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Introduction

In recent years, graphene nanosheets (GNS) have aroused
significant interest due to their huge theoretical specific surface area,

high chemical stability, low manufacturing cost and high electron

RSC Advances

RSCPublishing

Palladium Nanoparticles on Noncovalently
Functionalized Graphene-based Heterogeneous
Catalyst for the Suzuki-Miyaura and Heck-Mizoroki

Reactions in Water

Vittal Sharavath and Sutapa Ghosh*

We describe here a methodology to synthesize a reusable heterogeneous catalyst based on palladium
nanoparticles (Pd NPs) supported on noncovalently functionalized graphene using 1-pyrene carboxylic
acid. This can be used efficiently for Suzuki-Miyaura and Heck-Mizoroki reactions in water up to five
cycles, providing excellent yields with high selectivity of cross coupled products. It is also useful for
more challenging substrates like electron-rich and electron-poor bromoarenes and chloroarenes which
resulted good isolated yields (alkenes and biphenyls) in pure water. Use of functionalized graphene in
the catalyst preparation improved the dispersion of it in water medium and also acted as a stabilizing
agent for the Pd NPs. Percentage of metal loading in the catalyst and its thermal stability were
determined by Inductively Coupled Plasma Atomic Emission Spectroscopy and Thermo gravimetric
analysis respectively. The composite formation was confirmed by X-ray diffraction pattern, Fourier
Transform Infrared Spectroscopy and Raman spectroscopy. The surface elemental composition with
oxidation state was determined by UV-Visible and X-ray photoelectron spectroscopy. The size and
morphology of Pd NPs on the functionalized graphene sheets was directly observed by Transmission

Electron Microscopy.

mobility. Because of these interesting properties, GNS are promising
candidates for use in super capacitors, batteries, photo catalysis and
photovoltaics.'"* GNS are also useful as promising 2D support
layers for metallic NPs in heterogeneous catalysis. As metal

nanoparticles suffer from the problems of separation, recycling, and
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deactivation via the aggregation of nanoparticles during reaction, it
is highly desirable to deposited metal NPs on solid supports for their
use in organic transformations to overcome these problems.
Metal nanoparticles have also been supported on surfactants,
polymers or various types of ligands, or organic and inorganic
substrates, such as carbon materials, silica or zeolites.!>!® The main
advantage of this solid supported catalyst is that the solid support
does not allow the metal NPs to dissociate from the solid surface,
which would result in higher stability of the active metal species.
Solid-supported catalysts also offer easy isolation of the catalyst
from reaction mixtures by simple filtration, decantation or magnetic
separation as reusable catalysts.'"'®

The use of GNS or graphene oxide (GO) or functionalized
graphene based materials serving as a support for palladium
nanoparticals (Pd NPs) are especially important for their extensive
catalytic applications in organic transformations such as carbon-
carbon (C-C) cross coupling reactions.”"*'*?  Suzuki-Miyaura and
Heck-Mizoroki C-C cross coupling reactions are most useful
methods for various industrially important organic transformations.
These are also having promising academic interest. Due to their wide
range of applications for C—C bond formation, there is considerable
interest in this area with a focus directed towards the development of
more efficient and recyclable catalysts for industrial applications in
environmentally benign processes.'>'® ***° Graphene supported Pd
NPs have been reported to be highly active catalysts for not only C-
C cross coupling reactions but also for some other catalytic
applications such as ammonia borane dehydrogenation,*® aerobic
oxidation of aromatic alcohols,'® CO oxidation,*' selective oxidation

42,43

of methanol and formic acid oxidation, non enzymatic glucose

sensor,” ethanol electro catalysis oxidation,*” chemo selective
reduction of a,p--unsaturated carbonyl compounds*® and reduction

of aromatic nitro compounds*’**

2| J. Name., 2012, 00, 1-3

Volatile and highly inflammable organic solvents are used in
most of the organic reactions, which are a major cause of ecological
contamination.** However, it is often difficult to avoid the use of
such solvents as they are vital in various stages of reactions for
isolation of product from reaction mixture. The ideal solution is to
use a “green solvent” which does not pollute the environment."* One
approach is to utilize water dispersible (hydrophilic) micellar Pd
catalysts, which are suitable for aqueous phase reactions in organic
transformations.**>*

In this paper, we have demonstrated the synthesis of an
efficient and reusable heterogeneous catalyst based on Pd NPs
supported on graphene which is noncovalently functionalized by 1-
pyrene carboxylic acid (PCA-GNS-Pd). Further, PCA-GNS-Pd
catalyst is used for various organic transformations through
sustainable and greener pathways. This catalyst is amphiphilic due to
the hydrophobic nature of polyaromatic carbon groups (graphene
and pyrene moieties) and hydrophilic carboxylate groups present on
pyrene carboxylic acid. Because of the carboxylic groups present in
this catalyst, the intercalation and sorption of Pd NPs on the PCA-
GNS support during the reduction of Pd™ ions and further the
association of organic substrates during the catalytic reaction due to
non covalent interaction of PCA are possible. This leads to easy
dispersion of catalyst in water and therefore the use of organic
solvent is avoided during the reaction. The main advantage of the
PCA-GNS-Pd catalyst is that it can be used in environmentally
benign solvent such as water and effectively reusable up to five
successive cycles. we have demonstrated synthesis of another
efficient Graphene-based Heterogeneous Palladium Catalyst for the
Suzuki—-Miyaura and Heck-Mizoroki Reactions in Water. This
heterogeneous catalyst system exhibits significant activity towards
aryl bromides as well as less reactive aryl chlorides, which are more

readily available and less expensive. Good to excellent yields and

This journal is © The Royal Society of Chemistry 2012
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high selectivity of the cross coupled products were obtained with
low catalyst (0.2 mol %) loading. We hope that this work provides a
important step toward the development of green technologies for

organic synthesis.

2.Experimental Section

2.1. Synthesis of noncovalent functionalized

graphene (PCA-GNS)

Graphite Oxide (GO) was synthesized from natural graphite powder
by modified Hummers method®® and noncovalent functionalized
graphene was prepared by reported method.** In a typical

Scheme 1: Preparation of the PCA-GNS-Pd catalyst
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suspension and refluxed at 80° C for 1 h under vigorous stirring. In
this case, the EtOH acted both as a solvent and as an in situ reducing
agent.'® After the reaction, the PCA-GNS-Pd catalyst was isolated
by centrifugation and washed with distilled water for five times. The
obtained catalyst was dried at 60°C for overnight. Based on the
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES) results, it was confirmed that 10.175 wt% of Pd was loaded on

to the PCA-GNS support.
2.3. General procedure for the Suzuki-Miyaura cross
coupling reaction

The PCA-GNS-Pd catalyst (3 mg, 0.2 Pd mol% vs. halide) was

9 H,0
sonication
* Qg@ NaOH

Hydrazine hydrate
80°C, 24hrs

1-pyrene carboxylic
acid

PdCl, j

Sonication |
EtOH

70°C,1h

Functionalized Graphene
(PCA-GNS)

PCA-GNS-Pd catalyst

experiment, 100 mg GO was dispersed in 200 mL of deionized water
by sonication for 30 min and then centrifuged at 1000rpm for 3 min.
To the obtained supernatant, 100 mg (0.5 mmol*L™") of NaOH and
125 mg (0.1 mmol*L™") of 1-pyrenecarboxylic acid were added
followed by hydrazine monohydrate (500 xL, 2 mmol*L™"). The
mixture was then stirred at 80°C for 24 h. The final product was
isolated by centrifugation at 3000 rpm for 10 min and washed with
distilled water for five times. The obtained PCA-GNS was dried at

60°C for overnight.

2.2. Synthesis of noncovalent functionalized

graphene supported Pd nanoparticle catalyst (PCA-
GNS-Pd)

The PCA-GNS-Pd catalyst was prepared (Scheme 1) as follows:
PCA-GNS (100 mg) was ultrasonicated in absolute ethanol (EtOH)

(75 mL) for 30 min. Then PdCl, (25 mg) was added to the above

This journal is © The Royal Society of Chemistry 2012

dispersed in 5 mL of H,O by sonication for 30 min at RT. To this
suspension, 1.435 mmol p-bromobenzaldehyde, phenylboronic acid
(1.722 mmol) and Na,CO; (2.153 mmol) were added and the
reaction mixture was stirred at 90°C for required time. The reaction
was monitored by TLC (thin-layer chromatography) and the product
was extracted with ethyl acetate (5 x 15 mL). The obtained organic
extracts were dried over anhydrous Na,SO, and the crude product
was purified by column chromatography (silica, n-hexane/ethyl
acetate (95:5)). The isolated products were confirmed by 'H and "*C
NMR spectroscopy.

2.4. Heck-MizoroKki cross coupling reaction

To the dispersed aqueous suspension of Pd catalyst (3 mg, 0.2 Pd
mol% vs. aryl halide), p-bromobenzaldehyde (1.435 mmol), styrene
(1.722 mmol), Na,CO; (2.153 mmol) and tetrabutyl ammonium

bromide (TBAB) (2.153 mmol) were added and the reaction mixture

J. Name., 2012, 00, 1-3 | 3
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was stirred at 90°C for required time. All reactions were monitored
by TLC. The isolation procedure was similar to Suzuki-Miyaura

reaction.
2.5. Characterization methods

X-ray diffraction (XRD) pat-terns were taken in reflection mode on a
Rigaku MiniFlex tabletopX-ray diffractometer using a Cu K
source (A). Powder XRD patterns were recorded on a Siemens
(Cheshire, UK) D5000 X-ray diffract meter by using Cu Ko
(1=1.5406m) radiation at 40 kV and 30 mA equipped with a standard
monochromatic equipped with a Ni filter radiation with a scan rate
of 1.0 s/step and step size of 0.02" at 298 K over the range of 26 = 10
to 60°. UV-Vis spectra were recorded on a Varian Cary 5000 UV-
VIS-NIR spectrophotometer in the range 200-800 nm. FT-IR
(Fourier transform infrared) spectra were recorded on a BRUKER
ALPHA T spectrometer from 4000 cm™' to 400 cm ™' as KBr disks.
A Thermo Electron Inductively Coupled Plasma Atomic Emission
spectrometer (ICP-AES) (Model, IRIS Intrepid IIXDL) was used for
determining the metal composition of the samples. X-ray
photoelectron spectroscopy (XPS) spectra were recorded on a
KRATOS AXIS 165 with a dual anode (Mg and Al) apparatus using
the Mg Ka anode. A Transmission Electron Microscope (Philips
Tecnai-12 FEI, operating at 80-100 kV) was used to investigate the
morphology and size of the particles. Confocal Micro-Raman
spectra were recorded at room temperature in the range of 50-4000
cm™ using a Horiba Jobin-Yvon Lab Ram HR spectrometer with a
17 mW internal He-Ne (Helium-Neon) laser source (excitation
wavelength 632.8 nm). 'H and '*C NMR spectra were recorded on a
Bruker Avance spectrometer (300 or 500 MHz) in CDCl; using

TMS as an internal standard, unless stated otherwise. All reagents

were commercially available and used without purification.

4| J. Name., 2012, 00, 1-3

3.Results and Discussion
3.1 X-ray diffraction analysis of the PCA-GNS-Pd

catalyst

Fig. 1 shows the X-ray diffraction (XRD) pattern of PCA-GNS (a)
and the PCA-GNS-Pd catalyst (b). The functionalised graphene
showed a very strong (002) peak at 20 = ~25.9° and a weak (101)
peak at 20 =~42.8°. These broad peaks clearly indicate the presence
of single or few layered structure of GNS. A small peak at 26 = 17.9°

may be due to PCA embedded in GNS sheets.**

Pdain

Intensity / a.u

(a)
50 TTTe0

720 30 40
2-Theta/degree

Fig. 1. XRD patterns for (a) PCA-GNS and (b) PCA-GNS-Pd

catalyst.

The peaks at 26 value of 40.2° and 46.6° (Fig. 1b) are indexed to the
(111) and (200) crystal planes of face-centred cubic (fcc) lattice
pertaining to Pd NPs. The broad diffraction peak at 20 = 40.2°
clearly indicates that the Pd NPs formed are of small size. The
average crystalline size of the prepared Pd NPs was estimated to be

~9.3 nm using Scherrer’s equation.”

3.2. TEM analysis of the PCA-GNS-Pd catalyst

Fig. 2 shows the transmission electron microscopy (TEM) images of
PCA-GNS, freshly prepared PCA-GNS-Pd catalyst and PCA-GNS-
Pd after three reaction cycles. From the Fig. 2a, it is clear that PCA-
GNS is having sheet like structure. TEM images of freshly prepared
PCA-GNS-Pd catalyst (Fig. 2b and Fig. 2¢) indicate that Pd NPs are

deposited with different particle size distribution on the graphene

This journal is © The Royal Society of Chemistry 2012
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Fig. 2. TEM images of PCA-GNS sheet (a), freshly prepared PCA-GNS-Pd catalyst (b,c), used PCA-GNS-Pd catalyst after three cycles of

the Suzuki reaction (d), particle size distribution analysis of fresh PCA-GNS-Pd catalyst (e) and used PCA-GNS-Pd catalyst after three

cycles of Suzuki reaction.

surface with no significant particle aggregation. Further, it is also
clear from Fig.2b that the sizes of the Pd NPs are between 3-13 nm
which is close to the result obtained from XRD analysis. The TEM
image of used PCA-GNS-Pd catalyst after three cycles of the Suzuki
reaction is shown in Fig. 2d. The particle size distributions of the
fresh and reused (after the three cycles) PCA-GNS-Pd catalysts are
shown in fig 2e and fig 2f respectively. It is also clear from fig 2f
that the Pd NPs on used catalyst are bigger in size and lesser in
number than those on fresh catalyst due to slight agglomeration and
leaching of the Pd NPs during the chemical reaction.*® The leaching
of Pd NPs was confirmed by ICP-AES analysis (see recyclable

section).
3.3. X-ray photoelectron spectroscopy analysis of the
PCA-GNS-Pd catalyst

The oxidation state of the Pd NPs deposited on PCA-GNS surface
was assessed by means of X-ray photoelectron spectroscopy (XPS)

(Fig. 3). In Fig. 3a, Pd® 3d peak exhibits a unique doublet with

This journal is © The Royal Society of Chemistry 2013

binding energies at 335.3 and 340.8 eV (A = 5.3 eV), corresponding
to Pd° 3ds;, and Pd° 3ds,, respectively. The XPS spectrum of the
catalyst after being recycled for three times (Fig. 3b) in the Heck
reaction shows the presence of additional peaks at higher binding
energy at 337.0 eV and 343.0 eV (A = 6.0 eV) corresponding to Pd
3d;; and Pd 3ds;, demonstrating the presence of Pd™. This can be
attributed to the slight conversion of Pd® to Pd™? which most likely
indicates the complexation of Pd NPs with oxygen functionalities of

the PCA-GNS support by forming Pd-O linkages.'®*>°

Pd(0)3d,, (a) ®
(0) 3d,,,
Pd (0) 3d,,
- Pd (0) 3d,,
&
2
7]
s ) 3d,
E
1) 3d,,,
340 336 332 344 340 336 332
Binding energy(eV) Binding energy(eV)

Fig. 3. XPS narrow scan for Pd (a) in fresh PCA-GNS-Pd and (b)

used PCA-GNS-Pd after three cycles of the Heck reaction.

J. Name., 2013, 00, 1-3 | 5
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3.4. Raman spectroscopic analysis of the PCA-GNS-

Pd catalyst

Fig. 4 shows the Raman spectra of GO, PCA-GNS and PCA-GNS-
Pd samples. From the figures, one can see that these three materials
exhibited two bands at ca. 1566 cm ™' and 1327 cm™', corresponding
to the G band and D band of graphitic nanostructures, respectively. It
can be noted that the G band is assigned to the E2g phonon of the sp*
carbons and the D band is a breathing mode of the k-point phonons
of Alg symmetry. The Raman spectra of GO, PCA-GNS and PCA-
GNS-Pd are shown in Figda, Fig 4b and Fig4c respectively. These
figures display an obvious blue shift of the D band from ~1327cm’'
(Fig 4a) to ~1333cm™ (Fig 4b) and further to ~1340cm™ (Fig 4c).
This blue shift is observed due to the introduction of large number of
structural defects during surface functionalization of GO by 1-pyrene
carboxylic acid groups under vigorous reaction conditions and
further incorporation of Pd NPs by reduction of Pd** under mild
chemical condition in ethanol. The spectra of GO,PCA-GNS and
PCA-GNS-Pd also show G band at ~1566, cm'~1590cm™ and
~1599cm’™, respectively. In each case, the G band is blue shifted
compared to GO (~1566 cm™).

The D band and G band indicate the order/disorder of the
graphite edge and the graphitic stacking structure respectively. High
D/G intensity ratios are associated with high degree of
disorder/exfoliation. The D/G ratios for GO, PCA-GNS and PCA-
GNS-Pd were calculated to be approximately 0.53, 1.08, and 1.15,
respectively. This ratio is higher for PCA-GNS / PCA-GNS-Pd
compared to GO which significantly indicate the reduction of GO
with exfoliation in both cases. Further, D/G is increasing from b to ¢
which clearly indicates chemical interaction between PCA-GNS and

Pd NPs with exfoliation during the reaction between PCA-GNS and

PdCl,.

6 | J. Name., 2012, 00, 1-3

We have also observed high-energy second-order 2D-bands
for the GO, PCA-GNS and PCA-GNS-Pd samples at ~2648cm’,
~2566cm™, and ~2672cm’, respectively which is associated with the
local defects. A 2D band, which is the characteristic band of
graphene, is generally used to find out the number of layers of
graphene in the material. These 2D bands indicate that the
nanosheets contain only a few layers of graphene. . The peak
position at 2672 cm™' of the 2D band of PCA-GNS-Pd is nearer to
that of a monolayer graphene (2690 cm™) which confirms further
exfoliation of layered structure after Pd NPs are introduced on PCA-

GNS to form composite. ***°

50
—(a)
40- — (b)
—(c)
S 30-
s
>
= 20
c
[]
<
= 10-
0

1200 1600 2000 2400 2800

Wavenumber (cm'1)

Fig. 4. Raman spectra of (a) GO, (b) PCA-GNS and (c) PCA-GNS-

Pd catalyst.

3.5. Fourier Transform Infrared Spectroscopy

analysis of the PCA-GNS-Pd catalyst

The Fourier Transform Infrared Spectroscopy (FT-IR) spectra of the
PCA-GNS support and PCA-GNS-Pd catalyst (Fig. 5) show broad
absorption signals in the range of 3167-3440 cm™, attributed to -OH
stretching vibrations. Sharp peaks at about 2935 cm™ and 2845 cm’
are due to asymmetric and symmetric stretching vibrations of Ar-H

(-CH, groups), respectively.®*!

This journal is © The Royal Society of Chemistry 2012
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The absorption bands in the range of 1000-1160 cm™ are due
to O-H bending vibrations.The stretching vibrations for the carboxyl
groups, aromatic C=C stretching and asymmetric stretching
vibration of COO as well as the coupled C-OH asymmetric
stretching vibration of graphene are observed at 1740 cm™', 1554
em™, 1670 cm™ and 1390 cm’', respectively. It is clear from the
graph (fig 6a) that, peak intensities due to the C=0, C-O and —OH
functional groups are decreased which may be due to the binding of

Pd NPs to the PCA-GNS support via the oxygen containing

functional groups.™

3

&

[}

o

5 380

E 1573

£

(2]

c

e

= '
"~2850 'f/ 1124
N 16 (:/

3167 2930 1554 1390
3440
4000 3200 2400 1600 800

Wavenumber (cm™)

Fig. 5. FT-IR spectra of (a) PCA-GNS-Pd catalyst and (b) PCA-

GNS

3.6. UV-Visible spectroscopy analysis of PCA-

GNS-Pd catalyst

The reduction process of PdCl, in the PCA-GNS and ethanol
suspension was monitored by UV-Vis spectroscopy, as shown in
Fig. 6. The solvent, i.e. ethanol, acts as an in situ reducing agent for
the Pd salt (Fig. 6a). A peak at 425 nm, corresponding to Pd™ was
present before the start of the reaction and this peak was slowly

disappeared after 1 hour, in addition a broad plasmon absorbance

This journal is © The Royal Society of Chemistry 2012
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extending in to the visible region was observed indicating the

complete formation of Pd” NPs on PCA-GNS surface (Fig. 6b).

—O—Pd(0)
S -O— Pd(ll)
s
o
o
c
©
e
1
o
n
o]
<
L) l L) l L) l L)
400 450 500 550 600

Wavelenth (nm)

Fig. 6. UV-Visible spectra of PdCl, and PCA-GNS in ethanol (a)

initially, and (b) after 1 hour reflux.

3.7. Thermo gravimetric analysis of the PCA-GNS-

Pd catalyst
Ll TG DTA mg/°C
0.008
1.4
! 0.006-
%ﬂ 5 Conversion
= °C % 0.004+
=t 28.15 0.00
‘S 1.0} 113.07 0.86 0.003
= 282.90 1.39 :
452.73 1.81
0.8
0.6
-0.004
100 200 300 400 500 600 700

Temperature (°C)

Fig. 7: TG-DTA analysis of PCA-GNS-Pd catalysts.

We have examined the thermal stability of the PCA-GNS-Pd catalyst
under nitrogen atmosphere using Thermo gravimetric analysis
(TGA). As shown in Fig 7, marginal weight loss (0.86%) is observed
only at 113.07°C .This indicates that the catalyst is thermally stable
at 90°C at which the catalytic reactions are carried out. The

insignificant weight loss of the catalyst from 113.07°C to 452.73°C

J. Name., 2012, 00, 1-3 | 7
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and after that continuous mass loss can be attributed to the
Table 1. Suzuki-Miyarua coupling of aryl halides with
evaporation of moisture and degradation of catalyst support in the phenylboronic acid by PCA-GNS-Pd catalyst®.

form of carbon materials such as CO and CO, respectively. Entry R, X Yield (%)°  Time(h)
3.8. Use of PCA-GNS-Pd Catalyst for C-C coupling 1 H Br 97 2
reactions
d d
3.8.1. Suzuki-Miyaura cross coupling reaction 2 p-CHO Br 96,98 2.5,2.5
f
Scheme 2. Suzuki reaction of aryl halides with phenylboronic acid 3 p-OMe Br 85 6
by PCA-GNS-Pd
X B(OH)2 4 p-OH Br 90 4
PCA-GNS-Pd catalyst
+ (0.2 molﬁ;io O O R 5 p-Me Br 85 7
Base, H20, 90°C
2-18 hr
R
6 2,4-OMe Br 80 9
It was demonstrated in previous report that, PCA-GNS was found to
7 I-naphthyl” B 85 6
have high dispersability and stability in water without forming faphty '
aggregates.>* Further, the carboxylate groups in the functionalized 8 2-pyridyl Br 30 5
graphene stabilize the NPs during the reaction in water medium. Due
. 9 3-pyridyl Br 82 4.5
to these advantageous properties, the PCA-GNS-Pd catalyst was
tested as a recyclable heterogeneous catalyst in water. The use of 10 5- Br 30 45
water as a solvent also has the advantage of readily dissolving bases, pyrimidine
thereby deprotonating the boronic acid and increasing the rate of
) ) ) ) 11 m-NO, Br 90¢,75¢ 2°,12°
reaction. Using p-bromobenzaldehyde and phenylboronic acid as
reagents and a catalyst loading of 0.2 mol% in the presence of 12 H Cl 80 15
inorganic bases such as Na,CO;, high yield of coupled product was
13 p-CHO Cl 85 18
obtained and was chosen for future reactions. (Table 1, entry 2)
(Scheme 2). Under the same conditions, the use of Et;N as base gave 14 2-pyridyl Cl 60 15
comparable yield.
15 3-pyridyl Cl 67 15
Various aryl bromides were tested in water using this
catalyst for the Suzuki reaction with phenylboronic acid in the 16 m-NO2 Cl® 75 15
presence of Na,CO; and the results were summarised in Table 1
17 pOH Cl 70 10
(entries 1-13). The results indicate good to excellent yields of
coupled product. Notably there were no obvious effects on 18 2,4-OMe Cl 65 15

yield when aryl bromides containing electron-donating or

electron-withdrawing substituents were used.

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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*Reaction conditions: aryl halide (1.435 mmol), phenylboronic = Table 2. Heck-Mizoroki coupling of aryl halides with Styrene (or)
acid (1.722 mmol) Na,CO; (2.153 mmol), water (5 mL), PCA- Olefin by PCA-GNS-Pd catalyst ™

GNS-Pd (3 mg, 0.2 mol%) 01% Pd vs. halide), heated to 90 °C.

1 2 . 0/\b .
 Isolated yield. Entry R R X Yield (%) Time (h)
“PCA-GNS-Pd (3 mg, 0.6 mol% Pd vs. halide) was used. 1 H Ph Br 85,0° 12, 20¢
1solated yield and time using Et;N as base.
’ Me Ph Br 71 15
¢ 4-cyanophenylboronic acid was used instead of PhB(OH),,
T 2-napthylboronic acid was used instead of PhB(OH),. 3 Cl Ph Br 70 13
Whereas moderate yields were obtained when tested with
4 CHO Ph Br 90, 50° 18, 30°
electron-rich and electron-poor aryl chlorides (Table 1, entries
12-18), at a longer reaction times. Further, the coupled products 5 OMe Ph Br 75 20
obtained with the sterically hindered aryl halide substrates were
6 H Ph Cl 75 18
also in moderate to good yields (Table 1, entries 6, 8, 14, 18).
The Pd-reduced Graphene oxide and Pd-GO nano composites 7 Me Ph Ct 70 24
are having lower catalytic activity towards chloro and bromo
8 CHO Ph Cl 60 20
arenes in water than the PCA-GNS-Pd nanocomposites.?**’
9 OMe Ph Cl 55 30
3.8.2. Heck-mizoroki cross coupling reactions
10 CF3 Ph Br 70 15
S
cheme 3. Heck-Mizproki coupling reaction of aryl halides with 11 H COOH Br 82 5
styrene byPCA-GNS-Pd
X 12 H COOMe Br 90 15
P CA-GNS-Pd catalyst
o g, 02mol%) R1% 13 H COOC;H, Br 92 12
Base, H20, PTC R2
90°C
R1 14 NO, COOH Br 85 12
The utility of the PCA-GNS-Pd catalyst was further evaluated for
15 CHO COOH Br 81 15
C—C bond forming processes, namely the Heck-Mizoroki cross
coupling of aryl bromide or chloride with an olefin (Scheme 3) in 16 OMe COOH Br 68 18
pure water with 0.2 mol% of PCA-GNS-Pd as catalyst, and the
18 NO, COOH Cl 45 22
results are shown in Table 2. By optimising the coupling reaction
between p-bromobenzaldehyde and styrene in the presence of 19 CHO COOH Cl 41 24

TBAB (Phase Transfer Catal yst (PTC)) and Na,COs; (Table 2, entry

4,

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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* Reaction conditions: aryl halide (1.435 mmol), styrene (1.722
mmol) Na,CO; (2.153 mmol), TBAB (2.153 mmol), water (5 mL),
PCA-GNS-Pd (3 mg, 0.2 mol% Pd vs. halide), heated to 90°C.
®Jsolated yield.

“PCA-GNS-Pd (3 mg, 0.6 mol% Pd vs. halide) was used.

1solated yield and reaction time in the absence of TBAB

as a model reaction. A series of reactions were carried out. The
results showed the complete conversion of substrates with high
isolated yield of the cross coupled product (Table 2). Until recently,
the use of Pd NPs supported on carbon-based materials as catalysts
for the coupling of sterically challenging electron-rich and electron-
poor aryl chlorides in aqueous media was very uncommon.®> We
have demonstrated that the PCA-GNS-Pd catalyst provides broader
possibility than the reported catalysts with respect to the coupling of
aryl chloride and aryl bromides (under optimized conditions). The
electron deficient substrates such as 4-chlorobenzaldehyde and 4-
bromobenzaldehyde when coupled with styrene and olefins
respectively gave good yields of products (Table 2, entries 4, 8, 15
and 19). The PCA-GNS-Pd also successfully catalyzed the Heck
reactions of electron rich 4- chloroanisole and 4-bromoanisole with
styrene and olefins respectively (Table 2, entries 5, 9 and 16) with
good to moderate yields. Further, moderate yields were obtained
with more challenging substrates, for example, the coupling of

electron-deficient aryl chlorides with acrylic acid (Table 2, entries

18, 19).

4. Recyclability of the PCA-GNS-Pd catalyst

The coupling of p-bromobenzaldehyde with phenylboronic acid
and styrene was used as model reactions to monitor the
recyclability of the catalyst in the Suzuki-Myaura, Heck-
Mizoroki cross coupling reactions, respectively. Details of

reaction conditions and work-up procedures are given below.

The conversion percentage of the cross coupled product,

10 | J. Name., 2012, 00, 1-3

recycle numbers and time required for that are shown in fig 8

and table 3.
100 - Il Suzuki-Miyaura reaction
[ Heak-Mizoroki reaction
c
260 -
7
S
S
=40 -
[}
(&)
20
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1 2 3 4 5
Number of cycles
Fig 8: Recyclability test for Suzuki- miyaura and Heak-

Mizoroki cross coupling reaction.

After completion of the reaction, the coupled product was
repeatedly extracted from the reaction mixture with ethyl acetate.
The catalyst was recovered by centrifugation and washed with cold
EtOH, water and acetone. The obtained catalyst was dried at 60°C
for overnight. The dried catalyst was then subjected to further
coupling reaction. It is found that slight decrease in activity was
observed gradually over five successive runs due to the leaching of
Pd NPs from the support during the reaction and their agglomeration
on the catalyst support. Hot filtration test was performed to conform
this for the reaction of 4-bromobenzaldehyde with phenylboronic
acid in the presence of PCA-GNS-Pd catalyst in pure water at 90°C.
The reaction mixture was cooled down to room temperature after 40
min of the reaction time. The analysis of the reaction mixture
showed that the isolated yield of cross coupled product is 30%.
When the reaction further proceeds with the filtrate, 65% of cross
coupled product has been observed, however, with increased
reaction time up to ~20 hrs. ICP-AES analysis showed that there was
only a 0.25 wt % loss of Pd in the used catalyst after three cycles of

the Suzuki-Miyaura reaction compared to that in the original

This journal is © The Royal Society of Chemistry 2012
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catalyst. It is already conformed by the TEM image of the catalyst
collected after three cycles (see Fig 2d).
Table 3. Reusability of PCA-GNS-Pd in the Suzuki-Miyaura and

Heck-Mizoroki coupling reactions.

No of cycles 1 2 3 4 5
Suzuki reaction 100 96 89 72 48
Conversion (%)

Time (hrs) 2.5 2.5 2.5 2.5 2.5
Heck reaction 100 88 74 55 31
Conversion (%)

Time (hrs) 18 18 18 18 18

5. Conclusions

In summary, we have successfully synthesized a novel PCA-GNS-
Pd catalyst. The catalytic activity of this heterogeneous catalyst was
investigated towards Suzuki-Miyaura and Heck-Mizoroki cross-
coupling reactions in pure water. The catalyst exhibited high stability
and reusability up to five cycles. The easy preparation of the
catalyst, its excellent catalytic performance in an aqueous medium
and easy recovery of the catalyst makes PCA-GNS-Pd a promising
heterogeneous catalyst system for cross coupling reactions. The
coupling of aryl chlorides and bromides under moderate reaction
conditions can be achieved in water with or without the aid of PTC.
Due to the amphiphilic nature of PCA-GNS-Pd material, it can be
easily dispersible in water and therefore exhibits remarkably high,
stable catalytic activity in water. Further, due to the presence of the
carboxylic groups in this catalyst, intercalation and sorption of the
Pd*? ions on the PCA-GNS support is possible during the synthesis
of this catalyst. This also allows the association of organic substrates

to the catalyst during the catalytic reaction due to non covalent

This journal is © The Royal Society of Chemistry 2012
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interaction of PCA. These nanocomposite materials can also be used
for various industrial applications such as environmental protection,

biomedical applications, electrocatalysis and sensors.

Supporting information: 'H NMR and “C NMR spectra of
products.
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