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a  b  s  t  r  a  c  t

Pd  supported  on  biguanide(metformine)-functionalized  single-walled  carbon  nanotubes  (SWCNT-
Met/Pd2+)  hybrid  materials  was  fabricated  for  the  first time.  The  prepared  heterogeneous  nanocatalyst
was  characterized  by XRD,  FT-IR,  SEM,  TGA  and  TEM.  The  catalytic  activity  of the  prepared  catalyst  was
investigated  by  employing  Suzuki–Miyaura  coupling  reaction  as  a model  reaction.  A  series  of  biphenyl
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compounds  were  synthesized  through  the  Suzuki–Miyaura  reaction  using  SWCNT-Met/Pd2+ as  catalyst.
The  yields  of  the  products  were  in the  range  from  80%  to  95%.  The  catalyst  can be  readily  recovered  and
reused  at  least  5 consecutive  cycles  without  significant  loss  its  catalytic  activity.

Crown Copyright ©  2013 Published by Elsevier B.V. All rights reserved.
uzuki–Miyaura coupling

. Introduction

Since their discovery by Iijima [1], carbon nanotubes (CNTs)
ave attracted great interest in the most fields of science and nano-
echnology due to their fascinating and unique optical, electrical,

echanical, chemical and thermal properties [2,3]. The tubular
tructure of carbon nanotubes makes them unique among different
orms of carbon, and they can thus be exploited as an alternative

aterial for catalyst support in heterogeneous catalysis [4] and in
uel cells due to the large surface area to volume ratio, excellent
lectronic conductivity, and high chemical stability [5–14]. Conse-
uently, the exceptional properties of CNTs made them as the ideal
andidates for numerous applications in nanoelectronics [15,16],
atalysis [17–19], diagnostics [20,21] and drug delivery [22,23].

ildgoose et al. reviewed the recent developments in this area
y exploring the various techniques to functionalize the carbon
anotubes with metals and other nanoparticles and the diverse

pplications of the resulting materials [24]. However, the appli-
ations of CNTs have been impeded by their poor solubility in
olvents and polymers, which originated from strong van der Waals

∗ Corresponding author. Tel.: +98 831456768.
E-mail address: hojatveisi@yahoo.com (H. Veisi).

381-1169/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier B.V. All ri
ttp://dx.doi.org/10.1016/j.molcata.2013.10.028
attractions among CNTs. Without the surface modification, most of
CNTs lack sufficient binding sites for anchoring precursor metal
ions or metal nanoparticles, which usually lead to poor dispersion
and aggregation of metalnanoparticles, especially at high loading
conditions. Therefore, functionalization of CNTs is generally pre-
requisite to further applications. According to the nature of the
interaction between CNTs and functional groups, the functional-
ization of CNTs can be categorized into covalent and non-covalent
functionalization.

The palladium-catalyzed carbon–carbon and carbon–
heteroatom bond forming reactions plays a key role in the syn-
thesis of many important chemicals including pharmaceuticals,
herbicides, polymers and so on [25–33]. Recently, immobilization
of Pd nanoparticles on solid supports have received consider-
able attention as a new generation of heterogeneous catalysts
in various scientific fields and Suzuki reaction because of their
superior catalytic performance, good stability, ease of separation
and satisfactory reusability in comparison to the traditional
homogeneous Pd(OAc)2, PdCl2 catalysts [34–59]. However, the
catalytic activity of Pd2+-CNTs a little decreased gradually when the

catalyst was used repeatedly. This could be ascribed to the weak
interaction between palladium and the support material, as well
as the agglomeration and accumulation of Pd nanoparticles on the
surface of the material [60,61]. Therefore, it is desirable to improve

ghts reserved.
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he stability, recyclability, and catalytic activity of heterogeneous
d nanocatalysts. Owing to these interests and also as a part of our
ngoing research program on the application of catalysts for the
evelopment of useful new synthetic methodologies [62], herein,
e report the synthesis of a heterogeneous palladium nanocatalyst

upported on metformine-grafted-SWCNTs (SWCNT-Met/Pd(II))
nd its catalytic activity of the prepared catalyst was investigated
y employing Suzuki–Miyaura coupling reaction as a model reac-
ion. The result showed that the new catalyst retains the reactivity
haracteristic of a homogeneous catalyst but at the same time it
as easy to separate off and reuse.

. Experimental

.1. Materials

All the reagents were purchased from Aldrich and Merck used
ithout any purification. The pure SWCNTs without functional

roups were purchased from Petrol Co. (Tehran, Iran) (Fig. 1).
OCl2, HCl, H2SO4, HNO3, H2O2 (30 wt.%, aq), deionized water, NaH
80%), anhydrous dimethylformamide (DMF), CaH2, and metformin
ydrochloride were obtained from Sigma Aldrich and Merck.

.2. Preparation of free metformin

1.65 g of metformin hydrochloride (10 mmol) and 0.40 g of
aOH (10 mmol) were added to 100 ml  of ethanol and the result-

ng suspension was stirred for 5 h. Then, the suspension was  filtered
nd ethanol was removed with rotary evaporation leading to free
etformin in 99% yield. The obtained free metformin was  freshly

sed in the next experiments.

.3. Covalent grafting of metformine to CNTs

Pristine CNTs (p-CNTs) were refluxed under stirring in the
ixture of 1:3 (v/v) HNO3 and H2SO4 at 70 ◦C for 30 h, which
as followed by centrifugation and repeated washings with DI
ater [63]. The carboxylated CNTs (CNTs-COOH) thus obtained
ere dried at 60 ◦C for 1 day under reduced pressure and reacted
ith excess of SOCl2 at room temperature for 24 h. The acylated
NTs (CNTs-COCl) were separated by centrifugation, subsequently
ashed with anhydrous THF to remove excess of SOCl2, and dried

n vacuum at 50 ◦C for 12 h. The final product was  then subjected to
unctionalization with metformine. Free metformine (metformine-
o-SWCNT weight ratio was 10:1) were mixed with 1 mL  solution
f DMF  and NaH (80%) and then stirred for 1 h. The obtained acyl

hloride SWCNTs in 20 mL  DMF  were then added to the suspension.
he reaction mixture was kept at 120 ◦C for 3 days. The solid was
hen separated by filtration and washed with CH2Cl2 and deionized
ater for several times and dried in vacuum.

Fig. 1. SEM images of SWCNT before (a
is A: Chemical 382 (2014) 106– 113 107

2.4. Preparation of SWCNT-Met/Pd2+and SWCNT-Met/Pd0

nanocatalysts

The SWCNT-Met (1 g) were dispersed in 30 mL acetonitrile by
sonication for 10 min  and a aqueous solution of PdCl2 (10 mL,
0.6 mmol) was  added to dispersion of SWCNT-Met. The mixture
was stirred for 24 h in room temperature to complete attainment
of coordination. Thus yielded SWCNT-Met/Pd2+ nanocatalyst was
subjected to centrifugation, washed with acetonitrile and DI  water
and dried in vacuum at 40 ◦C for 12 h. The overall synthesis of
SWCNT-Met/Pd2+ nanocatalyst is schematically demonstrated in
Scheme 1.

The reduction of SWCNT-Met/Pd2+ by hydrazine hydrate was
performed as follows: 30 mg  of SWCNT-Met/Pd2+ was  dispersed in
60 mL  of water, and then 100 �L of hydrazine hydrate (80%) was
added. The pH of the mixture was adjusted to 10 with 25% ammo-
nium hydroxide and the reaction was carried out at 95 ◦C for 2 h.
The final product SWCNT-Met/Pd0 was washed with water and
dried in vacuo at 50 ◦C. Scheme 1 depicted the synthetic proce-
dure of SWCNT-Met/Pd2+ and SWCNT-Met/Pd0. The concentration
of palladium in SWCNT-Met/Pd2+ and SWCNT-Met/Pd0 were 19
and 17 wt.%, respectively, which were determined by ICP-AES and
TGA.

2.5. Catalytic activity

2.5.1. Suzuki–Miyaura coupling reaction
In a typical reaction, 10 mg  of the catalyst (1 mol%) was placed

in a 25 mL  Schlenk tube, 1 mmol  of the aryl halide in 5 mL
of water/ethanol (1:1) was  added 0.134 g (1.1 mmol) of phenyl
boronic acid, 0.276 mg  of K2CO3 (2 mmol). The mixture was then
stirred for the desired time at 50 ◦C. The reaction was  monitored by
thin layer chromatography (TLC). After completion of reaction, the
reaction mixture was  cooled to room temperature and the cata-
lyst was  recovered by centrifuge and washed with ethyl acetate
and ethanol. The combined organic layer was dried over anhy-
drous sodium sulfate and evaporated in a rotary evaporator under
reduced pressure. The crude product was  purified by column chro-
matography.

3. Results and discussion

3.1. Catalyst characterization

The synthesis of metformine-functionalized SWCNT anchored
palladium catalyst consists in: (i) surface modification of carbon
nanotubes with nitric acid and sulfuric acid to introduce car-

boxyl group (ii) conversion of the surface carboxylic acid groups
into acid chloride groups by reaction with thionyl chloride, (iii)
attachment of metformine to the SWCNTs surface through reac-
tion with the acid chloride groups and (iv) complexation of the

) and after (b) functionalization.
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Scheme 1. Schematic diagram 

etformine ligand to Pd by reaction with palladium chloride
nd then reduction with sodium borohydride (see Scheme 1).
he metformine-functionalized single-walled carbon nanotubes
nchored palladium (II) complex (SWCNT-Met/Pd2+) was  con-
eniently synthesized from commercially available and cheap
aterials via immobilization on SWCNTs. The pathways of SWCNT-
et/Pd2+ fabrication are shown in Scheme 1.
The surface structure of the materials was confirmed using

ourier transform infrared (FTIR) spectroscopy. Fig. 2 shows the
T-IR spectra obtained for (a) SWCNT, (b) SWCNT-COOH, (c)
WCNT-COCl, (d) SWCNT-CO-Met, (e) SWCNT-CO-Met/Pd(II). As it
s seen in the curve b, the band at 1728 cm−1 is corresponding to
arbonyl stretch of the carboxylic acid group. The converting of the
arboxylic acid groups (SWCNT-COOH) into the acyl chloride inter-
ediate (SWCNT-COCl) by treatment with thionyl chloride was

onfirmed by the appearance of peak near 1778 cm−1 streching in
urve c. Curve d shows the spectrum of SWCNT-Met and the absorp-
ion band at 1658 cm−1 was attributed to the carbonyl stretching of
he amide groups ( CONH ). Also, the band in the spectral region
f 1671 cm−1 can be assigned to the imine (C NH) bond of the
ttached metformine. These results indicated that the metformine

as bonded to the surface of SWCNTs through amidation reac-

ion. The signals appeared at 1671 and 1658 cm−1 in curve d for
he metal-ligand co-ordination [43] presumably leads to a shift of
hese two peaks to lower frequencies (1671–1656 cm−1). This shift
CNT-CO-Met/Pd(II) fabrication.

can be observed comparing curve e. These peaks at curves d and
e displayed the successful attachment of metformine organic lig-
ands and subsequent coordination of Pd2+ ions within the hybride
material. Also, the scanning electronic microscopy (SEM) analysis
for SWCNT before (a) and after (b) functionalization with met-
formine to immobilize palladium ions (Fig. 1) was confirmed the
successfully functionalization of single-walled carbon nanotubes.

Transmission electron microscopy (TEM) investigations are
carried out to observe the morphology and distribution of palla-
dium particles supported on SWCNT-Met/Pd. The existence of Pd
nanoparticles, deposited on f-CNTs was clearly distinguishable as
bright spots in Fig. 3. The density of Pd nanoparticles in f-CNTs-Pd
nanocatalyst is abundant and these nanoparticles together formed
some clusters. The formation of clusters might have originated by
twinned or multiple twinned seeding of Pd nanoparticles, which is
in accordance with previous reports [64,65]. The images of f-CNTs-
Pd nanocatalyst (Fig. 3) exhibits that Pd nanoparticles are uniform
dispersed on f-CNTs and some of them appeared twinned together.
The large number of defect sites produced by the harsh treatment
of acids, may  be led to random distribution of Pd nanoparticles
at some place of SWCNT. The mean diameter of Pd nanoparticles

immobilized on f-CNTs was found to be around 5–10 nm.

The phase structure of the nanocatalyst was revealed through
powder X-ray diffraction spectroscopy (XRD). The XRD pat-
terns acquired for pristine CNTs (p-CNTs), f-CNTs and f-CNTs-Pd
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Fig. 2. FTIR spectra of (a) SWCNT, (b) SWCNT-COOH, (c)

anocatalyst is shown in Fig. 4. The diffraction peaks at 26.3◦

nd 42.6◦ for p-CNTs (Fig. 4a) are attributed to (0 0 2) and (1 0 0)
lanes of hexagonal graphite and appearance of these peaks with
igh intensity suggests that p-CNTs have a high graphitic structure
63]. After functionalization, the diffraction peaks corresponding
o (0 0 2) and (1 0 0) planes of CNTs were appeared at 26◦ and 42.5◦

or f-CNTs (Fig. 4b). A minute blue shift in the bands was observed
or f-CNTs, which signifies that functionalization of CNTs with met-
ormine did not destroy or alter the original structure of p-CNTs.
he f-CNTs-Pd nanocatalyst (Fig. 4c) clearly exhibited (1 1 1), (2 0 0)
nd (2 2 0) crystallographic planes of face-centered cubic (fcc) pal-
adium at 39.8◦, 46◦ and 67.2◦, respectively (JCPDS No. 89–4897).

he additional two peaks in Fig. 4c at 26.3◦ and 46◦ were from
NTs. Thus the XRD results indicate efficient immobilization of fcc
tructured Pd nanoparticles on f-CNTs.

Fig. 3. TEM images of SWCNT-Met/Pd.
T-COCl, (d) SWCNT-CO-Met, (e) SWCNT-CO-Met/Pd(II).

The thermogravimetric analysis (TGA) in inert atmosphere (N2)
was used for the quantification of the metformine on the surface
Fig. 5. These curves are related to SWCNT (curve “a” in Fig. 5) and
SWCNT-Met/Pd(II) (curve “b” in Fig. 5). Two  main mass loss regions
are observed for SWCNT. The first weight loss occurred at a tem-
perature range of 100–650 ◦C and was moderate. Another weight
loss was observed the temperature range of 660–780 ◦C. The results
showed that solvent loss such as water start at 100 ◦C and car-
bon tubes and amorphous carbon decompose start at 650 ◦C. Curve
“b” shows that several weight losses were observed for SWCNT-
Met/Pd(II). The first mass loss occurs at temperature range of
100–310 ◦C that is related to the loss of solvent trap in complex. The
second mass loss occurs at temperature range of 310–450 ◦C that
is related to the loss of ligand (metformine) in complex and third
mass losses occur at 600–800 ◦C and that related to the decompo-

sition of CNT. The mass loss at 600–800 ◦C (Fig. 5b) is due to the
decomposition of carbon nanotubes shown that the rate of mass
loss is slower and the shape is not similar with the (a) curve at

Fig. 4. The XRD patterns for (a) SWCNT, (b) SWCNT-Met, (c) SWCNT-Met/Pd(0).
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ig. 5. Weight loss as measured by TGA for (a) SWCNT, (b) SWCNT-Met/Pd(II).

his temperature range. This indicates there is a strong interaction
etween Pd particles and CNT that slow down the CNT decompo-
ition rate. The remaining weight percent up to the temperature of
00 ◦C is equal to 0 and 19.1 are related to curves “a” and “b”, respec-
ively. The remaining weight of SWCNT is zero because all carbons,
t a temperature of 800 ◦C, burned and converted to carbon diox-
de. The remaining weights percent of complexes (19.1), due to the
resence of metal palladium installed on the SWCNT-Met.

.2. Dispersion

Unsurprisingly, the functionalized SWCNTs could easily dis-
erse in water. Fig. 6 depicts the appreciably higher dispersibility
f grafted-SWCNTs-metformin (SWCNT-Met) and it’s Pd catalyst
WCNT-Met/Pd(II) in water, as compared with the pristine sample.
he easily-miscible di-imine functionalities may  explain the higher
ispersion of the functionalized SWCNTs.

.3. Catalytic testing

.3.1. Suzuki–Miyaura coupling reaction

Catalytic activity of the SWCNT-Met/Pd(II) was evaluated in the

uzuki–Miyaura reaction. Initially, we explored the catalyst ability
or mentioned reaction and the optimized conditions of coupling
eaction between bromoacetophenone and phenylboronic acid as

able 1
ptimization of the conditions for the Suzuki–Miyaura reaction of bromoacetophenone w

O

r

B(OH)2

+
SWCNT-Met/Pd(II)
10 mg, solvent, T °C

base

Entry Solvent Pd catalyst (mg) Bas

1 DMF  10 K2C
2  Toluene 10 K2C
3  EtOH 10 K2C
4  H2O 10 K2C
5  EtOH/H2Oc 10 K2C
6  EtOH/H2Oc 10 Na
7  EtOH/H2Oc 10 Et3

8  EtOH/H2Oc 5 K2C
9  EtOH/H2Oc 15 K2C

10  EtOH/H2Oc 10 K2C
11  EtOH/H2Oc 10 K2C
12  EtOH/H2Oc 10 K2C

a Reaction conditions: bromoacetophenone (1 mmol), PhB(OH)2 (1.1 mmol), SWCNT-M
b Isolated yield.
c EtOH/H2O = 1:1.
Fig. 6. Photographs of the solubility of (a) the pristine SWCNTs, in H2O (b) grafted-
SWCNTs-metformin (SWCNT-Met), in H2O (c) and SWCNT-Met/Pd(II), in H2O.

a model reaction with different amounts of the catalyst, solvents,
bases and at different temperatures (25, 50, 80 and 100 ◦C) (Table 1).

The influences of various reaction parameters such as base
(Et3N, AcONa and K2CO3), solvent (nonpolar, protic and aprotic),
and catalyst amount on the reaction were tested (Table 1). Among
the bases evaluated, K2CO3 was  found to be the most effective
and other bases were substantially less effective. We  also investi-
gated the effect of solvents on the Suzuki–Miyaura cross-coupling
reaction and found that H2O/EtOH (1:1) was  the best choice. It
was found that SWCNT-Met/Pd+2 (10 mg,  1 mol% Pd) gave the
optimum results using H2O/EtOH (1:1) as solvent and 50 ◦C as
the reaction temperature. Thus, the optimum conditions selected
are: bromoacetophenone (1 mmol), phenylboronic acid (1.1 mmol),
SWCNT-Met/Pd+2 (10 mg,  1 mol% Pd), H2O/EtOH (2 mL, 1:1), K2CO3
(2 mmol) and 50 ◦C as the reaction temperature.

To generalize the application of the SWCNT-Met/Pd+2catalyst,
the coupling reactions of various substituted aryl halides and
phenylboronic acids were carried out using 1 mol% SWCNT-
Met/Pd+2 as catalyst at 50 ◦C (Table 2). The reactions proceeded
well with a wide range of aryl halides. For most of the substrates, the
reaction could be completed in 0.25–3 h with moderate or excellent
yields, with the substrates having either electron-donating groups
or electron-withdrawing groups.

As it is seen, under optimized conditions, phenyl iodide, bro-

mide and chloride was reacted efficiently with phenylboronic acid
(Table 2, entries 1–3). Both electron-withdrawing and releasing
groups with phenylboronic acid afforded the corresponding prod-
ucts in high yields (Table 2, entries 4–10). It was found that the

ith phenylboronic acida

O

.

e T ◦C Time (min) Yield (%)b

O3 50 50 89
O3 50 50 66
O3 50 50 75
O3 50 50 60
O3 50 30 98

OAc 50 60 67
N 50 60 88
O3 50 30 85
O3 50 30 98
O3 25 300 70
O3 80 30 98
O3 100 30 98

et/Pd(II) (10 mg,  1 mol%), solvent (4 ml).
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Table  2
Suzuki cross-coupling reaction of aryl halides with phenylboronic acid

+
SWCNT-Met/Pd+2 (10 mg)
H2O/EtOH, K2CO3, 50 °C

B(OH)2 X

G
G .

Entry Aryl halide Time (min) Yield (%)a

1 15 98

2 50 95

3  240 65

4  60 90

5 60 93

6  30 92

7  40 95

8  30 98

9  30 90

10  240 72

11  60 93

y
1
e
p
l

r
f
r
l
r

3

S
a
w
M
a
o
p
c
l
a

the Suzuki reaction between iodobenzene and phenylboronic acid
using SWCNT-Met/Pd+2 as catalyst. After 5 min (the reaction was
completed in 15 min), the reaction was  stopped and the reaction
a Isolated yield.

ield of reaction ortho-position aryl bromide is lower (Table 2, entry
0) than those of para- or meta-substituted aryl bromides (Table 2,
ntries 4–9). Notably, when 2-iodothiophene was used as coupling
artner, the desired product was obtained and no poisoning of pal-

adium catalyst occurred (Table 2, entry 11).
Finally, to assess the present protocol with respect to other

eported methods for the preparation of biaryls, the catalytic per-
ormance of the SWCNT-Met/Pd+2 was compared with some of the
eported catalysts. From Table 3, it can be seen that present cata-
yst exhibited higher conversions and yields compared to the other
eported system [38,66–69].

.4. Recycling of the catalyst

In order to investigate the recycling of the catalyst, the
uzuki–Miyaura cross-coupling reaction between iodobenzene
nd phenylboronic acid catalyzed by 1 mol% of SWCNT-Met/Pd+2

as chosen as a model reaction. The results indicated that SWCNT-
et/Pd+2 can be reused 5 times without significant loss of catalytic

ctivity (Fig. 7). The result indicated that the palladium leaching
f the catalyst was low. The results demonstrated that metformine

lay a key role to improve the stability of the SWCNT-Met/Pd+2

atalyst. Also, it is notably, after using SWCNT-Met/Pd+2, no pal-
adium ion could be detected in the liquid reaction mixtures by
tomic absorption spectroscopy.
3.5. Leaching test

In order to investigate the leaching of Pd during the reac-
tion in our catalytic system, we conducted a filtration test for
Fig. 7. The recycling of the SWCNT-Met/Pd+2 for the Suzuki coupling reaction.



112 H. Veisi et al. / Journal of Molecular Catalysis A: Chemical 382 (2014) 106– 113

Table 3
Comparison of the activity of different catalysts in the Suzuki cross-coupling reaction.

Reaction Catalyst Reaction conditions Yield (%) Ref.

SWCNT-Met/Pd+2 K2CO3, H2O/EtOH, 50 ◦C, 15 min  98 This study
Iodobenzene + phenylboronic acid GO-NH2-Pd2+ K2CO3, H2O/EtOH, 60 ◦C, 30 min 87  66

Cell-OPPh2-Pd0 K2CO3, EtOH, 78 ◦C, 20 min  85 68
Pd-ZnFe2O4 K2CO3, EtOH, 78 ◦C, 4 h 92 69
Chitosan-Schiff base-Pd(II) K2CO3, Xylene, 130 ◦C, 6 h 34 38
SWCNT-Met/Pd+2 K2CO3, H2O/EtOH, 50 ◦C, 30 min  92 This study

p-nitrobromobenzene + phenylboronic acid GO-NH2-Pd2+ K2CO3, H2O/EtOH, 60 ◦C, 4 h 80 66
PS-dtz-Pd(II) K2CO3, H2O, 70 ◦C, 5 h. 80 67
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Chitosan-Schiff base-Pd(II

ixture was centrifuged at 10,000 rpm for 10 min. Then the mix-
ure without the solid catalyst was allowed to continue under the
ame conditions for another 10 min, and the conversation did not
roceed significantly. This suggests that the leaching of Pd species
rom the solid support is low and the prepared catalyst is stable.
n the other hand, atomic absorption spectroscopy of the filtrate
lso confirmed that the Pd content in the solution was below the
etection limit (0.1 ppm).

. Conclusion

In conclusion, a novel and recyclable palladium catalyst sup-
orted on metformine modified SWCNT was fabricated for the first
ime. The results indicated that the stability of the catalyst was

uch improved and SWCNT-Met/Pd+2 was an efficient and recy-
lable catalyst for the Suzuki–Miyaura cross-coupling reactions.
he catalyst can be readily recovered and reused without signif-
cant loss of its catalytic activity. The proposed method can be

 promising alternative approach for the preparation of biphenyl
ompounds.
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