. The catalytic

activity did not change considerably after four cycles as shown in Fig. 9a. Evidence

that the characteristics of the catalyst remain unchanged after the successive runs is

Table 3 Comparison of catalytic activity of present catalyst with other Pd supported catalysts reported in

literature

Catalyst Aryl halide Yield (%) (reaction time) TOF (h-1) Reference

Pd(II)/SBA-15 PhI 98 (0.2 h) 1633 [12]

PhBr 98 (0.8 h) 408.3

PhCl 70 (10 h) 23.33

Pd(II)/MCM-41 PhI 98 (1 h) 1735 [14]

PhBr 100 (0.5 h) 2124

PhCl 85 (24 h) 63

Pd0/montmorillonite PhI 90 (1 h) 340.9 [19]

PhBr 82 (5 h) 59.30

PhCl 82 (8 h) 40.20

Pd/molecular organic framework PhI 98 (1 h) 96.0 [15]

(CHO)PhBr 94 (6 h) 78.3

Pd0/SBA-15 PhI 99.8 (1 h) 1996 This work

PhBr 80.2 (4 h) 802

PhCl 60.0 (4 h) 300
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shown by the identical shapes of the N2-adsorption/desorption isotherms and the

hysteresis loops of the recovered catalysts (Fig. 2). In addition, HRTEM images of

the recovered catalyst after four cycles show that the ordered mesoporous structure

of the SBA-15 support remains intact as seen in Fig. 9b and also there was no

significant agglomeration of the Pd nanoparticle clusters which remained well-

dispersed as shown in Fig. 9c.

Comparison with Other Supported Pd Catalysts

Several reports on the use of Pd-catalyzed cross-coupling reactions either as Pd0 or

Pd(II) on solid supports have been reported in literature [7, 12, 14, 15, 19, 52].

Table 3 shows a comparison of the catalytic activity of our catalyst with other

supported Pd catalysts. Our catalyst shows higher catalytic activity as shown by

TOF values as well as comparable yields when compared to the other selected
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Fig. 8 a The effect of temperature on the conversion of iodobenzene (1 mmol) in the reaction with
phenyl boronic acid (1.2 mmol) and Et3N (2 mmol) as the base; b the observed rate constant as a function
of temperature
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Fig. 9 a Recycling efficiency of Pd0/SBA-15 catalyst. b Low and c high magnification HRTEM
micrographs of the catalyst after four cycles
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systems. Moreover, our catalyst showed higher TOF’s for the usually less reactive

aryl chlorides (Table 3) and is, therefore, more applicable to a large variety of

substituents.

Conclusion

In conclusion, silica-supported palladium nanocatalysts were prepared, character-

ized by various techniques and shown to be catalytically active towards the Suzuki

C–C coupling reaction between aryl halides and phenyl boronic acid. The

characterization of the catalyst using p-XRD and HRTEM showed that Pd

nanoparticles of diameters less than 5 nm were immobilized inside the mesopores of

the SBA-15 support. The catalyst was shown to be active depending on the type of

base used as well as the type of aryl halide substrate used in the coupling reaction.

The solvent also had an effect on the catalytic activity, while an increase in

temperature resulted in increased conversions of the aryl halide in a short time as

seen in by the determined observed rate constants (kobs). The carboxylic acid

substituted aryl halides were easily coupled to phenyl boronic acid in water due to

their increased solubility as compared to the less miscible un-substituted counter-

parts which gave poor conversions in water. It was possible to recover the catalysts

and re-use it while maintaining good catalytic activity up to four successive cycles.

The ability to carry out the Suzuki coupling in water medium for some of the

substrates and the recyclability of the catalyst shows that the reaction can be carried

out under the desirable reaction conditions of Green Chemistry.
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