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ss coupling reactions catalyzed by
an active and highly stable magnetically separable
Pd-nanocatalyst in aqueous media†

Mohammad Ali Zolfigol,*a Tahereh Azadbakht,ab Vahid Khakyzadeh,ac

Razie Nejatyamid and David M. Perrinb
A new magnetite Pd-nanoparticle supported (4,5-diazafluoren-9-

one)-derived palladium chloride (7) was synthesized, characterized

and introduced. The nanocatalyst exhibited an efficient activity in

Suzuki cross-coupling reactions with an environmentally-friendly

(H2O/DMF) solvent system for 1–3 h at 100 �C and Mizoroki–Heck

cross-coupling reactions. The catalyst can easily be recovered from

the reaction system by using an external magnet and reused several

times with high yields.
Introduction

Activity and recovery in catalysis science are two important
parameters that have to be considered for the design of new
catalysts. Nowadays, due to global sustainability and ecological
problems, scientists in this eld are taking a “green chemistry”
approach whereby recovery and recycling are more desirable.1–3

Some types of catalysts have high activity but cannot be easily
separated and reused in subsequent reactions. Hence, they do
not satisfy the sustainability demands. A homogenous catalyst
belongs to this category of catalysts—where the underlying
issue is its inability to be recycled and hence homogenous
catalysts are not acceptable from a “green chemist's” point of
view.4

Heterogeneous catalysts are a different type of catalyst that
can be recycled and recovered but have low activity. Their low
activity is attributed to the low surface contact that makes them
inappropriate to use when in need of a perfect catalyst.5
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Nanochemistry, as a novel eld of research, enables us to
scale down the size of particles and make nanoparticles with a
variety of shapes and sizes with unique properties.6 Many
types of nanoparticles have been synthesized for use as
catalysts.7–13

One of the appealing advantages of nanoparticles is
providing a high surface to volume ratio, which can increase the
contact between catalysts and reactants. By increasing the
contact between catalysts and reactants, one can improve the
activity of the catalyst—a much desired parameter.14

The synthesis of magnetic nanoparticles that are small in
size, highly active, and easy to separate with an external
magnet are the ideal specications of a catalyst. Such prop-
erties are achievable by employing nanochemistry
technology.6,15

This type of catalysts that show high activity in addition to
being easily recovered, separated, and reused in other reactions,
will satisfy the sustainability and “green chemistry” demands.
Especially Fe3O4 nanoparticles as a promising nanocatalyst
have attracted many attentions because of their unique prop-
erties such as high surface to volume ratio, low toxicity and
superparamagnetism.16–18

Palladium-based catalysts that are employed in Heck and
Suzuki coupling reactions have shown high efficiency in the
formation of C–C bonds.19–22 The resulting products play a
signicant role in the synthesis of bioactive compounds and
organic products and are exploited in pharmaceutical industry
applications.23,24

In this study, we demonstrated the production of Pd-
catalyst based on magnetic Fe3O4 nanoparticles. We chose
the Suzuki coupling reaction as a model reaction to test of
our designed catalyst. The reaction was performed in envi-
ronmentally-friendly solvent with high efficiency and excel-
lent yields. We could easily separate the catalyst from the
reaction medium with the external magnet and reuse it in
other reactions. Described Pd-nanoparticles catalysts were
also used as well as in Mizoroki–Heck coupling reaction as
well.
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Preparation of SMNPs-supported 4,5-diazafluoren-9-one-Pd (SMNPs-DF-Pd) complex.

Fig. 3 TEM images of 4,5-diazafluoren-9-one-Pd (SMNPs-DF-Pd)
complex after using for five times.
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Result and discussion

Fe3O4 particles (1) were synthesized according to the method
reported previously by Qu et al.25 The particles were coated with
a layer of silica with tetraethyl orthosilicate (TEOS). Silanation
of the silica-coated magnetite nanoparticles (SMNPs) with 3-
aminopropyltriethoxysilane gave compound (4). 4,5-diaza-
uoren-9-one (5) was synthesized26 and then were added to the
solution. Reduction of imine groups by NaBH4 increases
nanoparticles' stability in aqueous solution. Treatment of imine
with water leads to hydrolysis back to the ketones and amine.
Compound (6) was reacted with PdCl2 to achieve Palladium
nanoparticles catalyst (7). These steps are illustrated in Fig. 1.

Transmission electron microcopy (TEM) images of nano-
catalyst are shown in Fig. 2. The size of the catalyst was
approximately 35 nm. TEM images for the catalyst aer ve
times recycling, are illustrated in Fig. 3.

Energy dispersive X-ray (EDX) analysis of the catalyst showed
expected elements such as; iron, oxygen, silicon, carbon,
nitrogen and palladium and spectrum indicated in Fig. 4 (EDX
Fig. 2 TEM images of supported 4,5-diazafluoren-9-one-Pd (SMNPs-
DF-Pd) complex.

Fig. 4 Energy-dispersive X-ray spectroscopy (EDX) of the catalyst.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 40036–40042 | 40037
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Fig. 5 UV Absorption curves of SMANPs-NH2 and SMNPs-supported 4,5-diazafluroen-9-one-Pd.

Fig. 6 FTIR spectra of (a) SMNPs-NH2 (b) SMNPs-supported 4,5-dia-
zafluroen-9-one-Pd.

Table 1 Influence of base, solvent and palladium percent in model
reactiona

Entry Solvent Base Pd (%) Time (h) Yieldb (%)
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analysis of other layers inserted in ESI†). The percentage of the
Pd was around 3.5 wt%.

Ultraviolet-visible spectroscopy (UV) at a range of 200–800
nm, was used to monitor changes in the reaction of 4,5-diaza-
uoren-9-one to amino-containing nanoparticles. We were able
to observe the presence of an additional moiety onto the orig-
inal structure of nanoparticles, specically at l ¼ 251 nm. Fig. 5
illustrates the UV absorption curves of these compounds.27

First, the reaction between particles containing amino
groups, such as compound (4) and 4,5-diazauoren-9-one
Fig. 7 The vibrating sample magnetometer (VSM) of the catalyst (a) in
comparison with Fe3O4 (b).

40038 | RSC Adv., 2014, 4, 40036–40042
formed a C]N bond. Formation of this bond was identied
with FT-IR spectra with an absorption band at 1634 cm�1 and
the silica coated magnetite nanoparticles were conrmed by
observation of abroad band at about 1083 cm�1 (Fig. 6).

Magnetic measurements of the samples were investigated by
a vibrating sample magnetometer (VSM) at room temperature.
Based on magnetization curves, the saturation of the obtained
catalyst decreased from 60 emu g�1 (Fe3O4) to 7 emu g�1 for the
catalyst. This drop in saturation accounts for the surface
coating on Fe3O4 nanoparticles that interact with Pd-nano-
particles catalyst28 (Fig. 7).

Inductively coupled plasma optical emission spectroscopy
(ICP/OES) analysis of the catalyst showed that the Pd content
was about 4.3 wt% Pd in the systems.
Catalytic Suzuki reaction

To prove the activity of the new synthesized catalyst (7), the Pd
nanoparticles catalyst was subjected to series of Suzuki reac-
tions where the reaction of bromobenzene with phenylboronic
1 DMF K2CO3 0.2 3 96
2 DMF/H2O K2CO3 0.2 3 96
3 DMF/H2O NaOH 0.2 3 86
4 DMF/H2O NaOAc 0.2 3 73
5 DMF/H2O Na2CO3 0.2 3 75
6 DMF/H2O CS2CO3 0.2 3 93
7 H2O K2CO3 0.2 3 56
8 Toluene K2CO3 0.2 3 60
9 DMF/H2O K2CO3 0.1 3 84
10 DMF/H2O K2CO3 0.3 3 96
11 DMF/H2O K2CO3 0.2 1.5 80

a Reaction condition Bromobenzene (1 mmol), Phenylboronic acid (1.5
mmol), K2CO3 (2 mmol), solvent (4 mL). b Isolated yield.

This journal is © The Royal Society of Chemistry 2014
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Table 2 Investigations of the scope of substrates in the Pd-catalyzed
C(sp2)–C(sp2) cross coupling reactiona

Entry Aryl halides Aryl boronic acids Time (h) Yieldb (%)

1 1 96

2 1 96

3 1 93

4 1 96

5 3 96

6 3 95

7 3 95

8 3 98

9 3 98

10 3 89

11 1 98

12 3 97

13 6 12

14 3 92

15 3 84

a Reaction condition Bromobenzene (1 mmol), Phenylboronic acid (1.5
mmol), K2CO3 (2 mmol), DMF/H2O (4 mL, v/v ¼ 1 : 1), Pd catalyst (0.2
mol%), 100 �C. b Isolated yield.

Table 3 The catalytic activity and reusability of the Pd-magnetically
separable catalyst in Suzuki reaction of bromobenzene with phenyl-
boronic acid

Run 1 2 3 4 5 6 7 8 9 10 11
Yielda 96 96 95 94 93 91 89 87 86 84 80
Run 12 13 14 15 16 17 18 19 20 21 22
Yielda 78 75 71 68 64 61 59 56 53 51 48

a Isolated yield.

Fig. 8 Reusability of the Pd magnetically separable nanocatalyst.

Scheme 1 Proposed catalytic cycle for Suzuki cross-coupling
reaction.

This journal is © The Royal Society of Chemistry 2014
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acid was used as the model reaction. Different solvent, base and
catalyst loading were investigated in these reactions.

In the rst trial, the coupling reaction was set up in the
presence of DMF solvent, K2CO3 base and 0.2% catalyst loading
(0.01 g) (at 100 �C for 3 hours (obtained yield was 96%). Water,
H2O/DMF and toluene were investigated, and the best yields
were observed with water/DMF (1 : 1) as shown in Table 1. By
testing different bases such as NaOAc, NaOH, Na2CO3 and
CS2CO3, a decreasing in yield was observed (Table 1). The
highest yield was obtained in the presence of 2% catalyst (0.01
g) (Table 1).

The obtained optimized reaction conditions are presented in
Table 1. The reaction was then investigated with different aryl
Fig. 9 XPS spectra of the catalyst (a) catalyst Pd (+2) (b) catalyst Pd (0).

RSC Adv., 2014, 4, 40036–40042 | 40039
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Table 4 Investigations of the scope of substrates in the Pd-catalyzed
C(sp2)–C(sp2) cross coupling reaction

Entry Base
Catalyst
(g) Solvent T (�C) Time (h) Yielda (%)

1 DABCO 0.05 DMSO 140 �C 3 86
2 DABCO 0.05 DMF 140 �C 3 81
3 DABCO 0.05 Toluene Reux 24 Trace
4 DABCO 0.05 H2O Reux 24 32
5 DABCO 0.05 EtOH Reux 24 25
6 DABCO 0.05 Solvent free 130 �C 1 84
7 DABCO 0.03 Solvent free 140 �C 60 min 80
8 DABCO 0.05 Solvent free 140 �C 45 min 91
9 DABCO 0.07 Solvent free 140 �C 45 min 91
10 — 0.05 Solvent free 140 �C 24 —
11 Et3N 0.05 Solvent free 140 �C 1 40
12 NaOH 0.05 Solvent free 140 �C 3 58
13 K2CO3 0.05 Solvent free 140 �C 3 64
14 KOAc 0.05 Solvent free 140 �C 3 71

a Isolated yield.

Table 5 Scope investigation of the substrate for Pd-catalyst in Heck
coupling reactiona

Entry ArX Y Time (h) Yieldb (%)

1 Ph 45 min 91

2 Ph 12 78

3 Ph 1.5 84

4 Ph 55 min 93

5 Ph 24 82

6 -CO2Bu-n 2 92

7 -CO2Bu-n 6 90

8 -CO2Bu-n 24 68

9 -CO2Bu-n 2 85

10 -CO2Bu-n 24 88

a Reaction condition Pd-nanocatalysts (0.05 g), aryl halide (1 mmol), n-
butyl acrylate (1.5 mmol) or styrene (1.5 mmol) and DABCO (1.5 mmol).
b Isolated yield.
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halides and arylboronic acids at the determined optimized
conditions and the results are summarized in Table 2. We used
aryl iodide to test the catalytic activity of the Pd nanoparticles
catalyst.

The time of reaction for aryl iodide was shorter than aryl
bromides (1 h) and very good to excellent yields were
obtained. It should be noted that the yield of the reaction for
aryl bromides bearing an electron-withdrawing group was a
little more than electron-releasing group (Table 2, entries 8–9).
We investigated aryl chloride and unfortunately a low yield
was observed. We utilized this catalyst in coupling 2-naph-
thylboronicacid as a larger ring and it was successful (entries
14–15).

The ability to recover and reuse is another aspect that we
investigated for this new catalyst. The reaction of phenyl
boronic acid and bromobenzeneas the model was chosen. Aer
separating the catalyst from the reaction by an external magnet,
it was washed, dried and then directly carried forward to the
next reaction. We repeated this recycling and reusing of the
catalyst twenty two times and the yields of reactions are shown
in Table 3. Reusability of the Pd magnetically separable nano-
catalyst is shown in Fig. 8. A slight decrease in the catalytic
activity was observed aer these reactions. Metal leaching of the
catalyst was studied before and aer the reaction by ICP-OES
analysis. The Pd content was found to be 4.3 wt% and 4.01 wt%
before and aer ve times reactions series respectively, which
was veried to imply insignicant Pd leaching.

So that know whether the reaction takes place at a hetero-
geneous system or Pd-leached species acts as a homogeneous
catalyst, the hot ltration test was carried out at 100 �C in a
similar way to that previously reported.14
40040 | RSC Adv., 2014, 4, 40036–40042
The Suzuki cross-coupling reaction for bromobenzene and
phenyl boronic acid in the presence of the catalyst in optimized
condition was cooled down to room temperature aer 20 min.
Isolated yield of reaction product showed that 10% of bromo-
benzene has been converted to its corresponding coupled
product. The catalyst was ltered by a magnet and the obtained
ltrate was le to react more at mentioned temperature. The
result of reaction aer 12 h showed no progressive. Comparison
of this result with the data of Table 2, entry 5 (96% isolated yield
aer 3 h), indicates that the reaction has been catalyzed mainly
by the heterogeneous system.

A schematic representation of the proposed catalytic route
for Suzuki reaction has been presented in Scheme 1.

In a rst step, the active palladium catalyst reacts with the
arylhalide (oxidative addition) to produce Pd(II) intermediate.
This journal is © The Royal Society of Chemistry 2014
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Then, aryl moiety of phenyl boronic acid exchange with halide
and nally, these complexes undergo reductive elimination to
afford the expected product.29–31

Since the color of the Pd-nanoparticles catalyst changed
from brown to black upon usage in the coupling reaction. X-ray
photoelectron spectroscopy (XPS) helped determine the oxida-
tion state of the Pd surface in the catalyst. According to this
variation in color, we performed XPS on both samples. The
binding energy curve showed a double peak at 337.5 eV (3d5/2)
and 342 eV (3d3/2) that could be attributed to Pd(II) for the brown
catalyst. The same measurement for the black sample showed
different values for double peaks, 335.2 (3d5/2) and 340.2 eV
(3d3/2) that related to Pd (0). These results are consistent with
previously reported values in literature32,33 (Fig. 9).
Catalytic Heck reaction

The Pd-nanoparticles catalyst were also used for a good rang of
Heck reactions where the reaction of iodobenzene with vinyl-
benzene (phenylethene) was used as the model reaction.
Various solvent, base, temperature and catalyst loading were
investigated in mentioned reactions. The obtained optimized
reaction conditions are presented in Table 4.

The reaction was then investigated with different aryl halides
with styrene and n-butyl acrylate esters at the determined
optimized conditions and the results are summarized in
Table 5.
Conclusion

In this research, new magnetite nanoparticles supported (4,5-
diazauoren-9-one)-derived palladium chloride (7) was synthe-
sized, characterized and introduced. The described pd-nano-
catalysts were observed to be stable and applied in high
catalysts activity in Suzuki cross-coupling reactions with a H2O/
DMF solvent system and Mizoroki–Heck cross-coupling reac-
tions. The catalyst can easily be recovered from the reaction
mixture by using an external magnet and reusing it several
times with high yields. Catalyst was recycled and reused for
several times with any loosing of catalytic activity.
Experimental section
Materials

FeCl3 (anhydrous), Na2SO3, (3-amino propyl) triethoxysilane,
phenatroline PdCl2 were purchased from Alfa Aesar and used
without any purication.
Characterization methods

The structure of the new magnetite nanocatalyst was charac-
terized by FT-IR, UV-VIS, EDX, TEM, XPS and VSM analysis.
FTIR-spectra was recorded by Perkin Elmer PE-1600-FTIR. Pd
content of the catalyst was determined by inductively coupled
plasma (ICP) ICP-OES. UV study was performed by UV photo-
diode array. X-ray photoelectron spectroscopy (XPS) was carried
out by Dual anode (Mg and Al K alpha) achromatic X-ray source.
This journal is © The Royal Society of Chemistry 2014
The size of the magnetite nanoparticles was measured by
using transmission electron microscope (Hitachi H 7600 TEM).
Magnetic measurement of materials was investigated with a
vibrating sample magnetometer (VSM - 4 inch, Daghigh
Meghnatis Kashan Co., Kashan, Iran) at room temperature.
Catalyst preparation

At rst magnetic nanoparticles Fe3O4 and Fe3O4@SiO2 were
synthesized according to the procedure previously reported in
literature.22,28,34
Silanation of the Fe3O4@SiO2 magnetite nanoparticles

Initially silica coated nanoparticles put under vacuum to dry. 2 g
of dry particles was dispersed in 100 mL dry toluene and 30 min
was sonicated. 7.5 mL (32.04 mmol) of (3-aminopropyl) trie-
thoxysilane was added dropwise to the suspended solid nano-
particles under mechanical stirring. The reaction was reuxed
at 115 �C for 20 h. Aer reuxing, the nanoparticles were cooled
down and then separated by a magnet. The nanoparticles were
then washed three times with anhydrous methanol and then
dried under vacuum. Next, a back titration was performed to
determine the concentration of amines, which was measured to
be 0.048–0.502 mmol g�1.
General procedure for the preparation of 4,5-diazauoren-9-
one

According to the method reported by Mazaleyrat et al.,26 a
boiling solution of phenanthroline (2.5 g) and KOH (1.3 g) in
water (130 mL) was prepared. A hot solution of KMnO4 (6.4 g in
100 mL water) was added to the solution dropwise over 2 h and
then reuxed for 1 h. The hot solution was ltered and le
overnight at room temperature. The primary yellow crystal was
obtained and recrystallized in water.
General procedure for the preparation of SMNPs-supported
4,5-diazauoren-9-one (SMNPs-DF)

1 g of silanated nanoparticles was suspended in 10 mL of dry
methanol and sonicated for 30 min. Then, a solution of 0.1 g
(0.52 mmol) 4,5-diazauoren-9-one in 5 mL dry methanol was
added in dropwise motion to the nanoparticles and then
reuxed for 48 h under argon. Aer 48 h, the mixture was cooled
to room temperature, and then 0.0197 g (0.52 mmol) of NaBH4

was added. The mixture was then heated to 40 �C for 24 h. The
nanoparticles were washed (3� 10 mL) with methanol and then
dried under vacuum.
General procedure to preparation of palladium catalyst

1 g of dry nanoparticles from the nal step and 15 mL dry
toluene was sonicated. Then, PdCl2 (0.6 mmol, 0.1 g) in 15 mL
toluene was added and the mixture was reuxed for 12 h under
argon. The resulting product containing an external magnet was
separated, subjected to a water wash (1 � 10 mL), methanol
wash (3 � 10 mL) and then dried under vacuum.
RSC Adv., 2014, 4, 40036–40042 | 40041

http://dx.doi.org/10.1039/c4ra06097k


RSC Advances Communication

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 L

in
ko

pi
ng

s 
un

iv
er

si
te

ts
bi

bl
io

te
k 

on
 0

4/
10

/2
01

4 
08

:5
1:

11
. 

View Article Online
General procedure for Suzuki reaction

A mixture of aryl halide (1 mmol), arylboronic acid (1.5 mmol),
K2CO3 (2.0 mmol), DMF/H2O as solvent (4.0 mL, v/v¼ 1 : 1) and
the catalyst (0.01 g) was added to a round bottom ask. The
mixture of reaction was stirred at 100 �C, in an air atmosphere
for the required time to complete the reaction. When the reac-
tion was completed, the reaction was cooled and added 25 mL
Et2O to the solution, the organic phase was washed with water
(2� 10 mL) and evaporated the solvent. The residual of reaction
was puried by ash chromatography to provide the pure
coupling products. The catalyst separated magnetically by using
external magnet. The catalyst was washed with H2O, Et2O and
recovered.

General procedure for Mizoroki–Heck reaction

To a ask, a mixture of Pd-nanocatalysts (0.05 g), aryl halide (1
mmol), n-butyl acrylate (1.5 mmol) or styrene (1.5 mmol) and
DABCO (1.5 mmol) were added and heated at 140 �C under
solvent-free conditions. Aer the completion of the reaction as
monitored by TLC analysis, ethylacetate (10 mL) was added to
the ask. The magnetic nanoparticles were separated by
absorbing on the magnetic stirring bar. Water (3 � 15 mL) was
added to the ethylacetate phase and decanted. The organic layer
was dried over anhydrous Na2SO4. Aer evaporation of the
solvent, the resulted crude products were puried by column
chromatography (hexane/ethylacetate) giving the pure products
in excellent yields.
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