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An economical and green pathway: graphene oxide (GO)-supported palladium nanoparticles (Pd NPs)

catalyzed a reductive Ullmann reaction of aryl chloride towards biaryl with high conversion and

selectivity in ionic liquid (IL)–supercritical carbon dioxide (ScCO2). The combination of IL and ScCO2

provides superior advantages in product separation, catalyst recycling and reuse of the reaction media

over traditional organic solvents. Further investigations showed that GO, the novel catalyst support

bearing abundant carboxylic, hydroxyl, epoxy and aldehyde groups, can replace the traditional active

hydrogen donor readily with much enhanced product separation efficiency. The use of IL, e.g. [hmim]

[Tf2N], led to obvious improved stability of the Pd NPs, which was helpful for catalyst recycling.

Carbon dioxide, a naturally abundant, nonflammable, relatively nontoxic, economical and recyclable

‘‘greenhouse’’ gas, was found to significantly promote the selectivity of the graphene oxide-based Pd

NP-catalyzed reductive Ullmann reaction of aryl chloride. Investigations showed that the Pd NP

catalyst and IL can be recycled for more than 5 runs without obvious loss of conversion, indicating the

economical viability of this process.
Introduction

There are increasing interests in the development of environ-

mentally friendly and economically viable transition-metal

catalyzed processes, feasible innovative methodologies including

‘‘clean’’ reaction media applications, catalyst immobilization and

recycling, reuse of the reaction media and high efficient product

separation, etc.1

Among various approaches, combinations of IL with super-

critical fluids, particularly ScCO2, offer a highly attractive

choice. By combing with ILs, the dissolved CO2 significantly

increases the mass transport properties of the IL phase. And

typically, ILs can dissolve large amounts of CO2, but ILs are

usually insoluble in ScCO2, thus the IL–ScCO2 system has gained

importance in separation and catalysis reactions, in which the
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catalyst is trapped in the IL phase, and the reactant and product

can be added and removed from CO2 phase.1c,2a Furthermore,

multiple options can be used to adjust the solvent properties;

there are a vast selection of cations and anions to tailor the IL

properties, and temperature and pressure can also be varied to

regulate the density and solvent power of ScCO2.
2

Over the past decades, the IL–ScCO2 system has received

increasing amounts of attention in separation, chemical reaction

and material synthesis.2a,3 For example, Baiker and co-workers

performed Pd–[bmim][PF6] catalyzed hydrogenations in an

IL–CO2 biphasic system with efficient product separation.4 The

catalytic system exhibited excellent activity and selectivity and

showed no obvious deactivation during the reaction cycles.

Similarly, Cole-Hamilton and co-workers have developed

a continuous flow homogeneous catalytic process for the

hydroformylation of long chain alkenes in IL–ScCO2. The

catalyst remained in the reactor at all times, CO2 could also be

recycled and no other solvents were required.5 Wai et al. studied

the recyclable palladium chloride catalyzed Heck reaction in an

IL–ScCO2 biphasic system and found that the coupling efficiency

was dependent on the water content of the ionic liquid.6

Another important issue for environmentally and economi-

cally important organic transformations was a recyclable tran-

sition-metal, e.g. NPs, which catalyzed reactions with high

activities and selectivity. Therefore, designing new catalysts by

combining transition-metal NPs with an efficient support of

choice instead of complicated ligands provides a broad scope for
J. Mater. Chem., 2011, 21, 3485–3494 | 3485
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Scheme 1 Illustration of Pd NP–GO catalyzed Ullmann reaction in an

IL–ScCO2 system.
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the discovery of novel, highly selective and recyclable catalysts

for further applications.7

Graphene, defined as a two-dimensional honeycomb lattice of

carbon atoms, has attracted major attention due to its excellent

mechanical, thermal and electronic properties.8 In recent years,

various NP–graphene composites have been fabricated, such as

precious metal–graphene,9a–c TiO2–graphene,
9d CdS–graphene

etc.,9e in which graphene serves as the new catalyst support.

These NP–graphene composites show good catalytic perfor-

mance in organic transformations, direct methanol fuel cells,

photocatalysis and photoelectrochemical cells etc.

In quite a few reports, GO was primarily used as the precursor

of reduced graphene oxide or functionalized graphene nano-

materials, and gained a tremendous amount of excitement owing

to its remarkable electronic, mechanical, and chemical proper-

ties.10 While currently, little attention has been paid to GO as an

active hydrogen donor.

As one of the most important intermediates, biaryls are key

building blocks of numerous biochemicals,11 pharmaceuticals,12

agrochemicals, dyes,13 sensors,14 conductive polymers15 and

helpful ligands for asymmetric catalysts,16 etc. The original and

most widely used methodology to access them was via the

Ullmann reaction, homocoupling of aryl halides.17,18 It is usually

carried out with copper as the catalyst, however, an excess of

copper or harsh reaction conditions18b,19 were necessary. An

effective and milder catalytic alternative was the palladium-

catalyzed reductive coupling of aryl halides.17c–f In these

processes, reducing agents such as aldehydes,17e hydrogen gas,20

alcohols,21 carbon monoxide,22 ascorbic acid,23 amines,24 zinc17f

or indium,13a etc. were required for closing the reductive coupling

cycle. Due to the wide applications of the Ullmann reaction, the

development of economical, environmental friendly methods

was crucial important. Traditional works on Ullmann reaction

were mostly performed in volatile organic solvents. In recent

years, some researchers focused their interests on the Ullmann

reaction in clean reaction media, such as poly(ethylene glycol),25

ScCO2
26 (or liquid CO2

27) and ILs,17e etc. However, most of the

work encountered various difficulties, such as volatile chemical

(co-solvent or reductant) employment, waste of reaction media,

poor catalyst recycling and inefficient product separation, etc.

For example, Cotugno and co-workers reported an aldehyde

promoted Ullmann reaction of vinyl and heteroaryl halides in

tetraalkylammonium ILs under mild conditions.17e However, the

amount of IL used for only 1 run led to unnecessary waste and

environmental pollution, and the application of the toxic alde-

hyde, which was poorly miscible with the IL, to extract the

reaction products diminishes the overall simplification of the

recycling and can go as far as causing contamination of the IL.

Therefore, the combination of ILs and ScCO2, which can

provide superior advantages in product separation, catalyst

recycling and reuse of IL, would be an excellent alternative

‘‘green’’ choice. Unfortunately, until now, few works have

demonstrated the Ullmann reaction in an environmentally

benign IL–ScCO2 system. Herein, we report the economical

attractive reductive Ullmann reaction of aryl chloride over GO-

based Pd NPs to biaryls with high conversion and selectivity in

an environmentally friendly IL–ScCO2 system, which utilized

cheaper aryl chlorides (instead of expensive aryl bromides or aryl

iodides) and aluminium (instead of expensive zinc or indium or
3486 | J. Mater. Chem., 2011, 21, 3485–3494
volatile aldehyde, etc.). GO, the novel catalyst support bearing

abundant carboxylic, hydroxyl, epoxy and aldehyde groups, can

replace the traditional active hydrogen donor (H2O, etc.) readily

with much enhanced product separation efficiency. The use of

ILs, e.g. [hmim][Tf2N], led to obvious improved stability of the

Pd NPs, which was helpful for catalyst recycling. Another reac-

tion media: CO2, a naturally abundant, relatively nontoxic,

economical and recyclable ‘‘greenhouse’’ gas, was found to

promote the selectivity of the reaction. Investigations showed

that the IL and Pd NPs involved in the IL–ScCO2 system can be

used more than 5 times, providing a mild, economic, and green

route for the synthesis of symmetric biaryls (Scheme 1).
Experimental

Typical procedure for Pd NP–GO preparation

GO was prepared according to a modified Hummers method.28

To obtain the Pd NP–GO composites, 10.5 mg GO was dissolved

in 48 ml water by ultrasonic treatment for 1 h, and 2 ml 0.02 M

PdCl2 was then added under stirring. Successively the pH value

of this mixture was adjusted to 10 using 1 M NaOH. Then

240 mg NaBH4 was added slowly to the mixture, the mixture was

stirred for 48 h under room temperature. Finally, the solid

sample with Pd loading was collected after washing extensively

with ethanol and deionized water, removing the unsupported Pd

(II) cations completely The sample was then vacuum-dried at

40 �C, giving the catalyst: GO-supported Pd NPs.
Typical procedure for Ullmann reaction in IL–ScCO2

Aryl chloride (2 mM), Al(0) (108 mg), [hmim][Tf2N] (3 mL) and

Pd NPs (3.0% w/w, 186.2 mg) were added into a 10.0 ml high-

pressure stainless vessel, which was sealed and connected to

a CO2 supply. The vessel was charged with CO2 gradually until

a pressure of 5.0 MPa was obtained and heated at 45 �C to

a stabilized pressure of 7.0 MPa, then more CO2 was added to

obtain a pressure of 15.5 MPa. The system were stirred under the

above conditions for 10 h. Successively, the stirrer and temper-

ature controls were then switched off, CO2 gradually released
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 AFM image and depth profile of GO on mica substrate. Size

2.0 � 2.0 mm.
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into the solvent trap (20.0 ml), while the IL and Pd NPs remained

in the reactor vessel for further reaction. The solvent trap vessel

was then disconnected and allowed to cool. By simply further

decompressing the CO2, the Ullmann products were collected

through the valve on the bottom of the solvent trap conveniently.

The resulting organic solid was washed with ethanol and purified

with TLC to give the products.

Results and discussion

Catalyst preparation

To synthesize the supported NP catalysts, a yellow-brown

dispersion of GO was added to a PdCl2 solution in water The pH

value of this mixture was adjusted, NaBH4 was added slowly to

the mixture under stirring, then the mixture was stirred at room

temperature. Finally, the solid sample with Pd loading was

collected after thorough washing with ethanol and deionized

water, and vacuum-dried, affording the supported catalyst: Pd

NPs/GO (Scheme 2).

The AFM image in Fig. 1 shows that the catalyst support, GO

nanosheets with 300–1000 nm lateral width, were mostly single

layered (height �0.9 nm).29 The supported catalyst, Pd NP–GO

was characterized by transmission electron microscopy (TEM),

high-resolution transmission electron microscopy (HRTEM),

scanning electron microscopy (SEM), electron diffraction

(Fig. 2) and XRD spectroscopy (Fig. 3).

Fig. 2a shows the TEM image of Pd NP–GO. It was easy to see

that the GO nanosheets were decorated uniformly by the nano-

sized Pd particles, which were in the size range 2–10 nm, and few

particles were free from the supports, indicating a strong inter-

action between the particles and GO supports. The above results

reveal that the present method can produce stable and small sized

Pd NPs. From Fig. 2b, a HRTEM image taken of the surface of

Pd NP–GO, we can also observe that the Pd NPs have clear

polycrystalline structures, the lattice spacing of which is 0.23 nm,

similar to the Pd (111) lattice spacing. The electron diffraction

pattern shown in Fig. 2c indicates that the NPs supported on GO

have a uniform and narrow particle size distribution, which was

also confirmed by the SEM images in Fig. 2d. The polycrystalline

nature of Pd NPs produces four X-ray diffraction rings in

sequence from inner to outer and can be indexed to the (111),
Scheme 2 Illustration of Pd NP–GO, some unreduced carboxylic,

hydroxyl and aldehyde groups remained on the GO surface.

This journal is ª The Royal Society of Chemistry 2011
(200), (220), and (311) of the face-centered cubic Pd planes,

respectively. XRD patterns in Fig. 3 show an obvious (002) peak

and a strong distinct peak at 11.1� corresponding to a d-spacing

of approximately 7.96 �A that is due to interlamellar water

trapped between hydrophilic GO sheets, revealing the catalyst is

a GO-based composite.30 The spectra in Fig. 3 also confirmed the

maintained presence of crystalline Pd (0) in Pd NPs/GO. The
Fig. 2 (a) TEM image of Pd NP–GO; (b) HRTEM image Pd NP–GO,

showing the polycrystalline structure of palladium; (c) electron diffrac-

tion pattern of Pd NP–GO and (d) SEM image of Pd NP–GO.

J. Mater. Chem., 2011, 21, 3485–3494 | 3487
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Fig. 3 XRD spectra of graphene (a) and Pd NP–GO (b).
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most representative reflections of Pd (0) are indexed as face-

centered cubic (fcc) with unit cell parameter a ¼ 0.390 nm. The

Bragg reflections at 39.6�, 45.5� and 67.3� correspond to the

indexed planes Pd (0) (111), (200), (220) of the crystals.

EDS analysis in Fig. 4 reveals that GO bears large amounts of

oxygen-containing groups. Similar results were confirmed by

FTIR spectra of GO and Pd NP–GO. As we can see from the

FTIR spectra the starting material of GO bears large amounts of

active hydrogen donor groups (peak at 3200–3400 cm�1, –OH

and –COOH groups), thus it could act as novel hydrogen donor.

While after 8 catalytic cycles, the peak of Pd NP–GO at

3200–3400 cm�1 became much weaker, indicating that the

majority of active hydrogen donor groups were consumed in the

previous cycles.
The phase behaviour of the IL–ScCO2 system

ScCO2 has been shown as an environmentally benign solvent

with tunable physicochemical properties for increasing reactions,

and IL can be molecularly engineered for specific physicochem-

ical properties through various ‘‘R–’’ groups and cation/anion

selection, e.g. viscosity, solubility, density, temperature range,

acidity/basicity, co-ordination properties, etc. Thus, an IL–CO2

system draws on the advantages of each of the respective tech-

nologies and helps overcome their challenges.2d The IL phase in

this unique system is employed to sequester the catalyst and the

CO2 phase becomes the mobile phase for reactants and products.

Under high pressure, CO2 can become miscible with IL, thus
Fig. 4 FTIR spectra (left) of the Pd NP–GO catalyst after 8 cycles (a)

and GO (b), energy-dispersive X-ray spectroscopy (EDS) analysis of GO

(right).

3488 | J. Mater. Chem., 2011, 21, 3485–3494
eliminating gas–liquid phase boundaries and their inherent mass

transfer limitation. Furthermore, CO2 is very soluble in the IL

and reaches approximately 40% mol CO2 at 50 bar, 65% mol at

100 bar, only marginal increase in solubility beyond 100 bar.2a In

contrast, the IL is immeasurably insoluble in the pure CO2 phase

and does not become miscible (critical) even at hyperbaric

pressures, e.g. 73.8 bar. More fortunately, the catalyst, e.g.

GO-based Pd NPs, is far more soluble in IL than it in ScCO2,

thus there is no tendency of the ScCO2 to extract the catalyst.

One then obtains essentially pure products from the CO2 flow,

contaminated with no IL or catalyst, the catalyst solution left

behind in the vessel can be reused for several runs, while the

conversion remained high through the cycles.

Scheme 3 shows a schematic of the effect of pressure on the

phase behavior of a reaction system that consists of IL, CO2 and

organic (Org.) compounds (reactant and product). When the Pd

NP–GO and substrate (Ar–Cl, etc.) solution of IL was exposed

to CO2, large amounts of CO2 dissolved in the IL, causing the

liquid solution to expand forming a vapor–liquid equilibrium

(VLE). Further addition of CO2 causes the liquid phase to split

into two liquid phases in equilibrium with a vapor phase (vapor–

liquid–liquid equilibrium (VLLE)) at the lower-critical endpoint

(LCEP) pressure (73.8 bar, step II, Scheme 3). As pressure

further increased, the relative volume of the organic-rich phase

increases until it reaches the K-point pressure, where the vapor

phase and the organic-rich liquid phase merge into a single

supercritical phase (SCF). Above the K-point pressure, the SCF

phase (organic-rich phase) and the IL rich phase become critical

and miscible with each other31 (some authors also believed that

under such conditions, the SCF phase and IL phase can be forced

to form one homogeneous liquid phase32), thus under such

conditions, the reaction can be carried out with much higher

activities compared with the heterogeneous system. With the

reaction proceeding (step III, Scheme 3), more and more of the
Scheme 3 Schematic views of the ‘‘green’’ pathway of the Ullmann

reaction. The catalytic cycle consists of cycle preparation (I), ScCO2

extraction of the substrate (II), SCF phase and IL +Org. phase formation

(III) and ScCO2 extraction of the product (IV), after which new substrate

and Al (0) can be added to restart the new catalytic cycle.

This journal is ª The Royal Society of Chemistry 2011
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remaining amount of organic compounds in the IL phase

transferred gradually to the upper SCF phase, similar to super-

critical fluid extraction from ILs. For the case of complete

conversion, the CO2 pressure was decompressed through

a decompression-valve (controlled to be slightly lower than the

K-point pressure), and the SCF-IL phases equilibrium shifts

back to the VLLE equilibrium. In this situation, the over-

whelming majority of the organic (product) had been extracted

into the upper liquid and vapour CO2 phases (Step IV, Scheme

3), and the resulting V + L1 phases (step IV, Scheme 3), which

contained no detectable IL, were vented entirely into a solvent

trap vessel with cooling apparatus by simple further decom-

pression of the CO2. The Ullmann products, biaryls, were

collected through the valve on the bottom of the solvent trap

vessel conveniently.

There are strong multiple forces, e.g. p–p stacking, hydrogen

bonds, etc., between hundreds of IL molecules and GO nano-

sheets. Previous reports revealed that the IL environment helps

to stabilize the NP catalysts, therefore, the GO supported PdNPs

were inclined to remain in the bottom IL phase instead being

extracted by the CO2 phase. Further decompression of CO2 led

to easy isolation of the product without cross contamination of

IL or catalyst. Once the product was isolated completely, fresh

addition of reductant and substrate into the remained catalyst IL

solution led to a new cycle of the Ullmann reaction (step I,

Scheme 3).
The role of the CO2 in the Ullmann reaction

A variety of reactions have been performed in the IL–ScCO2

system.Most of such reports concerned the application of CO2 as

reaction media or reactants. The effect of CO2 on catalyzed

reactions in IL is not consistent throughout the literature sour-

ces. Some showed that CO2 can increase the activity, while others

indicate a decrease in activity with CO2 pressure. Regardless,

most studies consistently revealed an increase in selectivity

(chemo-, regio-, and enantioselectivity). For example Tumas and

co-workers33 compared the results in a biphasic IL–CO2 and

IL–hexane system in olefin hydrogenation and found little

difference in the reaction rate with pressurized CO2 or hexane.

Jessop and co-workers34 performed asymmetric Ru-catalyzed

hydrogenations in an IL–CO2 biphasic system with enantiose-

lectivity that was tunable with the pressure of CO2. Leitner and

co-workers35 found that for iridium catalyzed hydrogenation of

aromatic imines, an increase in reaction rate with the presence of

CO2 compared with H2 pressure alone. There are also some

recent studies that reveal that CO2 acts as a substrate activating

agent to promote the Ullmann reaction.17f,36

To identify the real role of the CO2 in this reaction, a series of

experiments on the Ullmann reaction of phenyl chlorides in the

IL–ScCO2 system were conducted. Experiments showed that

CO2 plays crucial role in the Ullmann reaction of aryl chlorides.

In the absence of CO2, no Ullmann coupling product was

detected (entry 3, Table 1). When the CO2 pressure was increased

to 1 MPa, 4 MPa or 5.0 MPa (all were lower than the LCEP

value, respectively), we still did not observe Ullmann coupling

products (entries 6–8, Table 1). Further efforts found that when

the pressure was increased to 6MPa, a 27% yield of biphenyl was

obtained (entry 9, Table 1). Interestingly, once the CO2 pressure
This journal is ª The Royal Society of Chemistry 2011
was higher than the LCEP pressure, an enhanced yield of

Ullmann product was obtained (7.5 MPa, 60.0% yield, entry 10,

Table 1). Encouraged by this, a series of experiments conducted

at different CO2 pressures was carried out. We found that an

optimal yield of biphenyl was achieved when the pressure was

controlled at 15.5 MPa (99.0% yield, entry 1, Table 1). Previous

work had revealed that the [hmim][Tf2N]/ScCO2/n-nonanal

system at 70 �C had a K-point of 13.61 MPa.31a In these exper-

iments, we carried out the Ullmann reaction in [hmim][Tf2N]–

ScCO2 at 45
�C. Experiments showed that once the pressure was

increased over 12.90 MPa, which might be the K-point pressure

for this system, a further increased yield would be obtained. For

example, when the CO2 pressure was controlled at 12.8 MPa

(entry 11) a 69% yield was obtained, while when the pressure was

increased to 13.0 MPa, a much enhanced yield was obtained

(91%, entry 12, Table 1), indicating that K-point pressure plays

important role in this reaction. Under such conditions, the SCF

phase and the IL phase become critical andmiscible to each other

(near homogeneous manner32), therefore, the reaction can be

carried out with much high activities.

In conclusion, CO2 pressure plays important role in influ-

encing the activity and conversion of the reaction. Apart from

the role as an economical, environmentally friendly reaction

media, CO2also shows an apparent reaction activation effect on

this reaction.
The catalyst and reducing agent

The aromaticity of the imidazolium cations and graphite layers

(Fig. S2, ESI†) make them possess the possibility of p–p stack-

ing, meanwhile, the structure of [hmim][Tf2N] possesses nitrogen

and hydrogen atoms in the imidazolium cation, serving as a weak

H-bond donor.37 Therefore there are strong multiple forces: p–p

stacking, hydrogen bonds and electrosteric force between

hundreds of [hmim][Tf2N] molecules and exfoliated GO nano-

sheets. The bulkiness of IL imidazolium cations, N-imidazolium

side chains together with anion of the IL favoured the electros-

teric stabilisation of NPs, thus in this system, the IL phase was

employed to sequester the catalyst and the CO2 phase becomes

the mobile phase for reactants and products. Why does Pd

NP–GO have such high catalytic performance for the Ullmann

reaction? We proposed that first the exfoliated GO nanosheets

provided a relatively large surface area and high immobilization

capacity on which to deposit highly active catalytic Pd NPs,

which is very helpful for catalytic efficiency. Second, the Pd(0)

NPs generated in situ by mild reduction can form smaller

spherical Pd NPs (a median size distribution of 2–10 nm)

dispersed uniformly over the few-layered exfoliated GO support,

which exhibits superior catalytic performance.

As for the reducing agent, in the past decades, reagents such as

aldehydes, hydrogen gas, carbon monoxide, ascorbic acid,

amines, zinc, indium or germanium, etc. were used in the

Ullmann reaction. Most of which are volatile or toxic, some of

which are very expensive. In this work, we choose aluminium,

which was much cheaper and readily available, as the reducing

agent. In the presence of aluminium, the reductive Ullmann

reaction of different aryl halides proceeded smoothly with

a desired yield (entries 1, 21–28, Table 1), while when the reac-

tions were carried out without addition of aluminium, only trace
J. Mater. Chem., 2011, 21, 3485–3494 | 3489
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Table 1 Pd NP catalyzed Ullmann reaction of aryl halides in IL–ScCO2
a

Entry Aryl halide CO2
b (MPa) Prod. Convc(%) Yieldd(%)

1 chlorobenzene (1a) 15.5 2a 100 99
2e chlorobenzene (1a) 15.5 2a 23 trace
3f chlorobenzene (1a) 0 2a 31 n.d.g

4h chlorobenzene (1a) 15.5 2a 59 42
5i chlorobenzene (1a) 15.5 2a 83 56
6 chlorobenzene (1a) 1.0 2a 12 n. d.
7 chlorobenzene (1a) 4.0 2a 28 n. d.
8 chlorobenzene (1a) 5.0 2a 31 n. d.
9 chlorobenzene (1a) 6.0 2a 34 27
10 chlorobenzene (1a) 7.5 2a 72 60
11 chlorobenzene (1a) 12.8 2a 80 69
12 chlorobenzene (1a) 13.0 2a 97 91
13 bromobenzene (1i) 6.0 2a 42 33
14 iodobenzene (1j) 6.0 2a 62 55
15j chlorobenzene (1a) 15.5 2a 13 n. d.
16k chlorobenzene (1a) 15.5 2a 18 trace
17l chlorobenzene (1a) 15.5 2a 15 trace
18m chlorobenzene (1a) 15.5 2a 96 93
19n chlorobenzene (1a) 15.5 2a 95 90
20o chlorobenzene (1a) 15.5 2a 92 85
21 chloronaphthalene(1b) 15.5 2b 100 99
22p 1-tert-butyl-4-chlorobenzene (1c) 15.5 2c 100 99
23q 1-acetyl-4-chloro-benzene (1d) 15.5 2d 100 97
24r 2-chlorobenzyl alcohol (1e) 15.5 2e 99 96
25s (2-chloro-vinyl)-benzene (1f) 15.5 2f 98 88
26t 1, 1-diphenyl-2-chloroethylene (1g) 15.5 2g 100 97
27q 4-chloroaniline (1h) 15.5 2h 98 95
28 4-chloro-2, 6-di-methyl-aniline (1i) 15.5 2i 99 93

a The reaction conditions were as follows: aryl halide (2 mM), Al (0) (108 mg), [hmim][Tf2N] (3 ml); Pd NPs/GO (3.0% w/w, 186.2 mg) and ScCO2

(15.5 MPa) at 45 �C for 10 h. b Pressure of CO2.
c Determined by GC analysis. d Isolated yield. e In the absence of Al (0). f In the absence of ScCO2.

g n. d. ¼ no Ullmann products were detected. h In the absence of IL; some unidentified brown oil was also isolated. i Pd NP–GO (186.2 mg) in H2O
(3 ml) were used instead of Pd NP–GO in [hmim][Tf2N]. j In the absence of GO. k Pd/C was used instead of Pd NPs/GO, the diameter of the Pd
particles in which was 28–34 mm. l Pd NP–graphene (186.2 mg) was used instead of Pd NP–GO. m [bmim] [Tf2N] was used instead of [hmim][Tf2N].
n [hmim][BF4] was used instead of [hmim][Tf2N]. o [emim][Tf2N] was used instead of [hmim][Tf2N]. p The reaction time was 8 h instead of 10 h. q The
reaction was conducted at 65 �C for 16 h. r Pd NP–GO (4% w/w, 248.3 mg) and 12 h were needed, some unidentified oil was also obtained. s Pd NP–
GO (3.5%w/w, 217.3mg) and 12 hwere needed, some unidentified oil was also observed (2.47%). t PdNP–GO (3.5%w/w, 217.3mg) and 12 hwere needed.
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amounts of biaryl product were detected (entry 2, Table 1),

indicating the crucial importance of aluminium as the reducing

agent.
Scheme 4 PdNPs catalyzed reductive Ullmann reaction of aryl chloride.
Reactions of different aryl halides

Though aryl bromide and aryl iodide are more active (the results

in entries 9, 13 and 14 indicated their activity difference, Table 1),

they are much more expensive than aryl chloride. Based on

economical consideration, we choose the much cheaper aryl

chloride, though less active, as the substrate. After a series of

attempts, we found that in the presence of Al(0), the Pd NP–GO

catalyzed reaction proceeded with 27% yield in [hmim][Tf2N]/

ScCO2 system at 6MPa (CO2 pressure, entry 9, Table 1). Though

the yield was still very low, it ignited our hope for further

research indeed.

Encouraged by this, we tried further efforts. After a series of

attempts, we found that when the pressure was increased to 15.5

MPa, the optimal yield of the Ullmann reaction of phenyl

chloride was obtained (99%, entry 1, Table 1). Detail investiga-

tions showed that the optimal conditions for the Ullmann reac-

tion were: biphenyl chloride (2 mM), Al (0) (108 mg), [hmim]

[Tf2N] (3 ml); Pd NP–GO (3.0% w/w, 186.2 mg) and ScCO2 (15.5

MPa) at 45 �C for 10 h (Scheme 4).
3490 | J. Mater. Chem., 2011, 21, 3485–3494
To study the efficiency and scope of the palladium nano-

particle-catalyzed Ullmann reaction of aryl chloride, the optimal

reaction conditions were applied to a variety of aryl chlorides

and the results are summarized in Table 1 (entries 1 and 21–28,

Table 1). As shown in Table 1, the Ullmann reaction of various

aryl chlorides (1a–1i), bearing different substituents runs

smoothly in the IL–ScCO2 system in the presence of Al(0) and Pd

NP–GO. The results in Table 1 also indicate that the reaction

rate depends on the structure of the aromatic chloride. For

instance, aryl chloride 1c, which bears an electron-donating

substituent, needs a shorter reaction period (8 h, entry 22, Table

1) compared with aryl chlorides 1a and 1b (10 h, entries 1, 21,

Table 1). When aryl chlorides bearing electron-withdrawing

substituents were studied (e. g. 1d), a longer reaction time and

higher reaction temperature were needed, for example, for the

reaction of 1d, the substrate was converted into 2d readily in

a 97% yield after 16 h (entry 23, Table 1). For aryl chloride 1h,
This journal is ª The Royal Society of Chemistry 2011
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which also contained an electron-withdrawing substituent

(–NH2) in its structure, the Pd NP-catalyzed Ullmann reaction of

1h can proceed smoothly with desired yields (95%, entry 27,

Table 1) with reaction times of 16 h. While for aryl chloride 1i,

which bears both electron-pushing and electron-withdrawing

substituents in the structure, the reaction run smoothly with

a 93% yield of 2i (entry 28, Table 1) without prolonging the

reaction time, indicating the overlapping effect of these two types

of substituents. Meanwhile, we also noticed that aryl chlorides

with ene structures, 1f–g, had long reaction times compared with

1a and 1b, and homocoupling products 2f–2g were afforded in

good yields (88% and 97%, respectively, entries 25–26 Table 1).
Catalyst support and active hydrogen donor

In conventional work,17f H2O or alcohol was selected as

a precursor of hydrogen, providing abundant active hydrogen.

However, the use of H2O led to difficult product separation and

complicated phase behaviour in the reaction system. For

example, when IL was replaced by H2O, the PdNP–GO cata-

lyzed Ullmann reaction proceeded with an 83% conversion, while

the isolated yield was only 56% (entry 5, Table 1), indicating

a decreased isolation efficiency of the Ullmann product. This can

be explained by inferior inter-miscible behaviour of H2O and

ScCO2 in the H2O–ScCO2 system. In fact, we anticipated that we

can use an active hydrogen donor without loss of the product

isolation efficiency. Therefore, trying to find an alternative active

hydrogen donor matching such requirements is necessary. This is

a big challenge indeed.

Bearing large amounts of carboxylic, hydroxyl, aldehyde

groups in the structure, GO nanosheets were anticipated to

release active hydrogen atoms. Significantly, after a series of

efforts, we found that GO can replace the traditional active

hydrogen donor readily, and investigations showed that when

catalyzed by PdNP–GO, the Ullmann reaction of various aryl

chlorides was carried out well with good yields (1a–i, entries 1,

21–28, Table 1). In the absence of H2O, such results indicated

that GO can replace the traditional active hydrogen donors.

Further investigations also proved the important role of GO as

an active hydrogen donor. Experimental results showed that in

the absence of GO, no biaryl product was observed (entry 15,

Table 1), and when Pd/C, which did not contain any active

hydrogen, was used instead of Pd NP–GO, only trace amounts of

Ullmann products were detected (entry 16, Table 1). Similarly,

when Pd NPs (synthesized by the same method as described in

experimental section, except that there was no GO involved)

were chosen to replace the catalyst Pd NP–GO, a trace signal of

biaryl product was observed (entry 17, Table 1), revealing that

GO was important in providing active hydrogen to finish the

reductive Ullmann cycle.
Product separation

In the IL–ScCO2 system, CO2 extraction provides an efficient

method for product isolation. In our experiments, by simple

depressurization of CO2, the biaryl products, which finally

exhibited a solvent-free and analytically pure form as a colourless

crystalline material, can be isolated easily from the catalyst

solution of IL by CO2 extraction without cross contamination of
This journal is ª The Royal Society of Chemistry 2011
IL or catalyst. In the experiments summarized in Table 1, no

signals associated with the IL were detected during NMR and

GC-MS analyses of the products. Samples from each run were

analyzed by ICP measurement, demonstrating that the palla-

dium content was below the detection limit of the instrument

(<1 ppm) in all cases, and that no significant leaching of metal

compounds into the products had occurred. All above results

showed that the environmentally friendly IL–ScCO2 system can

provided high efficient product separation route for Ullmann

product.
IL and catalyst recycling

Although most ILs have no measurable vapour pressure, and,

thus, no air pollution potential, they are considered as ‘‘green’’

media, however, toxicity in soil and water eco-systems must be

carefully understood. The optimal method would be to recycle

the IL in these reactions. For economic consideration, most IL

are quite expensive and IL recycling would be the best choice.

Meanwhile, the Pd NPs show a relatively strong trend toward

agglomeration. In most catalytic reactions, it’s necessary to use

an additional stabiliser or a solid support material.

Here, Pd NPs support of exfoliated GO with wrinkles was

one of the ways to prevent Pd NPs from agglomeration. In

addition, the IL environment can also help to stabilize the NP

catalysts, and the IL solutions of catalyst were significantly less

air sensitive than catalyst solutions in conventional organic

solvents. It is assumed that the bulkiness of the IL imidazolium

cations favour the electrosteric stabilisation of NPs, and the

N-imidazolium side chains as well as the anions of the IL can

also stabilise the metal (0) NPs due to electronic interaction with

the metal surface.4,37

In our experiments, we found that excellent catalytic activities

can be achieved for at least 5 runs. The conversions for the first,

second, third and forth runs were 100%, 99%, 99% and 100%,

respectively (entries 1–4, Table 2), and slightly declined conver-

sion for the fifth and sixth runs (98% and 95%, respectively,

entries 5, 6, Table 2).

In the first cycle, the numbers of –OH and –COOH groups are

much larger than the numbers of Pd surface sites, thus the

reaction runs readily with good performance. However, for

further cycles, if no fresh GO was added to the reaction system,

the conversion for the second run of the reaction drops to 95%,

and then drops to 81% for the third run, 57% and 24% for the

cycles thereafter. After ten runs, the conversion became very low

(entries 1–6, Table 2), because as a novel active hydrogen donor,

each catalytic cycle would consume a large amount of –OH and

–COOH groups on GO. Therefore, before each subsequent run,

GO (40 mg) should be added to the catalyst–IL solution in the

stainless vessel to ensure the numbers of –OH and –COOH

groups are much larger than the numbers of Pd surface sites for

good cycle performance.

Investigations also revealed that the recycling performance of

the catalyst in IL–ScCO2 showed superior advantages over other

reaction media combined with ScCO2. For example, when the

H2O–ScCO2 system was chosen to replace IL–ScCO2, the

conversion for the first and second runs were 78% and 53%,

respectively (entries 1–2, Table 2), and sharply declined conver-

sion for the third and forth run (39% and 17%, respectively,
J. Mater. Chem., 2011, 21, 3485–3494 | 3491
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Table 2 The Ullmann reaction of phenyl chloride in [hmim][Tf2N]–ScCO2 (conversion as a function of the number of the cycles)a

Entry
Catalyst
solutionb

Conversion (%)c

for [hmim][Tf2N]–ScCO2

Conversion
(%) for H2O–ScCO2

1 Fresh 100 78
2 Recycled from run 1 99 (95) 53
3 Recycled from run 2 99 (81) 39
4 Recycled from run 3 100 (57) 17
5 Recycled from run 4 98 (24) —
6 Recycled from run 5 95 (18) —

a Formation of biphenyl. b Before each subsequent run, phenyl chloride (2 mM), GO (40 mg) and Al (0) (108 mg) were added to the catalyst–[hmim]
[Tf2N] or H2O solution in the stainless vessel. c The numbers in the brackets were the conversions without addition of GO.
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entries 3–4, Table 2). All sharply decreased compared with the

conversions obtained in the corresponding cycle in IL–ScCO2,

indicating the inferior efficiency of the H2O–ScCO2 system. In

fact, the IL plays an important role in the recycling of the Pd

NP–GO catalyst. As stated above, the IL environment helps to

stabilize the NP catalysts. This is observed in TEM and SEM

images shown in Fig. S1 (ESI†). As shown in Fig. S1a,

b (ESI†), when IL was used in the recycling cycles, no obvious

Pd NP catalyst agglomeration was found after 3 cycles. The

diameters of the Pd NPs were still in small scales and a narrow

range similar to the diameters for the first run (Fig. 1a, 1d).

While when the IL was alternated by H2O, serious Pd NP

agglomeration occurred after 3 runs of the reaction (Fig. S1c,d,

ESI†). Such results can explain the sharp declination of

conversion in the recycling experiments of the H2O–ScCO2

system, indicating that the IL was a high efficient stabiliser for

Pd NPs.
Scheme 5 Possible mechanism for the Pd NP–GO catalyzed Ullmann

reaction of aryl chloride.
Possible mechanism for the Ullmann reaction

Based on previous work,14,15,38 a plausible mechanism for the Pd

NP–GO catalyzed reductive Ullmann reaction of aryl chloride is

shown in Scheme 5. In this process, carbon dioxide can react with

GO at high pressure generating carbonic acid (H2CO3), which

then produces H2 by reacting with Al(0). To begin with, a single

electron transfer (SET) process could occur from a Pd (0) sup-

ported on GO to an ArCl molecule, forming a [ArX]_� radical

anion and a positively charged Pd+ to give intermediate 5.

Dissociation of [ArX]_� would give Ar_ and X�, forming inter-

mediate 6, then the intermediate 6 reacts with another 1a mole-

cule giving intermediate 7, successively, coupling two aryl

radicals would give the biaryl product 2 and PdCl2. The obtained

PdCl2 can be reduced by H2 to regenerate the active Pd(0) species

readily to finish the cycle. It is noteworthy that a primary side-

reaction would occur at the same time. Firstly, Pd(0) could also

react with H2 giving intermediate 9 (Pd2+(H�)2), which could then

react with 1a affording the main side product Ar–H (3). Thus the

greatest challenge might be how to minimize the possibility of the

side reaction forming side-product 3. Fortunately, in this reac-

tion, in the presence of ScCO2 at high pressure, no obvious side-

products have been detected. It is assumed that CO2 could insert

into the Pd–H bond of 9 taking place to form Pd (OOCH)2 (10).

With CO2 insertion, much more enhanced steric hindrance was

achieved in intermediate 10 than intermediate 9, the barricaded

intermediate 10 was inclined to react with HCl readily affording
3492 | J. Mater. Chem., 2011, 21, 3485–3494
the active Pd (0) species instead of reaction with 1a giving side-

product 3. Therefore, in the presence of ScCO2, the reaction

proceeded with high selectivity towards the Ullmann coupling

product 2. Such SETmechanism was also confirmed byMALDI-

TOF MS analysis.39 As we can see from Fig. S3a (ESI†), Pd

NP–GO (4) holds typical mass peaks at 16, 17, 29 and 44, which

belong to epoxy, hydroxyl, aldehyde and carboxyl groups on

GO, respectively. As the number of cycles increases, the mass

peaks for GO become weaker (Fig. S3b and Fig. S3c, ESI†),

which indicates that the reaction would consume large amounts

of –OH and –COOH groups on GO. Moreover, Fig. S3b shows

strong peaks at 77.1, 112.1 and 114.1, which are typical mass

peaks for ArCl This suggests that it is possible to form inter-

mediate 5 as shown Scheme 5. Similarly, by MALDI-TOF MS

analysis, we detect strong peaks for the biphenyl product (153.0

and 76.0 etc.), showing the successful Ullmann reaction in the

IL–ScCO2 system catalyzed by Pd NP–GO.
This journal is ª The Royal Society of Chemistry 2011
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Conclusions

In conclusion, we have demonstrated an environmentally

friendly process: high active and recyclable graphene oxide-

supported palladium nanoparticle-catalyzed reductive Ullmann

reaction of aryl chlorides in ionic liquid–supercritical carbon

dioxide system. The application of cheaper chemicals, such as

aryl chlorides (instead of expensive aryl bromides or iodides),

aluminium (instead of expensive zinc or indium, etc.) and natu-

rally abundant ‘‘greenhouse’’ gas CO2, make this kind of process

quite attractive. The Pd NP catalyst and ionic liquid can be

recycled for at least 5 runs, indicating the economic viability of

this process. The employment of the ionic liquid–supercritical

carbon dioxide system led to immobilization, activation, and

stabilization of the Pd NP catalyst that would be impossible in

classical organic media separately. GO, the novel catalyst

support, was found to replace the traditional active hydrogen

donor readily with much enhanced product separation efficiency.

Carbon dioxide, a naturally abundant, nonflammable, relatively

nontoxic, economical and recyclable ‘‘greenhouse’’ gas, was

found to significantly promote the selectivity of the Pd

NP-catalyzed aluminium-induced reductive Ullmann reaction of

aryl chlorides. Further studies on the phase behaviours of

different ionic liquids in supercritical carbon dioxide for different

coupling reaction are under progress in our laboratory.
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