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We  present  the  use  of  amine-functionalized  silica  (NH2-SiO2) as  support  for  palladium  nanoparticles
(PdNPs)  and the  use  of  heterogeneous  catalysts  (Pd/NH2-SiO2) for the Suzuki,  Heck  and  Sonogashira
coupling  reactions.  The  synthesized  Pd  catalyst  is  well  characterized  by  XRD,  HRTEM,  BET,  SEM-EDX,
FT-IR,  and  UV–vis  spectral  techniques.  It exhibits  efficient  catalytic  activity  for  these  coupling  reactions
without  the  assistance  of  ligand  and  copper  salts.
eywords:
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. Introduction

The study of application of metal nanoparticles in catalysis,
articularly, on organic transformations, has become a frontier
rea of research in nanocatalysis [1].  Heterogeneous catalysis is
ttractive for both laboratory and large-scale synthesis because
f its advantages over homogeneous catalysis [2].  In fact, one of
he challenging areas of research is heterogeneous catalysis with
anocatalysts supported on a solid surface [3].  Among the different
etal nanocatalysts, palladium nanoparticles (PdNPs) have gained
uch reputation, because palladium is a versatile catalyst in mod-

rn organic synthesis and is widely used for a significant number
f synthetic transformations [4] such as, Heck, Suzuki, Stille and
onogashira cross coupling reactions [5–8].

Some types of traditional nanocatalysts include transition metal
anoparticles in colloidal suspension, and those adsorbed onto bulk
upports [9–14]. Different types of stabilizers such as polymers

11,12,14,15], surfactants [16], dendrimers [17], as well as different
ypes of ligands [18], have been used as capping agents to stabilize
he nanoparticles. In the case of metal nanoparticles adsorbed onto
ulk supports, a wide variety of support materials such as partially

∗ Corresponding author. Tel.: +91 452 2458246; fax: +91 452 2459105.
E-mail addresses: rajagopalseenivasan@yahoo.com, spveerakumar@gmail.com

S.  Rajagopal).

926-860X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.01.021
reduced graphene oxide (PRGO) [19], silica [13,20,21],  titania [22],
alumina [12,23], zeolites [24], resins [25] and carbon nanotubes
(CNT) [26] have been used. In the absence of a suitable support,
metal particle aggregates have reduced surface area and restricted
control over particle size.

Among many supported NPs, silica-based PdNPs have several
advantages and some of them are: (i) silica nanoparticles (SiNPs)
are easy to synthesize at room temperature, (ii) SiNPs size can be
easily tuned, (iii) easy adjustment of synthesis parameters leads
to PdNPs with narrow size distribution (‘monodispersed PdNPs’),
(iv) SiNPs are stable in organic solvents, and (v) they are envi-
ronmentally friendly materials. Due to these attractive features,
Pd/NH2-SiO2 nanoparticles found widespread applications in the
synthesis of C C, C C and C C coupling products. These Pd-
catalyzed coupling reactions are ranked today amongst the most
general transformations in organic synthesis, which have great
industrial potential for the synthesis of chemicals, therapeutic
drugs and their intermediates with promising industrial applica-
tions [27–32].

In the present work, we  report a versatile methodology to
prepare PdNPs that are immobilized on amine-functionalized sil-
ica nanoparticles (Pd/NH2-SiO2). The catalyst is designed with an
aim to combine the property of highly branched polyethylenimine

(PEI) to effectively immobilize and stabilize PdNPs for easy catalyst
separation. The Pd/NH2-SiO2 is employed as an efficient catalyst
in coupling reactions and its catalytic role is schematically repre-
sented in Scheme 1.

dx.doi.org/10.1016/j.apcata.2013.01.021
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apcata.2013.01.021&domain=pdf
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Scheme 1. Suzuki, Heck and Sonogashira coupling reactions catalyzed by Pd/NH -SiO .
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. Experimental

.1. Materials and methods

Palladium(II) acetate (Pd(CH3COO)2), polyethyleneimine (PEI,
W ∼25,000), tetraethyl orthosilicate (TEOS, 98%), 3-aminopropyl

riethoxysilane (APTES, 99%), ascorbic acid, phenylboronic acid,
henylacetylene, styrene, derivatives of iodo- and bromobenzene
ere purchased from Sigma–Aldrich and used as received. Water
urified through a double distilled system was used.

The X-ray powder diffraction (XRD) pattern of the catalyst was
aken using a XPERT-PRO diffractometer operated at a voltage of
0 kV and a current of 30 mA  with Cu K� radiation (� = 1.5406 Å).
igh resolution TEM (HRTEM) images and the selected area
lectron diffraction (SAED) patterns were performed on a JEOL
011 instrument with an accelerating voltage of 300 kV. The
d/NH2-SiO2 was dispersed on ethanol solution under ultrasonic
ibration for 20 min  and one drop of the suspension evapo-
ated onto a carbon-coated copper grid for HRTEM measurement.
etailed measurements of surface area were determined from
itrogen adsorption isotherm by the Brunauer–Emmett–Teller
BET) method and determination of the pore size distribution from
dsorption branch by the Barrett–Joyner–Halenda (BJH) method.
EM observations were carried out on a JEOL JSM-6390 elec-
ron microscope. Detailed composition characterization of the
d/NH2-SiO2 composites was carried out with energy-dispersive
-ray (EDX) analysis (equipped with the SEM). Ultraviolet–visible
bsorption spectral measurements were carried out with a
PECORDS100 diode-array spectrophotometer. FT-IR spectra of the
urified SiNPs were recorded using a 8400 S Shimadzu FT-IR spec-
rometer in the region 4000–400 cm−1 with a spectral resolution
f 2 cm−1. Solid samples were dispersed in dry KBr discs at room

emperature.

Atomic force microscopy (AFM) (APE Research nanotechnology,
FM A100 SGS), working at 100 kV was used to measure the size
f these nanoparticles. The samples were prepared by evaporating
2 2

a drop of the dilute aliquot solution onto a thin glass plate. 1H and
13C NMR  data of products were acquired on a Bruker 300 MHz NMR
spectrometer with CDCl3 as the solvent.

2.2. Synthesis of amine functionalized silica supported PEI-PdNPs

The silica colloids were synthesized by using the Stöber synthe-
sis method [33]. The PdNPs were synthesized by using palladium
precursor (Pd(OAc)2 and ascorbic acid reduction method similar to
that described previously [34]. The PEI stabilized metal nanopar-
ticles are prepared by the method described below [13,15,35–40].
The palladium precursor solution is prepared by mixing Pd(OAc)2
(0.064 g) with 5.0 mL  of PEI (1.0 wt.%) and then diluting to 25 mL
with doubly distilled water. Aqueous solution of ascorbic acid
(1.0 mL  of 100 mM)  is injected into the reaction mixture via syringe
within few seconds. The synthesis of amine modified SiNPs [13] was
added to PdNPs by stirring for 30 min  and sonicated for 45 min. Dark
black coloured PEI-PdNPs are bound on the surface of amine func-
tionalized SiNPs with elapsing of reaction time, and the reaction
continued for 2.5 h. Finally, the particles are washed with ethanol,
centrifuged and dried under vacuum at RT and calcinated at 500 ◦C
for 8 h and stored in a closed container. The entire synthetic proce-
dure is given in Scheme 2.

2.3. Suzuki coupling reaction

To halobenzene (1.0 mmol), phenylboronic acid (1.2 mmol),
K2CO3 (276 mg,  2.0 mmol), tetrabutylammonium bromide (TBAB)
(161 mg,  0.5 mmol) and Pd/NH2-SiO2 0.05 mol% are added to a
25 mL  round-bottom flask equipped with a magnetic stirrer bar.
About 2.0 mL  of H2O is added and the reaction mixture is stirred at

60–70 ◦C for 2–3 h. After the reaction, the Pd/NH2-SiO2 is separated
by centrifugation and washed with diethyl ether (20 mL)  followed
by deionized water (20 mL). The collected Pd/NH2-SiO2 is dried and
reused for the next run. The aqueous phase is extracted with diethyl
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Scheme 2. Schematic representation of fou

ther (20 mL)  and the combined organic phases are concentrated
nd purified with thin layer chromatography (TLC, SiO2).

.4. Heck coupling reaction

To a suspension of halobenzenes (1.0 mmol), styrene
1.2 mmol), K2CO3 (2.0 mmol) and Pd/NH2-SiO2 (0.05 mol%)
re added to a 25 mL  round-bottom flask equipped with a mag-
etic stirrer. 5.0 mL  of distilled dry DMF  is added and the reaction
ixture is stirred at 110 ◦C with heating on an oil bath for 4–6 h.

he reaction is monitored by TLC (or GC if necessary). On com-
letion of the reaction, the mixture is filtered and the filtrate
oured into water (50 mL)  and extracted with CH2Cl2 (3× 15 mL).

he combined organic phases are dried over Na2SO4 or MgSO4,
ltered and evaporated in vacuum. The mixture is then purified
y column chromatography over silica gel or recrystallization to
fford a product with high purity.
 process for the synthesis of Pd/NH2-SiO2.

According to the above procedure after the completion of the
reaction, the suspension is cooled down to room temperature and
filtered off. The Pd/NH2-SiO2 is washed with DMF, water and ace-
tone. It is dried under vacuum and then used in the next reaction
cycle with a new portion of reagents without any pretreatment.
Characterization of the products is performed by comparison of
their 1H and 13C NMR  data with those of the authentic samples

2.5. Sonogashira coupling reaction

To a 50 mL  round-bottom flask equipped with a magnetic stir-
rer under N2 atmosphere, ethylene glycol (3.0 mL) is added to the
Pd/NH2-SiO2 (0.05 mol%), K2CO3 (2.0 mmol, 276 mg), aryl halide
(1.0 mmol) and phenylacetylene (2.0 mmol) and the mixture is

heated at 120–130 ◦C for the appropriate reaction time. After the
completion of the reaction, the reaction mixture is extracted with
ethyl acetate or diethyl ether (25 mL)  and the upper organic phase
is separated and evaporated. Further purification is performed by
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Pd/NH2-SiO2 are given in Table 1.
Fig. 1. The XRD patterns of the Pd/NH2-SiO2 catalyst.

olumn chromatography (EtOAc/n-hexane) to obtain the desired
oupling product. For the recycling test, the recovered catalyst is
urther washed sufficiently with ethanol followed by water.

. Results and discussion

.1. XRD results

Powder XRD diffraction patterns of Pd/NH2-SiO2 exhibit a broad
eflection corresponding to the amorphous silica support as shown
n Fig. 1.

Four additional reflections are found in the XRD pattern that
ould be attributed to elemental palladium, in good agreement with
he JCPDS 46-1043 file [41]. All materials prepared exhibit a similar

RD pattern. Of note is the absence of any other reflections in the
iffractogram, indicating the absence of significant quantities of the
d precursor on the support.

Fig. 2. HRTEM images of PEI capped PdNPs. Scale bar
A: General 455 (2013) 247– 260

The peaks are observed in XRD pattern 2� values at 40◦, 45◦,
68.3◦ and 81.5◦. These peaks correspond to the [1 1 1], [2 0 0], [2 2 0]
and [3 1 1] planes of a fcc lattice, respectively, indicating that the
synthesized PEI-PdNPs have the fcc structure, which is confirmed
by HRTEM images [42,43].

3.2. HRTEM analysis

Synthesis of SiNPs and modification or functionalization with
amine group on the surface of SiNPs is discussed in our previous
report [13]. HRTEM images of monodisperse spheres of bare SiNPs
(SiO2) and amine functionalized SiNPs (NH2-SiO2) show homoge-
neous size with a smooth surface. Fig. 2 displays representative
HRTEM images of the highly branched polymer (PEI) capped PdNPs
prepared by using ascorbic acid as the reducing agent described
above. From the HRTEM images we measured particle size of small
PdNPs, an average size of 5–10 nm with spherical morphologies.

The direct observation of the PdNPs supported on the SiNPs
could be obtained by HRTEM analysis. The HRTEM images of the
Pd/NH2-SiO2 (Fig. 3a–c) revealed that PdNPs are adsorbed or cova-
lently attached to the surface of the silica colloids [10]. They were
well dispersed homogeneously on the surface of SiO2 without the
obvious aggregation phenomenon. An EDX analysis confirmed the
presence of palladium and silicon in Pd/NH2-SiO2 as shown in
Fig. 3d.

3.3. BET surface area studies

Nitrogen adsorption and desorption isotherms on all the sam-
ples at 77 K are measured to characterize their pore textural
properties including BET surface area, pore volume and pore
size distribution. Physicochemical properties of the NH2-SiO2 and
To verify the changes of the surface area and porous characteris-
tics the pure NH2-SiO2 and PdNPs immobilized NH2-SiO2 samples
are evaluated by N2 sorption analysis as shown in Supporting

s (a) 50 nm,  (b) 20 nm, (c) 10 nm and (d) 5 nm.
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ig. 3. HRTEM photographs of (a–c) correspond to the different images of the re
d/NH2-SiO2.

nformation, Fig. S5. The BET surface area of the NH2-SiO2 is
10.8 m2 g−1 whereas that of the catalyst Pd/NH2-SiO2 is in the
7.8 m2 g−1, respectively. The corresponding isothermal curves of
.0 wt.% Pd, belonging to type IV sorption isotherms [44] with hys-
eresis loop of type H1 according to the IUPAC classification is given
n Supporting information, Fig. S5.

The specific surface areas of the samples are estimated by the
ET method in the relative pressure range of 0.05–0.20 from nitro-
en desorption isotherms [45], and the pore size distribution is
etermined by the BJH (Barrett–Joyner–Halenda) method. The spe-
ific surface area of the silica decreases from 110.08 m2 g−1 to
7.08 m2 g−1 for Pd/NH2-SiO2 due to the immobilization of PdNPs,
hich may  result from the deposition of PdNPs on the surface of

ilica.
The small hysteresis of the composite indicates less mesopo-

osity present in the NH2-SiO2. From the N2 sorption analysis, it
s known that the total pore volume is reduced from 0.60 cm3 g−1

or NH2-SiO2 to 0.17 cm3 g−1 for Pd/NH2-SiO2. This is due to pore
lockages of metal particles during impregnation and/or calcina-
ion step. The same types of effects are observed for Pd/Al2O3
nd Pt/TiO2 nanocatalysts [46,47]. Since the Pd catalysts tested,

heir nitrogen adsorption–desorption isotherms did not vary with
espect to bare carriers and the BET area only decreased slightly
pon palladium incorporation [48,49].  Finally, all the adsorp-
ion/desorption isotherms are of type IV as per IUPAC classification,

able 1
hysicochemical properties of the NH2-SiO2 and Pd/NH2-SiO2 catalyst.

Sample Pd content
(wt.%)

BET surface
area (m2 g−1)

Langmuir surfac
area (m2 g−1)

NH2-SiO2 – 110.8 186.9 

Pd/NH2-SiO2 1.0 87.8 142.4 
ntative Pd/NH2-SiO2; (d) EDX analysis and inset of (c) shows SEAD spectrum of

and the hysteresis loops in the isotherms suggest the presence of
mesopores in NH2-SiO2.

3.4. SEM analysis

The scanning electron microscopy (SEM) images of SiNPs
synthesized by Stöber method are shown in the Supporting
information Fig. S6. The SiNPs have very uniform spherical mor-
phology and monodispersed distribution. The mean diameter of
these particles is ∼180 nm,  with very little distribution, and rep-
resentative electron micrographs obtained are presented in the
Supporting information, Fig. S6.

3.5. UV–vis absorption spectroscopy

Heating played a critical role in the synthesis of
the PEI-PdNPs, from the reduction of Pd2+ to Pd(0) with ascorbic
acid as the reducing agent. At 95 ◦C, the PEI-Pd2+ solution turned
to transparent light brown as soon as ascorbic acid is added,
indicating rapid reduction of Pd2+ and formation of fine PdNPs.
UV–vis absorption spectroscopy is used to monitor the complete

reduction of Pd2+ to Pd(0) state [50–52].

The Pd2+ is mixed with 1.0 wt.% of PEI and stirred for 15–20 min
to form dark coloured solution of PdNPs. Pd2+ (yellow) is reduced,
step-by-step, to Pd(0) (dark black) during the reaction: (a) Pd2+ salt

e t-Plot external surface
area (m2 g−1)

Average pore
diameter (nm)

Pore volume
(cm3 g−1)

106.9 33.0 0.60
76.5 25.2 0.17
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ig. 4. UV–vis absorption spectra of PEI stabilized PdNPs. (For interpretation of the
eferences to colour in text, the reader is referred to the web  version of this article.)

nly, (b) mixture of Pd2+ and PEI, (c) at approximately 15 min  (d and
). After about 15 min, the absorption peak disappeared completely,
hich indicated that Pd2+ is entirely reduced to Pd(0) as shown in

ig. 4e and f.
The increasing scattering absorbance at wavelengths between

00 and 800 nm with time reveal full conversion of Pd2+ to Pd(0).
he synthesized PEI capped PdNPs are stable for 30 days (Fig. 4g)
nd 3 months (Fig. 4f), respectively. Both spectra feature a contin-
al increase of absorbance at shorter wavelengths characteristic
f nanosized palladium, which can account for the overall dark
lack colour appearance of the dispersion [51]. Although both spec-
ra show virtually identical profiles, it is observed that there is a
light decrease in the overall absorbance recorded after 3 months
n comparison to that after 30 days.

.6. FT-IR spectroscopy

FT-IR spectra of pure SiO2, amino modified silica (NH2-SiO2) and
d/NH2-SiO2 are recorded in the regions 4000–400 cm−1. The FT-
R spectral assignments of dried and calcined samples of pure SiO2,
H2-SiO2 and PdNPs coated amine functionalized silica (Pd/NH2-
iO2) are shown in Supporting information, Fig. S8.

The 2929 and 2856 cm−1 bands are assigned to �CH of the CH2
roups, and the bands at 1544 cm−1 and 1542 cm−1 to �NH of the
NH2 groups, both of which are associated with amino modi-
ed (NH2-SiO2) and Pd/NH2-SiO2 skeleton, respectively. The strong
eaks at 1076 and 790 cm−1 are due, respectively, to �asym (Si O)
nd �sym (Si O) of the Pd/NH2-SiO2 skeleton [13,53,54].  Moreover,
he presence of the amino groups confirms the formation of the
mine-modified particles. The broad peak centred at 3400 cm−1 is
n envelope of �O H for the adsorbed water, silanol groups, and
N H of the amino groups. It should be pointed out here that the
and corresponding to the Si OH group appears at 960 cm−1 as a
houlder (arrow) of the 1076 cm−1 Si O Si skeleton peak, and is
ittle weaker than that found ever in the conventional SiO2 parti-
les that exhibit a clear and well-defined peak of the Si OH groups
13].

.7. Suzuki coupling reaction of different aryl halides

Generally, the palladium-catalyzed Suzuki coupling reaction is
erformed under an inert atmosphere because the catalytic species

re sensitive to oxygen or moisture. Nowadays, the Suzuki reac-
ion is probably one of the most popular Pd-catalyzed coupling
eactions [55]. This reaction involving heterocycles is of interest
o the pharmaceutical industry because of the special biological
A: General 455 (2013) 247– 260

activities displayed by the hetero biaryl compounds [56]. We first
tested Pd/NH2-SiO2 in the Suzuki reaction of aryl iodides with
phenylboronic acid in water and the observed results are summa-
rized in Table 2.

We used water (water was  necessary to favour the solubil-
ity of phenyl boronic acid and base) as the reaction medium
for environmental benefit [57]. Tetrabutylammonium bromide, a
phase transfer agent is added to enhance the reactivity in aqueous
medium. Various substituted ( CH3, OCH3, COCH3 and NO2)
iodo- and bromobenzenes were coupled with arylboronic acid in
the presence of 0.05 mol% of Pd/NH2-SiO2 at 60–70 ◦C to afford the
corresponding products in good to excellent yields (Table 2, entries
1–6).

Suzuki cross coupling reactions of various aryl halides carried
out using the Pd/NH2-SiO2 catalyst, produced the coupling prod-
ucts close to 90% yield, except for 4-iodotoluene (82%, Table 2,
entries 2–6). The aryl bromides give executable product yields
(70–92%, Table 2, entries 1–6). Overall, the Pd/NH2-SiO2 shows
excellent catalytic activity in the reaction of 4-brompyridine with
pyridin-4-ylboronic acid to give low yield (85%) compared with
phenylboronic acid. Phenylboronic acid reacts faster than the
pyridin-4-ylboronic acid because of solubility of the latter in water.

The feasibility of recycling the catalyst is also examined. After
the reaction, the Pd/NH2-SiO2 is simply recovered by ultracentrifu-
gation followed by washing with ethanol and drying in vacuum
for 2–3 days. However, we observe that the catalytic activity of
vacuum dried Pd/NH2-SiO2, is decreased only slightly in the third
cycle. Nearly quantitative amounts of Pd/NH2-SiO2 (up to 96–78%)
could be recovered from each run. In a test of third cycle, the cat-
alyst could be reused with reduced amount of its catalytic activity.
The slight reduction in yield is probably due to loss of some catalyst
at the time of filtration.

The recovered Pd/NH2-SiO2 after the third run had no obvious
change in structure according to the HRTEM images in comparison
with the fresh Pd/NH2-SiO2 see Supporting information, Fig. S4).

3.8. Effect of solvents and bases on Suzuki coupling reaction

Generally, Suzuki-Miyaura coupling reactions are carried out
with the assistance of phosphine ligands along with Pd [58].
However, Pd-catalyzed Suzuki coupling under phosphine-free con-
ditions is a topic of considerable interest because of both economic
and environmental reasons [59].

Another limitation of Suzuki-Miyaura coupling is that cheaper
aryl bromides are less reactive than aryl iodides. In order to deter-
mine the optimal reaction conditions, various types of bases were
screened and the results shown in the Supporting information,
Table S9.  Among the bases examined for the reaction of 4-
iodobenzene with phenylboronic acid, K2CO3 was found to be most
suitable because it gave the highest product yield.

Badone et al. [60] have reported that, when water was  used as
the solvent, the addition of one equivalent of TBAB to the reac-
tion mixture greatly accelerates the reaction. We  also observed
that aryl bromides and iodides can be coupled with phenylboronic
acid to yield biaryls fairly rapidly (1 h) and in good yields. The role
of the ammonium salt is thought to be twofold. Firstly, it facili-
tates solvation of the organic substrates in the solvent. Secondly
it enhances the rate of the coupling reaction by activating the
boronic acid towards reaction by formation of a boronate complex
[ArB(OH)3]2[R4N]+ [61].
3.9. Proposed mechanism for Suzuki reaction

The proposed mechanism for the Suzuki coupling reaction is
shown in Scheme 3.
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Table 2
Results of Suzuki coupling of aryl halides with phenylboronicacid.a

Entry Reactants Products Time (h) Yield (%)b

1 1 96 (X = I); 90 (X = Br)d

2 3 (5) 82 (X = I); 70 (X = Br)c

3 3 (5) 90 (X = I); 87 (X = Br)f

4 45 min  (5) 93 (X = I); 82 (X = Br)c

5 4 (6) 92 (X = I); 85 (X = I)c

6e 6 85c

a Reaction conditions: aryl halide (1.0 mmol), aryl boronic acid (1.2 mmol), Pd/NH2-SiO2 (0.05 mol%), TBAB (0.5 mmol), H2O (2.0 mL).
b Yields were determined from the mass of biaryl products after column chromatography.
c Reaction temperature: 60–70 ◦C.
d Reusability of the Pd/NH2-SiO2 for 1st, 2nd and 3rd runs of yields is 96%, 87% and 78%, respectively.
e Pyridineboronic acid is used.
f 100 ◦C.

Scheme 3. Possible mechanism of Suzuki coupling reaction.
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Table 3
Comparison of other catalyst systems on Suzuki reaction of halobenzenes with phenylboronic acid.

Entry Catalystsa Size (nm) Mol  (%) Time (h) Temp (◦C) Solvent Yield (%)

1 Au-G [64] 2–3 1.0 4 100 H2O 85
2 Fe3O4-Bpy-Pd(OAc)2 [65] 6–20 15 mg 6 80 Toluene >99
3 Pd/NiFe2O4 [66] 100–300 0.1 5 90 DMF:H2O (1:1) 97
4  Pd/NiFe2O4 [71] 10–12 50 mg 30 110 DMF  97
5  Pd/NiFe2O4 [72] >50 0.08 4 80 NMP:H2O (5:2) 97
6  Pd-Fe3O4 nanocrystals [67] 36 1.0 24 >80 DME:H2O (3:1) 99
7  Pd/G [68] 7–9 0.3 10 ∼80 H2O:EtOH (1:1) >99
8 Pd/GO [68] 12–18 0.3 10 ∼80 H2O:EtOH (1:1) >99
9 Pd-SBA-15 [69] 1.5 0.5 30 min  100 H2O:EtOH (3:2) 21

10 Pd-SBA-16 [77] 10–25 0.01 5 50 EtOH 99
11  Fe3O4-Pd(0) [70] 8–10 5.0 24 50 DMF  54
12  Ru/Al2O3 [73] 2–3 5.0 12 60 DME:H2O (1:1) 96
13  LDH-Pd(0) [78] 4–6 1.0 10 100 1,4-Dioxane:H2O (5:1) 93
14 Diatomite-Pd(0) [79] 20–100 0.1 20 min 110 DME:H2O (1:1) 95
15  Polyoxometalate-Pd(0) [74] 15–20 0.01 12 80–85 H2O:EtOH (1:4) 92
16 MES-IMes (20%)-Pd [84] >20 0.5 24 80 Isopropyl alcohol 78
17  Organostannoxane-Pd(0) [61] 4.3 5.0 mg 4 110 Toluene 95
18 Pd/SiO2 [76] >100 100 mg 12 100 CH3CN:H2O (3:1) >90
19  SiO2 >100 0.05 12 60–70 H2O Traceb

20 NH2-SiO2 >100 0.05 12 60–70 H2O Tracec

21 Pd/NH2-SiO2 5–6 0.05 1 60–70 H2O 96d
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–d Reaction conditions as exemplified in the experimental procedure, where G, 

-methyl-2-pyrrolidone; CH3CN, acetonitrile, respectively.

In Step I, the formation of PdNPs is shown from the source
d(OAc)2 using ascorbic acid as the reducing agent. It is believed
hat Pd(0) is the catalytic species and that the reaction proceeds
hrough the usual interaction of aryl halide and silica supported
d(0) to form the aryl-palladium halide complex [Ar (Pd2+) X] as
hown in Step II. The aryl-palladium halide complex then cou-
les with arylboronic acid, (Ph-B(OH)2) in the presence of a base
o produce the aryl-Pd(II) intermediate [Ar-(Pd2+)-Ph] in Step III,
nd finally providing the biaryl product (Ar-Ph) via the reductive
limination of Pd2+ to Pd(0) as in Step IV,  outlined in Scheme 3. The
oupling reaction does not proceed at all in the absence of PdNPs
62,63].

.10. Comparison with other catalyst systems on Suzuki reaction

A number of articles describing the use of supported PdNPs or
omposites as catalysts for Suzuki reaction have been published
61,64–81]. Most of these studies employed phenylboronic acid
ith bromo- and iodoarenes in C C coupling reactions with yields

ltered from 21% to 99% as shown in Table 3.
The iron oxide (Fe2O3) supported PdNPs show good catalytic

ctivity in the Suzuki reaction of iodobenzene with phenyl-
oronic acid to form biaryls (Table 3, entries 2–8 and 12–15). The
d/NiFe2O4 nanocatalyst [66] is of very large size (100–300 nm)
ompared to other catalysts systems. The novelty of the present
tudy is that the Suzuki reaction has been carried out in the pres-
nce of Pd/NH2-SiO2 with water as the solvent, to develop a green
nd low-cost strategy [61].

Comparison of our results with those of some of the recently
ublished methods using different nanocatalysts for Suzuki cou-
ling is of worth consideration [61,64–76].  The procedure followed
y us provides significant advantages in terms of reaction time,
implicity of operation, and yields of products compared to other
atalytic systems. In addition, this procedure provides the products
ithout assistance of any copper salts and ligands.

.11. The role of the Pd/NH2-SiO2 on Heck coupling reactions
The Heck coupling, often referred to as the Mizoroki–Heck reac-
ion, first reported by Heck in 1968, is the alkenylation of aromatic
ompounds through the reaction of substituted aromatics (halides,
ne; GO, graphene oxide; DMF, dimethylformamide; DME, dimethyl ether; NMP,

triflates, or diazonium derivatives called the Matsuda–Heck reac-
tion, etc.) with alkenes [80–82]. The Pd/NH2-SiO2 catalyst is also
examined for a series of Heck coupling reactions in DMF  solvent by
using bromo and iodoarenes with styrene. The results are listed in
Table 4.

As shown in Table 4, all of the obtained products are trans-
isomers, which are identified by 1H NMR  analysis. When aryl
bromides are used as the starting materials, good conversion is also
obtained with K2CO3 as the base (Table 4, entries 5–7). When we
used dibromoarenes (Table 4, entries 6 and 7), 2.4 mmol of styrene
is required to complete the reaction to afford good yields, 92% and
90%, respectively.

3.12. Effect of solvents and bases on Heck coupling reactions

The activity of the NH2-SiO2 supported Pd nanocatalyst is first
examined in the Heck coupling reaction of different aryl halides
with styrene and the results are collected in Table 4. In a model reac-
tion, the coupling of iodobenzene with styrene is initially studied.
In the process of coupling reaction the choice of solvent and base
is crucial, so these parameters are optimized and the results are
summarized as shown in the Supporting information, Table S10. It
is found that the best system is DMF  as the solvent and K2CO3 as
the base using 0.05 mol% of Pd/NH2-SiO2 at 120 ◦C to give 95% of
yield. Further studies were continued in DMF  as a solvent offering
a higher yield (95%). The results collected in Table S11 (Suppor-
ting information) illustrate the effect of different bases and solvents
on the reaction. With K2CO3 and Cs2CO3, an increase in yield (95%
and 93%) was  noted. Much better results were found when DMF  or
EtOH was  used, DMF  being superior to EtOH. However, the use of
a tertiary amine instead of K2CO3 leads to a decrease in the yield
from 90% to 85% (Table S11, entry 5).

3.13. Proposed mechanism for Heck reaction

The possible mechanism for the Pd/NH2-SiO2 catalyzed Heck
reaction is shown in Scheme 4 [75,83,84].
The process starts from reduction of Pd(OAc)2 and formation of
Pd(0) nanoparticles (Step I). The oxidative addition of aryl halide to
a silica supported nano Pd(0) to form a complex is a key step in Heck
reaction. Activation of aryl halide [Ar X] via oxidative addition
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Table 4
Results of various Heck coupling reactions catalyzed by Pd/NH2-SiO2 catalyst.a

Entry Reactants Products Time (h)b Yield (%)c

1 2 95 (X = I)d; 91 (X = Br)

2  3 89

3  4 80

4  5 85

5  3 90

6  6 92e

7 6 90e

a Reaction conditions: aryl halide (1.0 mmol), styrene (1.2 mmol), Pd/NH2-SiO2 (0.05 mol%), base (2.0 mmol) and DMF  (3.0 mL).
b Reaction temperature: 110 ◦C.

graph
ective

p
c
c
(

c Yield were determined from the mass of biaryl products after column chromato
d Reusability of the Pd/NH2-SiO2 for 1st, 2nd and 3rd runs 95%, 88% and 70%, resp
e Styrene 2.4 mmol  used.
roduces a Pd(II) complex [Ar Pd2+ X] with aryl and halide ligands
oordinated to the palladium metal as shown in Step II. The formed
omplex next reacts with olefin forming an �-olefin complex
Step III).  The olefin bonded to palladium undergoes a migratory

Scheme 4. Possible mechanism 
y.
ly.
insertion forming a new C C bond, followed by �-hydride elimi-
nation (Steps IV and V) and removal of the final product (Step VI),
arylated olefin from the coordination sphere of palladium. Palla-
dium remains, after this stage, in the form of a hydrido complex

of Heck coupling reaction.
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Table 5
Comparison of other catalyst systems in Heck reaction of halobenzenes with styrene.

Entry Catalystsa Size (nm) Mol  (%) Time (h) Temp (◦C) Solvent Yield (%)

1 NHC-Pd/SBA-16-IL [77] 10–20 0.01 40 140 NMP  94
2 Ni(0)NPs [101] >100 0.02 16 140 H2O 78
3 Polyaniline/Ni(0) [102] 1.52 5.0 15–20 130 DMF  95
4  [Pd]-APTS-Y [89] 4–5 0.075 g 2 120 DMAC 95
5 Pd/(C@(Au@Fe)) [90] 250–300 0.25 4 100 DMF  98
6  Hollow Pd-Fe [91] 200 0.02 24 90 H2O 95
7  Pd/C [92] 2.4–23 0.01 2–3 80–140 NMP  88
8  Pd/(SiO2/Fe3O4) [93] 100 15 mg  12 80–90 CH3CN:H2O (1:3) 71
9 Fe3O4 NH2 Pd [94] 35 5.0 10 130 NMP >99

10  PIC-PdNPs [95] 2.6–2.7 1.0 20 80 H2O 99
11 Pd/PS-IL[Cl] [96] 4–6 0.2 6 100 H2O 42
12  Ru/Al2O3 [73] 2–3 5.0 12 135 DMF  91
13  LDH-Pd(0) [81] 4–6 3.0 0.5 130 NMP  95
14  Diatomite-Pd(0) [79] 20–100 0.1 2 120 DME:H2O (1:1) 92
15 Pd/C nanofiber [97] 40–150 0.01 10 120 NMP  95
16 Pd(0)MCM-41 [100] 3–4 0.05 g 24 100 DMF  90
17  PVP-Pd/SiO2 [98] 20–25 0.5 1.0 120 DMF  93
18 Polyoxometalate Pd(0) [99] 20 63 mg 2.0 100 DMF  93
19  SiO2 >100 0.05 12 110 DMF  Trace
20 NH2-SiO2 >100 0.05 12 110 DMF  Trace
21  Pd/NH2-SiO2 5–6 0.05 2 110 DMF  95

b
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a References.
–d Reaction conditions as exemplified in the experimental procedure, where PIC,
yrrolidone; DMAC, N,N′-dimethyl acetamide; CH3CN, acetonitrile, respectively.

nd is converted back to the initial form by reaction with a base
cting as H X acceptor (Scheme 4) [85].

.14. Comparison with other catalyst systems on Heck reaction

The Heck reaction is one of the most versatile tools in modern
ynthetic chemistry and has great potential for future industrial
pplications [5,53,75,83]. However, heterogeneous palladium cat-
lysts suffer from reusability, due to either aggregation or leaching
f the particles from the supports during the reaction.

Therefore, we are interested in evaluating the performance
f our nanocatalyst (Pd/NH2-SiO2) compared to other reported
ystems for arylation of styrene with iodobenzene (Scheme 4).
omparison of the activity of various heterogeneous nanocatalysts
n the Heck reaction of bromobenzene with styrene is listed in

able 5.

Different kinds of support have large impact on the dispersion
f PdNPs. Also, the interaction between PdNPs and support is dif-
erent, which has great influence on the stability of Pd.

able 6
esults of Sonogashira coupling reactions catalyzed by Pd/NH2-SiO2 catalyst.a

Entry Reactants Products 

1 

2 

3  

4  

a Reaction conditions: aryl halide (1.0 mmol), phenylacetylene (1.5 mmol), Pd/NH2-SiO
b Reaction temperature: 120–130 ◦C.
c Isolated yields of pure product after column chromatography.
d Reusability of the Pd/NH2-SiO2 for 1st, 2nd and 3rd runs 98%, 90% and 80%, respective
on complex; DMF, dimethylformamide; DME, dimethyl ether; NMP, N-methyl-2-

It  seems that most of the reactions are conducted in DMF
medium (Table 5, entries 3, 5, 12 and 16–18). Due to its wide liq-
uid temperature range, good chemical and thermal stability (even
at its boiling point, 153 ◦C), high polarity and wide solubility range
for both organic and inorganic compounds, this unique versatile
and powerful chemical has been used as a solvent in a wide vari-
ety of synthetic procedures, including preparation of colloids, and
many types of organic chemical reactions [86,87]. Our catalyst sys-
tem performed in a very short time to complete the reaction (2 h)
to afford moderate yield (95%).

3.15. Effect of solvents and bases on Sonogashira coupling
reactions

The coupling of aryl halides with terminal acetylenes catalyzed

by palladium and other transition metals, commonly termed as
Sonogashira cross-coupling reaction, is one of the most important
and widely used sp2–sp carbon–carbon bond formation reactions
in organic synthesis, frequently employed in the synthesis of

Time (h)b Yield (%)c

2 98 (X = I); 93 (X = Br)d

3 90

4 85

5 92

2 (0.05 mol%), base (2.0 mmol) and ethylene glycol (3.0 mL).

ly.
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atural products, biologically active molecules, heterocycles,
olecular electronics, dendrimers and conjugated polymers or

anostructures [88].
The products of Sonogashira coupling reaction were obtained in

ood to excellent yields as shown in Table 6.
The coupling of iodobenzene with phenylacetylene afforded a

ery good yield (98%) of diphenylacetylene when it was conducted
n the ethylene glycol at 125 ◦C temperature (Table 6, entry 1). The
romobenzene was found to be less efficient than iodobenzene
Table 6, entry 1), due to the electronic effects on the reactions
ere limited [2,88].

Remarkably, we carried out the coupling between 4-iodoanisole
nd phenylacetylene (Table 6, entry 3) to 85% yield, but 4-
odoacetophenone (Table 6, entry 4) reacts with phenylacetylene
o yield (92%) compared to iodobenzene (98%), respectively.

The effect of different solvents upon the reaction of iodobenzene
1.0 mmol) with phenylacetylene (2.0 mmol) as a model reac-
ion in the presence of K2CO3 (2.0 mmol) and 0.05 mol% of the
d/NH2-SiO2 catalyst at 125 ◦C is studied and shown in Supporting
nformation, Table S11. The results show that ethylene glycol (EG)
s a suitable solvent for the reaction. EG is thermally stable, not so
xpensive with a low toxicity [103] and possesses negligible vapour
ressure. Ethylene glycol is highly soluble in water, and can be eas-

ly separated from the organic phase by addition of water to the
eaction mixture.

.16. Proposed mechanism for Sonogashira reaction

This proposed mechanism of Sonogashira reaction is similar to
he Heck coupling reaction as shown in Scheme 5.
The active nano Pd(0) catalyst, obtained on reduction from
 Pd(II) precursor, enters a catalytic cycle where subsequent
xidative addition of an aryl halide occurs. This process is fol-
owed by adduct alkylation to give the aryl alkynyl derivative of

Scheme 5. Possible mechanism of S
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palladium which regenerates Pd(0) by the reductive elimination of
substitution product (Steps I–VI). Various metal nanoparticles (e.g.,
Pd, Ti, and Ru) were also prepared by virtue of the formation of
metal carbon (M C ) single bonds [104–106].

3.17. Comparison with other catalyst systems on Sonogashira
reaction

Comparison of the activity of various heterogeneous nanocata-
lysts on the Sonogashira reaction of iodo- and bromobenzene with
phenylacetylene published in the literature are listed in Table 7.

Hyeon and co-workers synthesized Pd/Ni bimetallic nanopar-
ticles with a cheap metal core (Ni) and a noble metal shell (Pd),
which can be used on Sonogashira coupling reactions [107].  The
toxic organic solvent diisopropylamine (DIA) or toluene, however,
has been used for this reaction. A high temperature was  maintained
>120 ◦C to complete the reaction (Table 7, entries 2, 8 and 10).

Lanthana (La2O3) supported AuNPs [117] were used for Sono-
gashira coupling reactions of iodobenzene and phenylacetylene
to yield both the desired Sonogashira cross-coupling product
(diphenylacetylene) and the two homocoupling side products
(diphenyldiacetylene and biphenyl) are identified. But in our
case no byproducts are observed. Cu2O [115] and Pd-containing
bimetallic hollow nanospheres [111] are successfully used to cat-
alyze the Sonogashira reaction, but one of the drawbacks is the
reaction proceeded with assistance of co-catalysts and ligand (CuI
and PPh3). But our system is used without assistance of any copper
and other ligands for the reaction.

The temperature range from 30 to 140 ◦C has been the most

commonly used reaction condition to Sonogashira transformations
using different types of palladium catalysts as shown in Table 7.
Indeed, it has previously been reported that the Sonogashira reac-
tion using phosphine-based catalysts could occur at 80 ◦C [111].

onogashira coupling reaction.
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Table 7
Comparison of other catalyst systems on Sonogashira reaction of halobenzenes with phenylacetylene.

Entry Catalystsa Size (nm) Mol  (%) Time (h) Temp (◦C) Solvent Yield (%)

1 Pd Ni [106] 2–3 2.0 2 80 Toluene 92
2 Au/Ag/Pd [107] 4.2–4.4 0.5 2 140 DMF:H2O (3:1) 99
3 Gelatin-Pd [108] 4–7 0.05 g 45 min  100 PEG 90
4  PdCo bimetallic hollow nanospheres [109] 60–90 0.05 6 80 H2O 92
5 CoFe2O4 NH2 Pd-complex [110] 30–40 1.0 2 80 DMF  93
6  Rh/Al2O3 [111] 2.0 100 mg 24 120 DMF  57
7  PS-PdO [112] 2.3 1.5 6 80 H2O 99
8  Cu2O [113] 10 10 24 135–140 DMF  96
9 Pd(0)/[bbim]BF4 [114] 3–8 0.02 15 min 30 Acetone 85

10  La2O3-Au(0) [115] 20 30 mg  160 145 DMF  0.41
11 LDH-Pd(0) [78] 4–6 1.0 30–48 80 THF:H2O (1:1) 95
12  PVP-Pd(0) [116,117] 7.0 1.06 mg  6 80 EtOH 95
13  Pd/MOF-5 [118] 3–6 3.0 wt.% 3 80 MeOH 86
14  Ru/Al2O3 [32] 2–3 5.0 24 90 CH3CN 85
15 Fe3O4 [119] <30 11 mg 35 125 EG 92
16 SiO2 >100 0.05 12 120 EG Traceb

17 NH2-SiO2 >100 0.05 12 120 EG Tracec

18 Pd/NH2-SiO2 5–6 0.05 1 120 EG 98d

b F, dimethylformamide; MOF, metal organic framework; PEG, polyethylene glycol; EG,
e
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a References.
–d Reaction conditions as exemplified in the experimental procedure, where DM
thylene glycol; CH3CN, acetonitrile, respectively.

The effect of temperature on the reaction was therefore
ddressed. Experimental results show that pure (SiO2) and amine
odified silica (NH2-SiO2) afforded trace amount of product

Table 7, entries 16 and 17). In the present study the Sonogashira
eaction was carried out in EG using 0.05 mol% palladium cata-
yst to give 98% yield which was achieved after 1 h at the reaction
emperature of 120 ◦C.

The most effective temperature range for the Sonogashira reac-
ion using the immobilized palladium catalyst used here was  in
ood agreement with the literature as shown in Table 7. The effect
f catalyst concentration on the reaction was then studied, using
G as the solvent and K2CO3 as the base at 120 ◦C. As with previ-
us reports, the higher the catalyst concentration (Table 7, entries
, 8, 11–13 and 18) used, the higher was the reaction rate. It was
bserved that 98% conversion was achieved after 1 h at the palla-
ium concentration of 0.05 mol%. The catalyst concentrations used

n this study were comparable to those of several previous reports
overing different aspects of the Sonogashira reaction [118], where
he palladium concentrations varied from less than 0.05 mol% to

ore than 5.0 wt.%, depending on the nature of the catalysts as
ell as the substrates as shown in Table 7.

It could be rationalized based on the fact that the homocoupling
f phenylacetylene increased significantly at 1.0 mol% catalyst,
eaving no phenylacetylene for the cross-coupling reaction. It is
herefore decided to use 0.05 mol% catalyst for further experiments.
he recovered Pd/NH2-SiO2 after the third run had no obvious
hange in structure according to the HRTEM images in compari-
on with the fresh Pd/NH2-SiO2 (see Supporting information, Fig.
4). The low activity of Pd/NH2-SiO2 may  be due to low Pd dis-
ersion on the surface of SiO2 after recovery from the third cycle.
he HRTEM images also reveal that Pd/NH2-SiO2 is very stable and
apable of producing catalytic activity. These results indicate that
he present catalyst on NH2-SiO2 support Pd/NH2-SiO2 is good for
uzuki, Heck and Sonogashira coupling reactions.

.18. The role of ascorbic acid as reducing agent

Aqueous solution of ascorbic acid (vitamin C) has been widely
sed as a reducing agent [119]. To prevent oxidation, the reaction

olutions are carefully deoxygenated and the entire process is per-
ormed under rigorous protection of inert gas in many reported
tudies [120]. Synthesis of the PEI stabilized PdNPs in aqueous solu-
ion using ascorbic acid as the reducing agent at room temperature
Scheme 6. Reduction reaction of Pd2+ with ascorbic acid.

is investigated. A standard electrode potential of ascorbic acid is
(E◦ = 0.058 V) for dehydroascorbic acid/ascorbic acid as shown in
Scheme 6.

During the synthesis process, ascorbic acid plays a role as reduc-
ing agent, and in the storage, excessive ascorbic acid is essential to
avoid oxidation of PdNPs. The antioxidant properties of ascorbic
acid come from its ability to scavenge free radicals and reactive
oxygen molecule, accompanying the donation of electrons to give
the semi-dehydroascorbate radical and dehydroascorbic acid as
shown in Scheme 6. It is capable of reducing Pd2+ into PdNPs and
their redox potential is E◦ = 0.915 V at room temperature. There-
fore, ascorbic acid serves as a reducing agent for the synthesis of
small PdNPs and this reaction can be completed without protective
gas [119,121].  The brief 10 min  heating played a critical role in the
synthesis of the PdNPs, i.e.,  reduction of Pd2+ to Pd(0) with ascorbic
acid. At 95 ◦C, the PEI-Pd2+ solution is turned to transparent dark
black as soon as ascorbic acid is added indicating rapid reduction
of Pd2+ and formation of fine PdNPs as given in Scheme 6.

4. Conclusions

We  have demonstrated that the synthesized amine modified
silica supported palladium nanoparticles (Pd/NH2-SiO2) can suc-
cessfully be employed in the Suzuki, Heck and Sonogashira coupling
reactions. The silica supported PdNPs synthesized using highly
branched PEI as a capping agent and ascorbic acid as a reduc-

ing agent in aqueous solution are characterized by XRD, HRTEM,
BET, SEM-EDX, FT-IR, and UV–vis spectral techniques. Though the
Suzuki cross-coupling reaction is carried out in aqueous media,
Heck and Sonogashira coupling reactions are conducted in DMF
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nd ethylene glycol, respectively. As far as we know the catalytic
ystem described here seems to be a very simple, efficient and green
ethod for the synthesis of very important organic compounds

rom readily available organic compounds as the starting materials.

cknowledgements

P.V. acknowledges University Grants Commission (UGC), New
elhi for a SRF position under Meritorious Fellowship Scheme. S.R.

hanks Department of Science and Technology (DST) and Univer-
ity Grants Commission-Basic Scientific Research (UGC-BSR), New
elhi for the financial support.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/
.apcata.2013.01.021.

eferences

[1] A. Molnar, Chem. Rev. 111 (2011) 2251–2320.
[2] A. Balanta, C. Godard, C. Claver, Chem. Soc. Rev. 40 (2011) 4973–4985.
[3] C.-J. Jia, F. Schuth, Phys. Chem. Chem. Phys. 13 (2011) 2457–2487, and refer-

ences cited therein.
[4] J.-H. Kim, J.-S. Park, H.-W. Chung, B.W. Boote, T.R. Lee, RSC Adv. 2 (2012)

3968–3977.
[5] B. Tamami, H. Allahyari, S. Ghasemi, F. Farjadian, J. Organomet. Chem. 696

(2011) 594–599.
[6] A.F. Lee, P.J. Ellis, I.J.S. Fairlamb, K. Wilson, Dalton Trans. 39 (2010)

10473–10482.
[7] V. Calo, A. Nacci, A. Monopoli, F. Montingelli, J. Org. Chem. 70 (2005)

6040–6044.
[8] X. Gao, N. Zhao, M.  Shu, S. Che, Appl. Catal. A: Gen. 388 (2010) 196–201.
[9] R. Narayanan, M.A. El-Sayed, J. Phys. Chem. B 109 (2005) 12663–12676.

[10] K. Gude, R. Narayanan, J. Phys. Chem. C 114 (2010) 6356–6362.
[11] R.J. White, R. Luque, V. Budarin, J.H. Clark, J.D. Macquarrie, J. Chem. Soc. Rev.

38 (2009) 481–494.
[12] P. Veerakumar, Z.-Z. Lu, M.  Velayudham, K.-L. Lu, S. Rajagopal, J. Mol. Catal. A:

Chem. 332 (2010) 128–137.
[13] P. Veerakumar, M.  Velayudham, K.-L. Lu, S. Rajagopal, Catal. Sci. Technol. 1

(2011) 1512–1525.
[14] H. Yang, Y. Chong, X. Li, H. Ge, W.  Fan, J. Wang, J. Mater. Chem. 22 (2012)

9069–9076.
[15] P. Veerakumar, M.  Velayudham, K.-L. Lu, S. Rajagopal, Appl. Catal. A: Gen.

439–440 (2012) 197–205.
[16] T. Maegawa, Y. Kitamura, S. Sako, T. Udzu, A. Sakurai, A. Tanaka, Y. Kobayashi,

K.  Endo, U. Bora, T. Kurita, A. Kozaki, Y. Monguchi, H. Sajiki, Chem. Eur. J. 13
(2007) 5937–5943.

[17] M.V. Vasylyev, G. Maayan, Y. Hovav, A. Haimov, R. Neumann, Org. Lett. 8
(2006) 5445–5449.

[18] K.A. Flanagan, J.A. Sullivan, H. Mueller-Bunz, Langmuir 23 (2007)
12508–12520.

[19] S. Moussa, A.R. Siamaki, B.F. Gupton, M.S. El-Shall, ACS Catal. 2 (2012)
145–154.

[20] Z. Huang, F. Cui, J. Xue, J. Zuo, J. Chen, C. Xia, J. Phys. Chem. C 114 (2010)
16104–16113.

[21] H. Li, L. Wang, M. Yang, Y. Qi, Catal. Commun. 17 (2012) 179–183.
[22] M. Chen, D.W. Goodman, Chem. Soc. Rev. 37 (2008) 1860–1870.
[23] P. Veerakumar, S. Balakumar, M.  Velayudham, K.-L. Lu, S. Rajagopal, Catal. Sci.

Technol. 2 (2012) 1140–1145.
[24] L. Yin, J. Liebscher, Chem. Rev. 107 (2007) 133–173.
[25] B. Corain, P. Centomo, S. Lora, M.  Kralik, J. Mol. Catal. A: Chem. 204–205 (2003)

755–762.
[26] H. Li, L. Han, J. Cooper-White, I. Kim, Green Chem. 14 (2012) 586–591.
[27] M. Velayudham, S. Singaravadivel, S. Rajagopal, P. Ramamurthy, J. Organomet.

Chem. 694 (2009) 4076–4083.
[28] P.D. Stevens, G. Li, J. Fan, M.  Yen, Y. Gao, Chem. Commun. (2005) 4435–4437.
[29] C.M. Crudden, M. Sateesh, R. Lewis, J. Am.  Chem. Soc. 127 (2005)

10045–10050.
[30] G.M. Scheuermann, L. Rumi, P. Steurer, W.  Bannwarth, R. Mulhaupt, J. Am.

Chem. Soc. 131 (2009) 8262–8270.
[31] M.N. Nadagouda, V. Polshettiwar, R.S. Varma, J. Mater. Chem. 19 (2009)

2026–2031.

[32] H. Firouzabadi, N. Iranpoor, M.  Gholinejad, J. Hoseini, Adv. Synth. Catal. 353

(2011) 125–132.
[33] W. Stöber, A. Fink, E. Bohn, J. Colloid Interface Sci. 26 (1968) 62–69.
[34]  B. Lim, M. Jiang, J. Tao, P.H.C. Camargo, Y. Zhu, Y. Xia, Adv. Funct. Mater. 19

(2009) 189–200.
A: General 455 (2013) 247– 260 259

[35] P. Pulkkinen, J. Shan, K. Leppanen, A. Kansakoski, A. Laiho, M. Jarn, H. Tenhu,
ACS Appl. Mater. Interfaces 1 (2009) 519–525.

[36] S. Kidambi, M.L. Bruening, Chem. Mater. 17 (2005) 301–307.
[37] K.R. Knowles, C.C. Hanson, A.L. Fogel, B. Warhol, D.A. Rider, ACS Appl. Mater.

Interfaces 4 (2012) 3575–3583.
[38] S. Tan, M. Erol, A. Attygalle, H. Du, S. Sukhishvili, Langmuir 23 (2007)

9836–9843.
[39] C. Aymonier, U. Schlotterbeck, L. Antonietti, P. Zacharias, R. Thomann, J.C.

Tiller, S. Mecking, Chem. Commun. (2002) 3018–3019.
[40] S.-K. Sun, H.-F. Wang, X.-P. Yan, Chem. Commun. 47 (2011) 3817–3819.
[41] Palladium, JCPDS 46-1043, 1969.
[42] H.P. Choo, K.Y. Liew, H. Liu, J. Mater. Chem. 12 (2002) 934–937.
[43] J. Xian, Q. Hua, Z. Jiang, Y. Ma,  W.  Huang, Langmuir 28 (2012) 6736–6741.
[44] M. Yadav, A.K. Singh, N. Tsumori, Q. Xu, J. Mater. Chem. 22 (2012)

19146–19150.
[45] O. Domınguez-Quintero, S. Martınez, Y. Henrıquez, L. D’Ornelas, H.  Krentzien,

J.  Osuna, J. Mol. Catal. A: Chem. 197 (2003) 185–191.
[46] R. Tao, S. Miao, Z. Liu, Y. Xie, B. Han, G. An, K. Ding, Green Chem. 11 (2009)

96–101.
[47] W.Y. Teoh, L. Madler, D. Beydoun, S.E. Pratsinis, R. Amal, Chem. Eng. Sci. 60

(2005) 5852–5861.
[48] S. Hannemann, J. Grunwaldt, F. Krumeich, P. Kappen, A. Baiker, Appl. Surf. Sci.

252 (2006) 7862–7873.
[49] S.J. Gregg, K.S.W. Sing (Eds.), Adsorption, Surface Area and Porosity, 2nd ed.,

Academic Press, London, 1982.
[50] E. Sadeghmoghaddam, C. Lam, D. Choib, Y.-S. Shon, J. Mater. Chem. 21 (2011)

307–312.
[51] A. Henglein, J. Phys. Chem. B 104 (2000) 6683–6685.
[52] M.  Chen, J. Falkner, W.-H. Guo, J.-Y. Zhang, C. Sayes, V.L. Colvin, J. Colloid

Interface Sci. 287 (2005) 146–151.
[53] A. Barau, V. Budarin, A. Caragheorgheopol, R. Luque, D.J. Macquarrie, A. Prelle,

V.S.  Teodorescu, M.  Zaharescu, Catal. Lett. 124 (2008) 204–214.
[54] G. Martra, L. Bertinetti, C. Gerbaldi, R. Maggi, G. Sartori, S. Coluccia, Catal. Lett.

132 (2009) 50–57.
[55] A. Modak, J. Mondal, A. Bhaumik, Green Chem. 14 (2012) 2840–2855.
[56] C. Torborg, M.  Beller, Adv. Synth. Catal. 351 (2009) 3027–3043.
[57] B. Xin, Y. Zhang, L. Liu, Y. Wang, Synlett 20 (2005) 3083–3086.
[58] L.-C. Liang, P.-S. Chien, M.-H. Huang, Organometallics 24 (2005) 353–357.
[59]  P. Zhou, H. Wang, J. Yang, J. Tang, D. Sun, W.  Tang, RSC Adv. 2 (2012)

1759–1761.
[60] D. Badone, M.  Baroni, R. Cardamone, A. Ielmini, U.  Guzzi, J. Org. Chem. 62

(1997) 7170–7173.
[61] N.E. Leadbeater, Chem. Commun. (2005) 2881–2902.
[62] D. Saha, K. Chattopadhyay, B.C. Ranu, Tetrahedron Lett. 50 (2009) 1003–1006.
[63] R.U. Islam, M.J. Witcomb, E. van der Lingen, M.S. Scurrell, W.V. Otterlo, K.

Mallick, J. Organomet. Chem. 696 (2011) 2206–2210.
[64] Y. Li, X. Fan, J. Qi, J. Ji, S. Wang, G. Zhang, F. Zhang, Mater. Res. Bull. 45 (2010)

1413–1418.
[65] Y.-Q. Zhang, X.-W. Wei, R. Yu, Catal. Lett. 135 (2010) 256–262.
[66] S.R. Borhade, S.B. Waghmode, Beilstein J. Org. Chem. 7 (2011) 310–319.
[67] Y. Jang, J. Chung, S. Kim, S.W. Jun, B.H. Kim, D.W. Lee, B.M. Kim, T. Hyeon, Phys.

Chem. Chem. Phys. 13 (2011) 2512–2516.
[68] A.R. Siamaki, A.E.R.S. Khder, V. Abdelsayed, M.S. El-Shall, B.F. Gupton, J. Catal.

279  (2011) 1–11.
[69] Z. Zheng, H. Li, T. Liu, R. Cao, J. Catal. 270 (2010) 268–274.
[70] U. Laska, C.G. Frost, G.J. Price, P.K. Plucinski, J. Catal. 268 (2009) 318–328.
[71] B. Baruwati, D. Guin, S.V. Manorama, Org. Lett. 9 (2007) 5377–5380.
[72] Z. Gao, Y. Feng, F. Cui, Z. Hua, J. Zhou, Y. Zhu, J. Shi, J. Mol. Catal. A: Chem. 336

(2011) 51–57.
[73] Y. Na, S. Park, S.B. Han, H. Han, S. Ko, S. Chang, J. Am.  Chem. Soc. 126 (2004)

250–258.
[74] V. Kogan, Z. Aizenshtat, R. Popovitz-Biro, R. Neumann, Org. Lett. 4 (2002)

3529–3532.
[75] R.K. Sharma, A. Pandey, S. Gulati, Appl. Catal. A: Gen. 431–432 (2012)

33–41.
[76] K. Gude, R. Narayanan, J. Phys. Chem. C 115 (2011) 12716–12725.
[77] H. Yang, X. Han, G. Li, Y. Wang, Green Chem. 11 (2009) 1184–1193.
[78] B.M. Choudary, S.S. Madhi, N.S. Chowdari, M.L. Kantam, B. Sreedhar, J. Am.

Chem. Soc. 124 (2002) 14127–14136.
[79] Z. Zhang, Z. Wang, J. Org. Chem. 71 (2006) 7485–7487.
[80] R.F. Heck, J. Am.  Chem. Soc. 90 (1968) 5518–5526.
[81] A. Modak, J. Mondal, V.K. Aswal, A. Bhaumik, J. Mater. Chem. 20 (2010)

8099–8106.
[82] J. Mondal, A. Modak, A. Bhaumik, J. Mol. Catal. A: Chem. 350 (2011) 40–48.
[83] V. Polshettiwar, C. Lenl, A. Fihri, Coord. Chem. Rev. 253 (2009) 2599–2626.
[84] A.M. Trzeciak, J. Ziolkowski, Coord. Chem. Rev. 251 (2007) 1281–1293.
[85] D. Astruc, Inorg. Chem. 46 (2007) 1884–1894.
[86] I. Pastoriza-Santos, L.M. Liz-Marzan, Adv. Funct. Mater. 19 (2009) 679–688.
[87] A. Sarkar, T. Mukherjee, S. Kapoor, J. Phys. Chem. C 112 (2008) 3334–3340.
[88] R. Chinchilla, C. Najera, Chem. Soc. Rev. 40 (2011) 5084–5121.
[89] S. Mandal, D. Roy, R.V. Chaudhari, M.  Sastry, Chem. Mater. 16 (2004)
3714–3724.
[90] B. Shen, Y. Wang, Z. Wang, React. Kinet. Mech. Catal. 101 (2010) 387–396.
[91] H. Li, Z. Zhu, H. Li, P. Li, X.J. Zhou, Colloid Interface Sci. 349 (2010) 613–619.
[92] K. Khler, R.G. Heidenreich, J.G.E. Krauter, J. Pietsch, Chem. Eur. J. 8 (2002)

622–631.

http://dx.doi.org/10.1016/j.apcata.2013.01.021
http://dx.doi.org/10.1016/j.apcata.2013.01.021


2 alysis 
60 P. Veerakumar et al. / Applied Cat

[93] Z. Wang, P. Xiao, B. Shen, N. He, Colloids Surf., A 276 (2006) 116–121.
[94] F. Zhang, J. Jin, X. Zhong, S. Li, J. Niu, R. Li, J. Ma,  Green Chem. 3 (2011)

1238–1243.
[95] A. Ohtaka, Y. Tamaki, Y. Igawa, K. Egami, O. Shimomur, R. Nomur, Tetrahedron

66  (2010) 5642–5646.
[96] K. Qiao, R. Sugimura, Q. Bao, D. Tomida, C. Yokoyama, Catal. Commun. 9 (2008)

2470–2474.
[97] J. Zhu, J. Zhou, T. Zhao, X. Zhou, D. Chen, W.  Yuan, Appl. Catal. A: Gen. 352

(2009) 243–250.
[98] B. Tamami, H. Allahyari, S. Ghasemi, F.J. Farjadian, J. Organomet. Chem. 696

(2011) 594–599.
[99] A. Corma, S. Iborra, F.X.L. Xamena, R. Monton, J. Calvino, J.C. Prestipino, J. Phys.

Chem. C 114 (2010) 8828–8836.
[100] S. Jana, B. Dutta, R. Bera, S. Koner, Inorg. Chem. 47 (2008) 5512–5520.
[101] W.  Zhang, H. Qi, L. Li, X. Wang, J. Chen, K. Peng, Z. Wang, Green Chem. 11

(2009) 1194–1200.
[102] A. Houdayer, R. Schneider, D. Billaud, J. Ghanbaja, J. Lambert, Synth. Met. 151

(2005) 165–174.

[103] H. Yue, Y. Zhao, X. Ma  Gong, J. Chem. Soc. Rev. 41 (2012) 4218–4244.
[104] W. Chen, N.B. Zuckerman, X. Kang, D. Ghosh, J.P. Konopelski, S. Chen, J. Phys.

Chem. C 114 (2010) 18146–18152.
[105] X. Kang, N.B. Zuckerman, J.P. Konopelski, S. Chen, Angew. Chem. Int. Ed. 49

(2010) 9496–9499.
A: General 455 (2013) 247– 260

[106] S.U. Son, Y. Jang, J. Park, H.B. Na, H.M. Park, H.J. Yun, J. Lee, T. Hyeon, J. Am.
Chem. Soc. 126 (2004) 5026–5027.

[107] P. Venkatesan, J. Santhanalakshmi, Langmuir 26 (2010) 12225–12229.
[108] H. Firouzabadi, N. Iranpoor, A. Ghaderi, Org. Biomol. Chem. 9 (2011) 865–871.
[109] Y. Li, P. Zhou, Z. Dai, Z. Hu, P. Sun, J. Ba, New J. Chem. 30 (2006) 832–837.
[110] N.T.S. Phan, H.V. Le, J. Mol. Catal. A: Chem. 334 (2011) 130–138.
[111] V.K. Kanuru, S.M. Humphrey, J.M.W. Kyffin, D.A. Jefferson, J.W. Burton, M.

Armbruster, R.M. Lambert, Dalton Trans. (2009) 7602–7605.
[112] A. Murugadoss, P. Goswami, A. Paul, A. Chattopadhyay, J. Mol. Catal. A: Chem.

304 (2009) 153–158.
[113] B.-X. Tang, F. Wang, J.-H. Li, Y.-X. Xie, M.-B. Zhang, J. Org. Chem. 72 (2007)

6294–6297.
[114] A.R. Gholap, K. Venkatesan, R. Pasricha, T. Daniel, R.J. Lahoti, K.V. Srinivasan,

J.  Org. Chem. 70 (2005) 4869–4872.
[115] S.K. Beaumont, G. Kyriakou, R.M. Lambert, J. Am. Chem. Soc. 132 (2010)

12246–12248.
[116] P. Li, L. Wang, H. Li, Tetrahedron 61 (2005) 8633–8640.
[117] S. Gao, N. Zhao, M.  Shu, S. Che, Appl. Catal. A: Gen. 388 (2010) 196–201.

[118] S. Park, M.  Kim, D.H. Koo, S. Chang, Adv. Synth. Catal. 346 (2004) 1638–1640.
[119] W. Yu, H. Xie, L. Chen, Y. Li, C. Zhang, Nanoscale Res. Lett. 4 (2009) 465–470.
[120] J.  Liu, F. He, T.M. Gunn, D. Zhao, C.B. Roberts, Langmuir 25 (2009) 7116–7128.
[121] A.J. Bard, L.R. Faulkner, Electrochemical Methods – Fundamentals and Appli-

cations, 2nd ed., John Wiley and Sons Inc., New York, 2001.


	Silica-supported PEI capped nanopalladium as potential catalyst in Suzuki, Heck and Sonogashira coupling reactions
	1 Introduction
	2 Experimental
	2.1 Materials and methods
	2.2 Synthesis of amine functionalized silica supported PEI-PdNPs
	2.3 Suzuki coupling reaction
	2.4 Heck coupling reaction
	2.5 Sonogashira coupling reaction

	3 Results and discussion
	3.1 XRD results
	3.2 HRTEM analysis
	3.3 BET surface area studies
	3.4 SEM analysis
	3.5 UV–vis absorption spectroscopy
	3.6 FT-IR spectroscopy
	3.7 Suzuki coupling reaction of different aryl halides
	3.8 Effect of solvents and bases on Suzuki coupling reaction
	3.9 Proposed mechanism for Suzuki reaction
	3.10 Comparison with other catalyst systems on Suzuki reaction
	3.11 The role of the Pd/NH2-SiO2 on Heck coupling reactions
	3.12 Effect of solvents and bases on Heck coupling reactions
	3.13 Proposed mechanism for Heck reaction
	3.14 Comparison with other catalyst systems on Heck reaction
	3.15 Effect of solvents and bases on Sonogashira coupling reactions
	3.16 Proposed mechanism for Sonogashira reaction
	3.17 Comparison with other catalyst systems on Sonogashira reaction
	3.18 The role of ascorbic acid as reducing agent

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


