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Abstract A graphene supported palladium (Pd) catalyst

for Suzuki coupling reaction has been successfully pre-

pared by immobilizing Pd(II) onto graphene oxide surface

through the in situ coordination interaction with aminosi-

lane ligand spacers. This catalyst showed high catalytic

activities in the Suzuki coupling of various aryl halides and

phenylboronic acid. Moreover, it could be readily recycled

and reused for several times without discernible loss of its

catalytic activity.
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1 Introduction

Palladium (Pd)-catalyzed reactions play a key role in the

synthesis of many important chemicals [1–4]. As an effi-

cient catalyst in organic reactions, it can offer the most

beneficial combination of activity and selectivity [5].

Among these reactions, Suzuki coupling is the most pow-

erful tool for constructing the biaryl structures that exist in

many biologically active compounds and natural products

[6, 7]. Usually, the Suzuki coupling reactions were cata-

lyzed by Pd complex under homogeneous condition.

However, the high cost of the catalysts and their low effi-

ciency in separation limit their applications on an industrial

scale. Therefore, considerable efforts have been made to

immobilize Pd complex on various separable organic,

inorganic or hybrid supports for decades [8, 9]. Unfortu-

nately, the supported Pd complex catalysts often suffer

from reduced activity, inferior selectivity, and other prob-

lems such as metal leaching and high preparation

complexity.

Recently, graphene [10] and graphene oxide (GO) [11,

12] have attracted extensive attention in heterocatalysis due

to their unique two-dimensional structures, huge surface

areas and other excellent properties [13, 14]. In fact, they

have been demonstrated as promising supports for many

metallic nanocatalysts, such as Pd [15–17], Au [18], Co3O4

[19], Fe3O4 [20], AucorePtshell nanoparticles [21] and PdAg

nanorings [22].

In this study, we report a facile and efficient method to

immobilize Pd complexes on GO. The supported Pd cata-

lyst was prepared by the in situ coordination between

Pd(II) and aminosilane ligand that was covalently immo-

bilized on GO via the one-pot silylation (Scheme 1). We

found that this catalyst afforded high catalytic activities for

the Suzuki coupling of various halogenobenzene and

phenylboronic acids.

2 Experimental

2.1 Reagents and Materials

N-[3-(Trimethoxysilyl)propyl] ethylenediamine (AAPTS,

95 %), Pd(II) chloride and graphite powder were purchased

from Sigma-Aldrich Chemical Company (USA). Various

aryl halide, phenylboronic acid and ethanol (99.8 %) were
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purchased from Aladdin Reagent Company (Shanghai,

China). All other chemicals were of analytical grade and

used as received without further purification.

2.2 Synthesis of GO and Ethylenediamine-

Functionalized GO (GO–2N)

GO was prepared and purified by modified Hummers

Method [23]. A suspension was obtained by dispersing GO

(12.0 mg mL-1, 20.0 mL) in 120 mL ethanol with the aid

of intensive sonication (100 W, 40 kHz, 0.5 h). Ethylene-

diamine-functionalized GO was processed by stirring the

obtained GO suspension with excess AAPTS (373.6 mg,

1.68 mmol) and refluxed for 6 h. The suspension was fil-

trated and intensively washed with water, ethanol and

methanol twice, respectively, followed by freeze-drying.

2.3 Synthesis of Ethylenediamine-Functionalized GO

Immobilized Pd Complex [GO–2N–Pd(II)]

200 mg of the as-prepared GO–2N was added to a meth-

anol solution of Pd(II) chloride (177 mg, 1 mmol). After

the mixed system was stirred at room temperature for 24 h,

the resulting precipitates were then thoroughly filtrated and

washed with methanol, ethanol and water, twice, respec-

tively. A black solid was obtained after a freeze-drying

procedure.

2.4 Typical Procedures for the Suzuki Reaction

A mixture of aryl halide (1 mmol), phenylboronic acid

(1.5 mmol), K2CO3 (2 mmol), ethanol (15 mL) and GO–

2N–Pd(II) (10 mg, 0.5 mol%) were stirred at 80 �C in a

25 mL round bottom flask. Thereafter, the catalyst was

simply separated from the mixture by simple centrifugation

and could be reused after washed with ethanol three times.

For the control experiments, samples containing the same

amount of Pd species (0.005 mmol) were used as the cat-

alyst. The resulting solution was analyzed by gas chro-

matography (GC) using a capillary column.

2.5 Instrumentations

The samples were characterized by Fourier transform

infrared spectroscopy (FTIR, Thermo Nicolet Nexus

FTIR), X-ray photoelectron spectroscopy (XPS, PerkinEl-

mer, PHI 1600 spectrometer), Raman spectroscopy (NT-

MDT NTEGRA Spectra), scanning electron microscopy

(SEM, Hitachi S4800), energy dispersive X-ray spectros-

copy (EDS, Hitachi S4800), transmission electron

microscopy (TEM, Philips Tecnai G2 F20), thermogravi-

metric analysis (TGA, Shimadzu TGA-50), 1H and 13C

NMR (Varian-INOVA, 500 MHz) and inductively coupled

plasma optical emission spectroscopy (ICP-OES, Vista-

MPX). The catalytic results were measured by Agilent

6890N GC using the standard curve method.

3 Results and Discussion

3.1 Characterization of GO–2N and GO–2N–Pd(II)

The typical FTIR absorption peaks of GO could be

observed in Fig. 1. Comparison studies on the spectra of

GO and GO–2N identified the incorporation of ethylene-

diamine group silanes onto the GO surface. Note that bands

at around 3,400 cm-1 of both GO and GO–2N ascribed to

the absorbed water. The doublet at 2,927 and 2,854 cm-1

were assigned to the stretching vibrations of CH2 that

existed on the long silane chains which were obviously

strengthened compared to GO. The obvious band at

1,400 cm-1 was assigned to C–H deformation vibrations of

alkyl groups which could also verify the presence of long

silane chains. The prominent bands at 3,240 and

1,589 cm-1 were ascribed to the stretching and bending

vibrations of N–H which testified the successful introduc-

tion of amines group [24]. Stretching vibrations of C–N at

around 1,631 cm-1 could also be observed. In addition, the

Scheme 1 Illustration for synthetic methodology of GO–2N–Pd(II)
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strong absorption of Si–O (at 1,100 and 1,053 cm-1) and

stretching vibrations of Si–O–C at 686 cm-1 provided

direct evidences for the successful silylanization of GO

[25]. Similar characteristic bands could be found in the

FTIR of free AAPTS (Fig. S1).

These results were further confirmed by XPS analysis.

Additional signals of Si and N were clearly observed in the

XPS spectrum of GO–2N (Fig. S3b). C 1s XPS spectrum of

GO–2N showed a significant decrease in the C–O–C and

C–OH peaks at around 286.5 eV after the silylation reac-

tion (Fig. S3d), which suggested a structure deprived of

parts of hydroxy groups [26]. A pronounced peak at

101.7 eV corresponding to the binding energy of Si–O–C

appeared at the same time (Fig. 2a), indicating that con-

siderable amounts of C–OH were converted into Si–O–C

through the silylation process [27]. Besides, compared with

the N 1s XPS spectrum of GO–2N (Fig. 2b), the binding

energy shifted from 399.36 to 399.52 eV after the coordi-

nation reaction, and this was attributed to the stronger

coordination bond between the ethylenediamine group and

the Pd centers [28]. The loading of the nitrogen atoms in

GO–2N–Pd(II) was 3.94 wt% and the atom percentage of

N–Pd is approximately 4.0, corresponding to the structure

of the GO–2N–Pd(II) catalyst. Note that additional signals

of Pd were clearly observed in the obtained GO–2N–Pd(II)

(Fig. 2c) with the Pd weight percentage of 5.38 %, which

was much higher than those on other supports [29, 30]. In

addition, all the Pd species in the GO–2N–Pd(II) presented

in ?2 oxidation state, corresponding to the binding energy

of 337.75 eV in Pd 3d5/2 level (Fig. 2d) [31].

Raman spectra of GO, GO–2N and GO–2N–Pd(II)

(Fig. 3) showed an obvious and step-by-step blue shift of

the G band from 1,578 to 1,590 and 1,594 cm-1, probably

due to the gradually increased compressive local stress

caused by molecule intercalation. Besides, the intensity

ratio of D and G bands (ID/IG) that related to the extent of

disorder also increased [1.78, 1.96 and 2.35 for the GO,

GO–2N and GO–2N–Pd(II), respectively], reflecting the
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formation of more edges and defects during the reaction

processes [32].

SEMs and corresponding quantitative EDS mapping

were employed to determine the morphology of the

obtained GO–2N–Pd(II). Figure 4a presented the typical

planar structure of GO–2N–Pd(II) maintaining the two-

dimensional structures with heavy crumpling features.

Element distribution analysis displayed a homogeneous

distribution of element Si, Cl and Pd (Fig. 4b–d) on the

whole surface of GO, implying the consistent attachments

of the silylation of GO and a desirable anchoring of the Pd

complexes.

TGA analysis of the samples were also used to inves-

tigate the thermal stability of GO, GO–2N and GO–2N–

Pd(II) (Fig. 5). For GO, the weight loss was about 38 % at

the temperature under 240 �C. This major weight loss was

due to pyrolysis of the labile oxidation functional groups

on GO. By comparison, GO–2N and GO–2N–Pd(II)

showed slighter decrease in this region because some of the

hydroxyl groups have been treated with silanization. In

Table 1 The Suzuki coupling reaction of iodobenzene and phenyl-

boronic acid under different conditions

I B(OH)2
EtOH
K2CO3

Entries Pd (mol%) Time (h) Temperature (�C) Yielda (%)

1 0.5 1 40 87

2 0.5 0.5 60 93

3 0.5 0.5 80 100

4 0.5 0.5 100 100

5 1 0.5 80 99

6 2 0.5 80 99

7 0.1 0.5 80 76

8 0.1 1 80 88

The reaction was carried out with 1 mmol of iodobenzene, 1.5 mmol

phenylboronic acid, 2 mmol K2CO3, 0.5 mol% Pd with respect to

halide, 15 mL ethanol in air
a The yield was determined by GC

Fig. 4 a SEM image of GO–2N–Pd(II), and corresponding quantitative EDS mapping of b Si, c Cl and d Pd

Fig. 5 TGA graphs of GO, GO–2N and GO–2N–Pd(II)
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addition, GO–2N and GO–2N–Pd(II) showed weight loss

from 240 to 550 �C which was attributed to the oxidation

of ethylenediamine groups. At the same time, there was no

obvious weight loss above 600 �C. The results indicated

that the ethylenediamine groups were chemically bonded to

the surface of GO and the coordination between the Pd and

ethylenediamine groups exhibited a relatively high

stability.

3.2 GO–2N–Pd(II) Catalyzing Suzuki Reaction

The catalytic performance of the prepared catalyst was

systematically examined through Suzuki coupling reaction.

We used ethanol as a medium because it was not only safe,

cost-effective but also efficiently promoted the Suzuki

reaction. The Suzuki reaction of iodobenzene and phenyl-

boronic acid was chosen as the first model reaction, and the

results were summarized in Table 1. We found that GO–

2N–Pd(II) at a loading of 0.5 mol% Pd (with respect to

iodobenzene) afforded biphenyl in 100 % within only 0.5 h

at 80 �C (Table 1, Entry 3). The yield went down when the

catalyst loading was reduced to 0.1 mol%. Otherwise, the

Table 2 Suzuki reaction catalyzed by various catalysts

Entries Catalysts Yield

(%)a
Recycling

times

1 None 0 –

2 GO–2N 0 –

3 GO ? N-[3-(trimethoxysilyl)propyl]

ethylenediamine ? PdCl2

20.3 0

4 C ? N-[3-(trimethoxysilyl)propyl]

ethylenediamine ? PdCl2

9.2 0

5 GO–2N–Pd(II) 100 6

The reaction was carried out with 1 mmol of halide, 1.5 mmol

phenylboronic acid, 2 mmol K2CO3, catalyst (Pd 0.005 mmol),

15 mL ethanol at 80 �C in air for 0.5 h
a The yield was determined by GC

Table 3 Suzuki coupling of aryl halides and phenylboronic acid catalyzed by GO–2N–Pd(II)

X

R

B(OH)2

R

Entries Substrates Products Time (h) Yielda (%) Final TOF (h-1)

1
I

0.5 100 400

2
IH3C CH3

0.5 99 396

3
IH3CO OCH3

0.5 100 400

4
Br

4 82 41

5
BrH3C CH3

4 77 38.5

6
BrH2N NH2

4 87 43.5

7
BrHO OH

4 88 44

8
BrOHC CHO

4 53 26.5

9 N
Br

N

8 78 19.5

10

N
BrH2N

N
H2N

8 75 18.75

11
Cl

20 87 8.7

12
ClH3C CH3

20 78 7.8

The reaction was carried out with 1 mmol of halide, 1.5 mmol phenylboronic acid, 2 mmol K2CO3, 0.5 mol% Pd with respect to halide, 15 mL

ethanol at 80 �C in air
a The yield was determined by GC
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yield remained unchanged when the catalyst loading rose

to 1 mol%. As for the influence of temperature, 80 �C was

found to be the optimal choice. The yield went down with

the drop of temperature while the reaction effectively

occurred at 80 �C as the same as 100 �C. Therefore, the

optimized reaction conditions were also employed in later

Suzuki coupling reactions with variation of different

substituents.

To investigate the effective component of the catalyst, a

series of control experiments were conducted. The results

were summarized in Table 2. When no catalyst was used or

GO–2N was used as a control, hardly any reaction occurred

(Entries 1 and 2). The results indicated that the Suzuki

reaction could not proceed with the absence of Pd. When a

physical mix of GO, AAPTS and PdCl2 or a mix of charcoal,

AAPTS and PdCl2 was used to catalyze the reaction, poor

yield was obtained and this might be due to the absence of

coordinating ligands (Entries 3 and 4). When the supported

catalyst GO–2N–Pd(II) was used, the yield was fond to be

100 % (Entry 5). It seemed that the linkage ligand between

GO and the Pd complex promoted the reaction and made the

catalyst achieve excellent catalytic performance.

As shown in Table 3, GO–2N–Pd(II) was also found to

be highly effective for different substituents. Various
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Fig. 6 Recycle efficiency of GO–2N–Pd(II) in Suzuki coupling

reaction between iodobenzene and phenylboronic acid

Fig. 7 TEM images of GO–2N–Pd(II) a, b before and c, d after repeated experiments
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electron-donating and electron-withdrawing groups, such

as –OCH3 and –CH3 on the aryl iodide were well tolerated

(Entries 1–3), and a satisfactory yield for bromides con-

taining –CH3, –NH2, and –OH (Entries 4–7) was achieved.

Biphenyl-4-carbaldehyde gave 53 % in yield when

4-bromo-benzaldehyde was coupled with phenylboronic

acid (Entry 8). Note that aryl bromide containing electron-

withdrawing substituents reacted faster than those with

electron-donating substituents which is due to the elec-

tronic effects of the substituent (Entry 5 vs. 6). Further

functional group tolerance of the catalyst was tested with

the heteroaryl halides delivering good yield of 78 and

75 %, respectively (Entries 9 and 10). Additionally, the

catalyst showed high activity towards aryl chlorides but

with much longer time compared with aryl iodides and aryl

bromides (Entries 11 and 12). This result could be attrib-

uted to the different strengths of the C–I, C–Br and C–Cl

bonds, as well as the different electron-withdrawing abili-

ties of the halogen substituents [33].

The reusability of GO–2N–Pd(II) was evaluated between

iodobenzene and phenylboronic acid by repeating the same

procedure. The solid catalyst was readily recovered from the

reaction mixture by direct filtration and reused in sequential

runs. As shown in Fig. 6, the catalytic activity almost did not

reduce after reuse of six times. Comparison TEM study of

GO–2N–Pd(II) before and after repeated experiments were

shown in Fig. 7. Compared to the fresh one, Pd nanoparticles

dispersed on the GO sheets could be observed after several

runs. This was in agreement with the previously reported

results that the formation of Pd nanoparticles as an active

spices were evolved during the catalytic reaction. To further

investigate the stability of the used catalyst, ICP-OES ana-

lysis was also employed. We found that only about 0.5 % of

the Pd species leached off after six cycles, suggesting that the

loss of the active Pd(II) sites could be neglected. The high

stability and excellent reusability of the catalyst should be

attributed to the strong coordination bonds.

4 Conclusions

In summary, we successfully developed a novel, practical

and economic GO supported Pd complex catalyst. The

GO–2N–Pd(II) catalyst showed extraordinary perfor-

mances in the Suzuki coupling reaction and could be

readily recycled and reused without discernible loss of its

catalytic activity. This strategy could be used to prepare

other GO supported metal complexes which may offer

more opportunities for developing powerful and reusable

catalysts for green organic synthesis.
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