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articles on b-cyclodextrin
functionalised graphene nanosheets: a
supramolecular based heterogeneous catalyst
for C–C coupling reactions under green reaction
conditions†

Chandrababu Putta,‡a Vittal Sharavath,‡abc Suprabhat Sarkara and Sutapa Ghosh*ab

The use of functional properties of native cyclodextrins in palladium nanoparticle–b-cyclodextrin–

graphene nanosheet (Pd@CD–GNS) catalyzed carbon–carbon (C–C) coupling reactions have been

investigated under green reaction conditions. The supramolecular catalyst was prepared by deposition of

Pd nanoparticles (Pd NPs) on CD–GNS using ethanol as the greener solvent and in situ reducing agent.

The catalyst was characterised by FTIR, XRD, RAMAN, UV-Vis spectroscopy, TEM, SAED, XPS and

ICP-AES. The catalytic activity of these catalysts is investigated in C–C coupling reactions such as

Suzuki–Miyaura and Heck–Mizoroki reactions of aryl bromides and aryl chlorides containing functional

groups under green reaction conditions i.e. in water, under phosphine free and aerobic conditions. This

catalyst afforded excellent selectivities for the products in good to excellent yields under low Pd loadings

(0.2–0.05 mol%), while ensuring the recovery and reusability of the catalysts. The reused catalyst was

characterized by FTIR, TEM, XPS and ICP-AES. The CD supramolecular mediators loaded on GNS act as

stabilising agents for the Pd NPs. The excellent catalytic activity of this system was attributed to the

presence of CDs, excellent dispersibility in water, hydrophobic nature of the GNS support for the

accumulation of organic substrates in water, “Breslow effect”, the presence of PTC to overcome the

mass transfer limitation onto the surface of GNS and formation of ternary CD/substrate/additive

complexes on the Pd–GNS surface.
1. Introduction

Palladium (Pd) catalyzed C–C cross-coupling reactions have
been the most fundamental reactions for the synthesis of
various industrially important organic frameworks over the past
three decades.1–10 Although a plethora of methods and reagents
have been developed by considering conventional catalytic
conditions, until recently the utilization of green chemistry
approaches has been of pivotal importance in the light of
contemporary design of synthetic processes.11,12 With the recent
attention directed at this interface, C–C coupling reactions in
aqueous medium have emerged as a major theme in catalysis
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research.13 The use of highly ammable organic solvents in
organic reactions is the drawback for the industrially important
reactions. Hence, the use of such solvents is better to avoid or
minimise. Further, the better solution is to use water as the
green solvent.14 In fact, there is a shortage of general efficient
methods for cross-couplings of cheaper aryl bromides and aryl
chlorides conducted in neat water under aerobic conditions and
in the absence of ligands, which usually lead to lower yields and
selectivities of the required product.14a

On the other hand, with today's focus on environment-
guided processes, a promising and elegant approach would be
the one bridging principles of supramolecular and green
chemistry towards the preparation of cyclodextrin (CD) based
active scaffolds for aqueous nanocatalysis.15 Recent develop-
ments have been reported on the use of surface polarized
supports (hydrophilic as well as hydrophobic) to immobilize
metal nanoparticles and promote the catalytic activity in
water.16 Indeed, the performance of the catalyst seems to be
related to the hydrophobic effect of water and suitable inter-
actions between substrate and support. In this context, various
carbon materials modied with hydrophilic molecules consti-
tute environmentally friendly and more biocompatible
This journal is © The Royal Society of Chemistry 2015
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alternatives. Further, they can exhibit a range of fascinating
properties dictated by supramolecular associations which
facilitate controlled growth and aqueous dispersion of metal
nanoparticles.17–19

Besides, graphene with a high specic surface area has great
potential in the development of new kinds of composite mate-
rials, especially as a substrate to host metal nanoparticles.20–22

However, only a few studies have involved the application of
graphene-based materials as heterogeneous catalysts.23 These
oxygen functionalities make GO surface is highly hydrophilic
and can stabilize the dispersion of the GO sheets in water and
facilitate the deposition of Pd NPs onto the GO surface.24

However, such functionalities on the surface may have negative
effect on the accumulation of hydrophobic organic substrates
on the surface of the catalyst, while conducting reaction in
water as the solvent. Because of the variation in the structural
arrangement of carbon atoms from a planar sp2-hybridized
geometry in graphene to a distorted sp3-hybridized geometry in
GO. Due to this reason the use of aqueous-organic solvent
mixture is preferred for the utility of Pd–GNS as heterogeneous
catalysts.23o Thus, prior to the application of Pd/RGO compos-
ites in water mediated reactions, it is essential to modify the
RGO and Pd surfaces and, consequently, improve the polarity of
Pd/RGO composites, to enhance the dispersion of Pd/RGO
composites in a variety of solvents and nally increase the
catalytic activity. In an alternative way to treat the above prob-
lems, it is possible to deposit the Pd NPs on CD–GNS support. In
the endeavour to extend our research on water mediated C–C
coupling reactions by using Pd on carbon as green catalysts,25

we thought it is of interest to investigate various C–C coupling
reactions such as Suzuki–Miyaura and Heck–Mizoroki coupling
reactions in the presence of Pd NPs on cyclodextrin supra-
molecule functionalised graphene nanosheets (Pd@CD–GNS)
under green reactions conditions. The pre addition of CD
molecules into GO suspension, before GO was fully reduced,
and the so formed CD–GNS hybrids exhibits high dispersibility
and stability in water.26 Here, we show that Pd NPs can be nely
dispersed on CD–GNS by a facile route using ethanol (EtOH) as
the greener solvent and in situ reducing agent for PdCl2 in the
presence of CD–GNS. Further, in order to explore the potential
of CDs as supramolecules in Suzuki–Miyaura and Heck–Miz-
oroki reactions and from the standpoint of heterogeneous
catalysis, we report here the Pd@CD–GNS catalyzed cross-
coupling of various aryl bromides and aryl chlorides under
green reaction conditions.
2. Experimental section
2.1. Typical procedure for Pd@CD–GNS preparation

To obtain the Pd@CD–GNS composites, 60 mg of CD–GNS was
dispersed in 30 mL of EtOH by ultrasonic treatment for 1 h. To
this suspension, 12 mg of PdCl2 was added and the mixture was
heated at 80 �C for 1 h with continuous stirring. The reaction
mixture was cooled at room temperature and the solid sample
with Pd loading was collected by ltration, washed extensively
with EtOH and water and air dried in oven at 60 �C. ICP-AES
This journal is © The Royal Society of Chemistry 2015
analysis showed that 6.2 wt% of Pd was loaded in the
Pd@CD–GNS catalyst.
2.2. Catalytic reactions

2.2.1. Suzuki–Miyaura cross coupling reaction. The CD–GNS
supports are prepared according to the previous report as
demonstrated in ESI.† Typically, the Pd@CD–GNS catalyst (3 mg,
0.2 Pdmol% vs. aryl halide) was placed in a 10mL glass ask with
3 mL of H2O and sonicated at ambient temperature (25 �C) for 10
min. The aryl halide (1.02 mmol), phenyl boronic acid (0.85
mmol) and Na2CO3 (1.275 mmol) were added to the resulting
black suspension and the reaction mixture was heated to 90 �C
for the required time. The extent of the reaction was monitored
by TLC. The reaction mixture was cooled at 0 �C for 1 h, ltered
and the solid washed with ethyl acetate (5 � 10 mL). The
combined organic layers were separated, dried over anhydrous
Na2SO4 and concentrated under reduced pressure. Purication of
the product was done by column chromatography (250–400mesh
silica gel) using hexane or mixture of ethyl acetate and hexane as
eluent to get the desired products. The identities of the products
were conrmed by 1H and 13C NMR spectra of the products.

2.2.2. Heck–Mizoroki cross coupling reaction. In a typical
reaction, the Pd catalyst (3 mg, 0.05 Pdmol% vs. aryl halide) was
added to a 10 mL glass ask containing 5 mL of H2O, aryl halide
(3.4 mmol), alkene (4.08 mmol), Na2CO3 (5.1 mmol) and TBAB
(5.1 mmol). The reaction mixture was heated at 90 �C and stir-
red for the required time. The extent of reaction was monitored
by TLC. Aer the completion of the reaction, the reaction
mixture was worked up using the procedure as described in
Suzuki–Miyaura reaction.
3. Catalyst characterizations

The absorbance of in situ synthesized Pd NPs was investigated
using Varian Cary 5000 UV-Vis-NIR spectrophotometer in the
wavelength region between 300 to 600 nm at a resolution of
2 nm. The FT-IR (Fourier transform infrared) spectra were
recorded on a BRUKER ALPHA T spectrometer from 4000 cm�1

to 400 cm�1 as KBr disks. Powder X-ray diffraction (XRD)
measurements were recorded on a Siemens/D-5000 X-ray
powder diffractometer using Cu Ka radiation (l ¼ 1.5406 Å)
with scattering angles (2q) of 2–80�. A Philips Tecnai G2 FEI F12
transmission electronic microscope (TEM) equipped with
selected area electron diffraction (SAED) operating at 80–100 kV
was used for themorphological and size analyses of Pd@CD–GNS.
Samples were prepared by placing one drop of an EtOH
suspension of the Pd@CD–GNS hybrid composite onto a copper
grid coated with carbon lm. XPS analysis was carried out on a
KRATOS AXIS 165 with a dual anode (Mg and Al) apparatus
using the Mg Ka anode. The Pd content of the samples were
determined quantitatively by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a Thermo Elec-
tron Corporation IRIS Intrepid II XDL instrument. ACME 100–
200 mesh silica gel was used for column chromatography and
thin layer chromatography was performed on Merck precoated
silica gel 60-F254 plates. 1H and 13C NMR spectra were recorded
RSC Adv., 2015, 5, 6652–6660 | 6653
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on a Bruker Avance spectrometer (1H NMR at 300 MHz and 13C
NMR at 75 MHz) using CDCl3 or d6-DMSO as solvent and TMS
as an internal standard. All the reactants were commercially
available and used without purication. Millipore water was
used for making all the solutions (18.2 MU, 10 ppb TOC).
Fig. 2 FTIR spectra of the CD–GNS (a), fresh Pd@CD–GNS (b), reused
Pd@CD–GNS for Heck–Mizoroki reaction (after 2 runs) (c) and reused
Pd@CD–GNS for Suzuki–Miyaura reaction (after 2 runs) (d).
4. Results and discussion

The reduction of Pd(II) ions and the deposition of PdNPs was
monitored by the UV-visible spectral analysis in the presence of
EtOH as solvent and reducing agent. EtOH is used as the
solvent, because it is widely considered as the greener solvent in
comparison to many organic solvents.27 It is also demonstrated
that PdCl2 can be reduced to Pd NPs using variety of reducing
agents such as hydrazine, ammonia, NaBH4 which are toxic and
difficult to handle. A shortcoming of these methods can be
achieved by using EtOH as the greener solvent and in situ
reducing agent.25,28 Fig. 1 showed the UV-Vis spectrum of reac-
tion mixture (PdCl2 solution and CD–GNS in EtOH) with respect
to time. The usual peaks at 420 nm at one min indicate the
presence of the Pd(II) ions in reaction mixture.29 The peaks that
represent the Pd(II) ions is found to disappear over extended
reaction time. The intensity at 420 nm is decreased aer 1 h of
the reaction time, mean while an absorbance peak appeared
and apparently increased at 325 nm, which indicates the
formation of Pd NPs. This indicates that Pd(II) was still present
in the reaction mixture, which is attributed to the weak
reducing nature of ethanol. Obtained Pd@CD–GNS catalysts
were collected by centrifugation under extensive washings with
water, followed by small amount of acetone to remove all
unreduced Pd(II) ions of PdCl2.

Fourier Transform Infrared Spectroscopy (FTIR) of CD–GNS,
Pd@CD–GNS, used Pd@CD–GNS for Suzuki–Miyaura and
Heck–Mizoroki reactions are shown in Fig. 2. It is found that the
FTIR spectrum of CD–GNS (Fig. 2a) exhibits the C]C conju-
gation (in the range of 1540–1575 cm�1) and C–C band (in the
range of 1195–1215 cm�1) of GNS, and typical CD absorption
Fig. 1 Representative UV-Vis spectra of reaction mixture (PdCl2 in
EtOH in the presence of CD–GNS) monitored at 1 (A), 15 (B), 30 (C),
and 60 min (D). The solution was refluxed at 80 �C and spectra are
recorded at 30 �C.

6654 | RSC Adv., 2015, 5, 6652–6660
features of the ring vibrations at 530–800 cm�1, the coupled
C–O–C/C–O/C–C stretching/O–H bending vibrations in the
range of 1000–1160 cm�1, CH2 stretching vibrations in the
range of 2920–2930 cm�1, C–H/O–H bending vibrations at
1390–1400 cm�1, and O–H stretching vibrations in the range of
3149–3454 cm�1.26,30

Furthermore, the interaction between Pd NPs and CD was
evidenced by FTIR spectra from the decreased relative intensity
of the band at 500–800 cm�1 which was interpreted as the
interaction force with CD that prevented the skeletal, ring
breathing and pyranose ring vibration (Fig. 2b). The IR data of
used catalysts for Suzuki–Miyaura coupling reaction (Fig. 2c)
and Heck–Mizoroki reaction (Fig. 2d) are in accordance with the
IR data of CD–GNS (Fig. 2a) and Pd@CD–GNS (Fig. 2b). Based
on this, we have conrmed that CD molecules are remaining
attached to the surface of GNS aer reaction. From FTIR spec-
trum of used catalysts, it is veried that an important amount of
CD was always adsorbed on the Pd–GNS surface aer several
washings of catalysts with water followed by small amount of
acetone. On the basis of these results, it is conrmed that the
catalytic conditions such as use of base (Na2CO3) and TBAB did
not result in any loss of CDs from GNS support, indicating that
the integrity of the Pd@CD–GNS hybrid structure was main-
tained. The CD molecules were covered on the surface of GNS
and could prevent the excess leaching and aggregation of Pd
NPs. The interaction between CDs and GNS was evidenced from
the well redispersion of used catalyst in water. This is further
conrmed by Transmission Electron Microscopy (TEM) and
X-ray diffraction (XRD) analysis.

Fig. 3a showed the TEM image of CD–GNS, illustrating the
ake like morphology of the catalyst support and Fig. 3b
showed the TEM image of Pd@CD–GNS.31 The CD–GNS were
decorated uniformly by the Pd NPs, which ranged in size from
5–15 nm, the distribution of Pd NPs on the outer surface of
CD–GNS support was homogeneous. The TEM image of used
Pd@CD–GNS catalyst aer two cycles of the Suzuki–Miyaura
and Heck–Mizoroki reaction are shown in Fig. 3c and d,
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 TEM images of CD–GNS (a), fresh Pd@CD–GNS (b), reused
catalyst for Suzuki–Miyaura reaction (after 2 runs) (c), reused catalyst
for Heck–Mizoroki reaction using Na2CO3 as the base (after 2 runs) (d)
and reused catalyst for Heck–Mizoroki reaction using NaOMe as the
base (after 2 runs) (e).
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respectively In order to further investigate the stability and
redeposition of Pd NPs on CD–GNS aer the catalytic tests, used
Pd@CD–GNS catalysts in the presence of two bases such as
Na2CO3 and NaOMe were characterized using TEM aer the
catalytic reaction. This shows that Pd NPs are still having
similar size as in the fresh catalyst. The presence of Pd NPs on
CD–GNS for the reused catalyst (2 times) was fewer compared to
the fresh catalyst (Fig. 3d). The above results reveal that the
present method can produce well stabilized Pd NPs on CD–GNS
supports upto four cycles. It is assumed that the Pd NPs are
physically adsorbed on GNS at the regions of CD through
probable hydrophobic interactions which limit the mutual
coalescence of Pd NPs.32 Although, hydrophobic interactions
between Pd NPs and CD are evidenced, it is crucial to deni-
tively rule out other interactions from carbon vacancies, defects,
and epitaxial absorption.33

The XRD pattern of the as-synthesized Pd@CD–GNS is
shown in Fig. 4. The diffraction peak at�24� is attributed to the
(002) reection of the GNS structure, the reection is consistent
with a graphene-based composite.34 The Bragg reections in the
XRD pattern were observed at 40.2�, 46.6�, and 68.2� correspond
to the (111), (200) and (220) planes of a face-centered cubic (fcc)
Fig. 4 XRD pattern of Pd@CD–GNS.

This journal is © The Royal Society of Chemistry 2015
lattice (JCPDS no. 46-1043), respectively, indicating the Pd NPs
synthesized in this study have the fcc crystal structure.33 Using
the Pd (111) diffraction peak and Scherrer's equation, the mean
crystallite size of the Pd NPs in the as obtained hybrids was
calculated to be �12 nm. Furthermore, the selected area elec-
tron diffraction (SAED) pattern, shown in Fig. 5, indicated that
the Pd NPs were well deposited on CD–GNS, consistent with the
result obtained from the TEM image (Fig. 3b).35,36 The poly-
crystalline nature of Pd NPs produced four diffraction rings in
sequence from inner to outer and can be indexed to the (111),
(200), (220), and (311) of the fcc Pd planes, respectively, which is
consistent with the result obtained from the XRD pattern.

The high-resolution X-ray photoelectron spectroscopy (XPS)
narrow scan investigation of the fresh Pd@CD–GNS catalyst
showed that Pd is present in the zero oxidation state (Fig. 6).
The observed binding energy peaks of Pd 3d5/2 at 335.3 eV and
Pd 3d3/2 at 340.8 eV (D ¼ 5.5 eV) clearly indicate the presence of
Pd(0) in the Pd@CD–GNS catalyst (Fig. 6a).34,37

The XP spectrum of the catalyst aer being recycled for three
times in the Heck reaction shows the presence of additional
peaks at 337.0 eV and 343.0 eV (D¼ 6.0 eV) corresponding to Pd
3d doublet of Pd(II) at higher binding energy (Fig. 6b), which can
be attributed to the slight conversion of Pd(0) to Pd(II). The
presence of very small amount of Pd in its unreduced form on
CD–GNS support might be due to the complexation of Pd(II)
with the oxygen functionalities of the GNS support and the weak
reducing nature of EtOH.25a
Fig. 5 Electron diffraction pattern of Pd@CD–GNS.

Fig. 6 XPS spectrum of the Pd@CD–GNS hybrid catalysts (a), reused
catalyst for Suzuki–Miyaura reaction (after 2 runs) (b).

RSC Adv., 2015, 5, 6652–6660 | 6655
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Fig. 7 Raman spectra of CD–GNS and Pd@CD–GNS samples.

Table 1 Suzuki–Miyaura cross coupling reaction of aryl halides with
phenyl boronic acid by Pd@CD–GNS in H2O

a

Entry R X Yieldb (%) Time (h)

1 H Br 93, 88c, 85d 3, 3c, 4.5d

2 CHO Br 96 2
3 OH Br 90 3
4 Me Br 90 3.5
5 NO2

e Br 88 2
6 H Cl 90 3.5
7 CHO Cl 90 3
8 Me Cl 86 4.5
9 OMe Cl 90 4.5
10 OH Cl 90 4
11 NO2 Cl 92 3
12 2-Pyridyl Cl 85 4.5

a Reaction conditions: aryl halide (0.85 mmol), phenyl boronic acid
(1.02 mmol), Na2CO3 (1.275 mmol), Pd@CD–GNS (3 mg, 0.2 mol% vs.
aryl halide) and 5 mL of H2O, under air, heated at 90 �C. b Isolated
yield was determined by 1H NMR. c Using K3PO4 as base. d 0.05 mol%
of Pd loading was used. e 4-Nitro phenyl boronic acid was used
instead of PhB(OH)2.
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The Raman spectra of CD–GNS and Pd@CD–GNS are shown
in Fig. 7. The two bands at about ca. 1580 cm�1 and ca. 1330
cm�1 correspond to the in-phase vibration of the graphene
lattice (G band) and the disorder induced D band, respectively.
Further, it can be noted that the G band is assigned to the E2g
phonon of the sp2 carbons and the D band is a breathing mode
of the k-point phonons of A1g symmetry. The spectra show an
obvious blue shi of the D band from �1328 cm�1 (Fig. 7a) to
�1337 cm�1 (Fig. 7b).

This blue shi is observed due to the loading of Pd NPs by
reduction of Pd+2 under mild chemical condition in ethanol.
The spectra of CD–GNS and Pd@CD–GNS also show blue shif-
ted G band at �1573 cm�1 and �1598 cm�1, respectively. High
I(D)/I(G) intensity ratios are associated with high degree of
disorder/exfoliation. The D/G ratios for CD–GNS and Pd@CD–GNS
were calculated to be ca. 1.125 and 1.180, respectively. Further,
the I(D)/I(G) intensity ratio of Pd@CD–GNS is higher than that
of CD–GNS. Such an enhancement clearly indicates chemical
interaction between the Pd NPs and CD–GNS. The minimal
increase in the D-band intensity may be due to the loading of Pd
on CD–GNS that may create minimal defects in CD–GNS.33 We
have also observed high-energy second-order 2D-bands for
CD–GNS and Pd@CD–GNS samples at �2641 cm�1 and
�2620 cm�1, respectively, which is associated with the local
defects. A 2D band, which is the characteristic band of gra-
phene, is generally used to identify the number of layers of
graphene in the material. These 2D bands indicate that the
nanosheets contain only a few layers of graphene.25b

The introduction of CD molecules into GO, before GO was
fully reduced resulted CD–GNS hybrids exhibited high dis-
persibility and stability in water, and do not aggregate for a long
time. Because of these versatile properties, CD–GNS supported
Pd NPs have been investigated as recyclable heterogeneous Pd
catalysts in pure water. Due to the dispersibility of Pd@CD–GNS,
the C–C coupling reactions are performed in pure water and
with easy work-up procedure aer reaction completion. The
catalytic activity and recyclability of the Pd@CD–GNS were also
investigated for Suzuki–Miyaura reactions of several aryl
bromides and aryl chlorides containing a wide range of func-
tional groups using water as the solvent and with low catalyst
6656 | RSC Adv., 2015, 5, 6652–6660
loadings (0.2 mol%). The reaction between p-chlor-
obenzaldehyde and phenyl boronic acid in water gave a 90%
isolated yield of the coupled product aer 3 h at 90 �C in air
(Table 1, entry 7).

We obtained good to excellent yields with variety of aryl
chlorides having different substituents. It was also observed
that aryl chlorides and bromides with hydrophilic substituents
produced higher yields, while chlorides with hydrophilic
substituents gave excellent yields and can be attributed to the
high solubility of substrates in water (Table 1, entries 3 and 10).
CD molecules present on the GNS hydrophobic surface not only
stabilize the nanoparticles during the reaction, but also act as
supramolecules to improve the catalytic efficiency. This, there-
fore provides an environment for hydrophobic guest molecules
in water. The driving force for the hydrophobic guest molecules
to diffuse onto the CD–GNS is mainly ascribed to the hydro-
phobic–hydrophobic interaction in water.25 The organic
substrates with hydrophobic substituents also afforded good to
excellent yields of product. These good yields are due to “Bre-
slow effect” and the hydrophobic nature of the support, as well
as stabilization of reactive leached Pd species on the support in
water.38–40 Aryl bromides and simple aryl chlorides afforded
good to excellent yields in pure water (Table 1, entries 1–6). The
reaction with boronic acid other than PhB(OH)2 also gave good
yields (Table 1, entry 5). We performed a reaction with 2-pyridyl
chloride in water, which afforded an excellent yield of about
85% aer 4.5 h (Table 1, entry 12) (Scheme 1).

Furthermore, the catalytic activity and recyclability of the
Pd@CD–GNS were also investigated in the Heck–Mizoroki cross
coupling of aryl bromides and aryl chlorides with olens in
water and under low catalyst loading (0.05 mol%). In the pres-
ence of TBAB as a phase transfer catalyst (PTC), the coupling of
bromobenzene with styrene was initially studied as a model
reaction. To optimize the reaction conditions, a series of
experiments with different quantities of Pd@CD–GNS hybrid
This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Suzuki–Miyaura cross coupling reaction of aryl halides with
phenyl boronic acid by Pd@CD–GNS in H2O.

Table 3 Effect of the catalyst loading in Heck–Mizoroki cross
coupling reaction of bromobenzene with styrene by Pd@CD–GNS in
H2O

a

Entry
Pd loading (mol% vs.
bromobenzene) (mmol) Yieldb (%)

Selectivityc

(Heck product/
biphenyl)

1 0.2 (0.0068) 30 90 : 10
2 0.1 (0.0034) 40 94 : 6
3 0.05 (0.0017) 80 100 : 0
4 0.02 (0.00068) 75 100 : 0

a Reaction conditions: bromobenzene (3.4 mmol), styrene (4.08 mmol),
Na2CO3 (5.1 mmol), TBAB (5.1 mmol), Pd@CD–GNS and 5 mL of H2O,
under air, heated at 90 �C for 24 h. b Isolated yields. c Selectivity was
determined by 1H NMR.
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catalyst were carried out at 90 �C in water and in the presence of
TBAB, the results of which are shown in Table 2. Under these
reaction conditions, it was found that the best result in terms of
yield and selectivity was obtained by using 0.05 mol% of
Pd@CD–GNS (Table 3, entry 3). It is found that the increase in
the catalyst loading to 0.2 mol% resulted a signicant drop in
yield to 30%. The use of low Pd loadings leads to a marked
improvement in the yield and selectivity of the Heck–Mizoroki
cross coupled product.41,42 The use of optimum Pd catalyst
loadings leads to a marked improvement in the yield and
selectivity of the Heck–Mizoroki cross coupled product is due to
the presence of the catalyst in “homeopathic dose”.43 Interest-
ingly, the use of sodiummethoxide (NaOMe) as the base affords
good yields whichmay be due to the presence of a small amount
of methanol that is formed from the hydrolysis of NaOMe. The,
so formed methanol can act as the in situ reducing agent to
reduce Pd(II) for regenerating the catalyst (Table 2, entry 10).
But, in situ formed NaOH causes the aggregation of the Pd NPs.
Table 2 Heck–Mizoroki cross coupling reaction of aryl halides with
alkenes by Pd@CD–GNS in H2O

a

Entry R1 X R2 Yieldb (%) Time (h)

1 H Br Ph 80c, 76d 24c, 24d

72e, 70f 24e, 24f

70g, 52h 24g, 24h

2 H Br COOMe 86 24
3 CHO Br Ph 80, 4–8i 22, 24i

4 H Br COOtBu 85 24
5 Me Br Ph 75 24
6 Me Br COOMe 83 24
7 tBu Br Ph 70 24
8 OMe Br COOH 90 22
9 OH Br Ph 95 15
10 CHO Cl Ph 75 24
11 H Cl Ph 70 24
12 H Cl COOMe 73 24
13 CHO Cl COOH 88 20
14 Me Cl Ph 60 24
15 Me Cl COOMe 64 24
16 OMe Cl Ph 66 24
17 NO2 Cl COOH 90 20
18 OH Cl Ph 95 18

a Reaction conditions: aryl halide (3.4 mmol), alkene (4.08 mmol),
Na2CO3 (5.1 mmol), TBAB (5.1 mmol), Pd@CD–GNS (3 mg, 0.05 mol%
vs. aryl halide) and 5 mL of H2O, under air, heated at 90 �C. b Isolated
yields. c Using Na2CO3 as base. d Using Et3N as base. e Using NaOMe
as base. f Using KOH as base. g Using K3PO4 as base. h Using NaOAc
as base. i Reaction performed without TBAB.

This journal is © The Royal Society of Chemistry 2015
It is demonstrated that the presence of strong base such as KOH
or NaOH has negative effect for the stability of Pd NPs.44 The
TEM image (Fig. 3e) showed that the PdNPs deposited on CD–GNS
were of increased diameter in comparison to fresh catalysts. To
optimize the inuence of different bases in the Heck–Mizoroki
cross coupling reaction between bromobenzene and styrene, a
series of experiments with different bases were carried out at
90 �C in water, using 0.05 mol% of Pd catalysts and in the
presence of TBAB, and the results are demonstrated in Table 2.
It was found that the best result in terms of yield and selectivity
was obtained by using Na2CO3 as the base (Table 2, entry 1). We
found that stronger bases, such as KOH, NaOMe, NaOAc, and
K3PO4 have decreased the isolated yield to some extent. It is
demonstrated that the use of strong bases has negative effect for
the stability of Pd NPs.44 This result indicates that deactivation
of the catalyst is likely to involve the formation of aggregated Pd
NPs which leads to the decrease in the surface area of active
species. It was found that the best system for the reaction was
H2O as the solvent in combination with Na2CO3 as the base,
which delivered 70% isolated yield of the required product aer
24 h when 0.05 mol% of Pd@CD–GNS was used (Table 2, entry
1). We have also examined the coupling of other aryl bromides
and aryl chlorides with olens in the optimized conditions as
mentioned above and the results are summarized in Table 2.
The reaction was performed with bromobenzene also using
various alkenes including styrene, acrylates and acrylic acid to
get the corresponding coupled products in excellent yields and
selectivities. Moreover, deactivated aryl chlorides also gave the
cross coupled products in moderate yields and excellent selec-
tivities (Scheme 2).
Scheme 2 Heck–Mizoroki cross coupling reaction of aryl halides with
alkenes by Pd@CD–GNS in H2O.
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The use of PTC in the catalytic reaction brings the organic
substrates near to the CD hydrophobic cavity and Pd NPs
surfaces to perform the overall catalytic process. The CD cavity
size allows the formation of a 1 : 1 : 1 substrate–surfactant–b-
CD ternary complex.45 In principle, the more hydrophobic
product like stilbenes or its derivatives gets expelled from the
catalyst surface at a faster rate. The high catalytic activities of
these catalysts were explained high dispersibility of Pd@CD–GNS
in water followed by a simultaneous interaction of organic
substrates with both the CD cavity and thereby the attachment
of Pd NPs to the surface of CD–GNS. The catalytic activity of
this catalyst is attributed to the formation of ternary
CD/substrate/additive complexes on Pd–GNS surface.46 The
high selectivities of the required product were not only
attributed to the hydrophobic CD cavities but also to the
inuence of water solvent.14a

It is also demonstrated that the increase in stereoselectivity
is due to the presence of the substrate into the CD cavity during
b-H elimination. CD–GNS support reduces the mass transfer
limitation of the reactants during the reaction, resulting in
excellent catalytic activity. Further, it is demonstrated that the
combination of hydrophobic nature of CD cavity as a binding
site for organic substrates and a reactive centre of Pd core
provides higher yields and selectivities of the required products
in pure water.

We veried that the Pd@CD–GNS are recyclable for the
Suzuki–Miyaura coupling reaction of 4-bromobenzaldehyde
with phenylboronic acid in water and could be reused up to four
cycles. The reusability of the catalyst can be explained by the
redeposition of the Pd NPs on the CD–GNS upon completion of
the reaction and cooling of the system. Conversion as a function
of reaction time for the recycling of Pd@CD–GNS for the reac-
tion of 4-bromobenzaldehyde with phenylboronic acid is shown
in Table 4. Further, the conversion as a function of reaction
time for the recycling of Pd@CD–GNS for the Heck coupling
reaction of styrene with bromo benzene is shown in Table 4. The
gradual decrease in activity was observed over four successive
runs. For an evidence of leaching of Pd from the support during
the reaction, a hot ltration test was performed for the reaction
of 4-bromobenzaldehyde with phenylboronic acid. The catalyst
is separated from the reaction mixture in hot condition aer 20
min of the reaction time, where the isolated yield of �30% is
obtained. The reaction is further proceeded with the ltrate,
which yielded �70% of the product with increased reaction
time up to 24 h. ICP-AES analysis showed that there was only a
0.31 wt% loss of Pd in the used catalyst aer three cycles of the
Suzuki–Miyaura reaction compared to that of the pure catalyst.
Table 4 Reusability of Pd@CD–GNS in the Suzuki–Miyaura and
Heck–Mizoroki coupling reactions

No. of cycles 1 2 3 4

Suzuki reaction conversion (%) 100 98 90 84
Time (h) 2 4 5.5 8
Heck reaction conversion (%) 100 92 82 80
Time (h) 22 25 28 30

6658 | RSC Adv., 2015, 5, 6652–6660
Further, the TEM image of the catalyst aer two uses showed
presence of redeposited Pd NPs on CD–GNS (Fig. 3c).

5. Conclusions

Remarkably, Pd NPs supported on CD–GNS were employed as a
suitable and recyclable heterogeneous catalyst for the Suzuki
and Heck in green solvent such as water. During the reaction in
aqueous medium, all organic molecules would be strongly
adsorbed on the surface of GNS because of complete hydro-
phobic nature of GNS surface and therefore the conversions of
the reactants would be increased. Further, it is demonstrated
that the combination of hydrophobic nature of CD cavity as an
inclusion site for all organic molecules and the Pd NPs provides
excellent yields and excellent selectivity of the products in
aqueous medium. The CDs loaded on GNS act as stabilising
agents for the Pd NPs to prevent agglomeration. Inspired by
these major concepts of heterogeneous catalysis, supramolec-
ular chemistry, and green chemistry, we have now explored that
CDs would be successfully employed as versatile functional
agents in the stabilization of metal NPs (MNPs) on GNS and
those can be applied as the heterogeneous catalysts in other
organic transformations in aqueous medium. Combining the
advantages of metal nanoparticles (catalytically active) and CDs
(supramolecular associations), the use of MNPs@CD–GNS
catalysts may be explored in selective electrochemical detection
of analytes, electrocatalysis such as formic acid oxidation,
alcohol oxidation and sensors in near future.
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