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In this study, we prepared a magnetic metal—graphene nanocomposite for the synthesis of substituted
biaryls via Suzuki cross coupling and homo coupling reaction of aryl halides. The magnetic few layer
graphene composite was synthesized by using one-step electrochemical exfoliation of graphite foil in
aqueous iron (II) ammonium sulfate as electrolyte without using of any additive or corrosive media. Then,
Fe,03@FLG composite was used an efficient support for the immobilization and suitable dispersing of
palladium nanoparticles. The obtained Fe,0;@FLG@Pd® nanocomposite was characterized using FI-IR,
SEM, TEM, EDS, XRD, VSM and ICP-AES analysis. Very low loading of this catalyst was displayed high
activity in the producing substituted biaryls. It simply recovered from the reaction mixture and reused
without any pre-activation in six consecutive runs with no loss of its catalytic activity or the observation
of any detectable palladium leaching process.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, graphene has attracted significant attention as
one of the most emerging carbon materials due to its excellent
properties such as a large specific surface area, electrical conduc-
tivity, excellent thermal, chemical, and mechanical stability, and
high corrosion resistance [1—7]. Frequently, the exfoliated gra-
phene sheets are in the form of few layer graphene (FLG) and their
manufacturing cost is potentially low. Many efforts have been made
for the synthesis of large surface area and high quality few layered
graphene without agglomerated sheets. In this regard, the elec-
trochemical exfoliation of graphite as emerged as a simple, fast,
low-cost, and environmental friendly approach for the few layer
graphene production [8—12]. However, the use of acid and ionic
liquid electrolyte in the electrochemical exfoliation method causes
to damage of the honeycomb lattice of graphene sheets, defects,
oxidation processes and functionalization by various groups
[13—15]. Therefore, optimized routes under milder conditions
without the need for strong oxidizing and corrosive agents are
required.
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Graphene possesses the ultimate two-dimensional single layer
of sp?-hybridized carbon network that bonded in a hexagonal lat-
tice. Owing to the honeycomb-like structure and 2D morphology,
graphene prevents the aggregation of naked nanoparticles, thus it
is considered as perfect supports for metal nanoparticles immobi-
lization without surface poisoning problems especially in nano-
composite materials preparation and heterogeneous -catalysis
applications [16—18]. In addition, the presence of nanoparticles on
both sides of the graphene surface inhibits the restacking of gra-
phene sheets and provides higher surface area and better accessi-
bility for reactants [19]. Also, the extended system and high
electron density in graphene lead to easier reduction of metal ions
and production of catalytically active metal centers [20].

During the past few years, graphene and graphene derivatives
represent an attractive alternative to other supports for the immo-
bilization of palladium nanoparticles as catalytic systems for C—C
bond formation reactions such as Suzuki cross coupling [21—26] and
homo coupling reaction [27]. Palladium nanoparticles enlarging the
distance between the graphene sheets and increase the surface area
of the composite and thus improve catalytic efficiency [28]. Also, the
interaction between graphene and aromatic derivatives in these
type reactions may make the reactants easily accessible to the active
sites of metal nanoparticles and solead to acceleration in the
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chemical conversion [29,30]. However, the difficulty and time
consuming of the catalyst separation methods by common filtration
or centrifugation and also dramatically lose catalytic activity in
recycling experiments is a limiting factor in the using of graphene
heterogeneous catalysts. Along this line, the magnetic separation
has developed as a fast separation tool with low cost and high effi-
ciency. The design of graphene based materials decorated with iron
oxide nanoparticles and using of magnetic graphene based catalysts
in cross coupling reactions has been researched [31—34]. Also, Baaziz
and co-workers showed that the introduced iron oxide nano-
particles on the few layer graphene acted as nano-spacers and
prevent the restacking of the graphene sheets [19].

Herein, we developed a novel, environmentally-friendly, eco-
nomic and easy one-step approach to prepare the magnetic few layer
graphene as a suitable support for metal nanoparticle immobiliza-
tion. In continuation of our interest in exploring palladium-catalyzed
cross coupling reactions [35—38], in the current work, we immobi-
lized palladium nanoparticles on the surface of Fe,03@FLG support.
Then, its catalytic efficiency was investigated in the unsymmetrical
biphenyl synthesis via ligand free Suzuki cross coupling and also the
symmetrical biphenyl synthesis by homo coupling reaction of
various aryl halides. The great developments have been performed
for the biphenyl synthesis through Suzuki coupling reaction under
ligand free conditions such as using of Pd—Pt nanodendrites and
Pd—Cu nanowires as highly active catalysts [39,40].

2. Experimental
2.1. Materials and instruments

All chemicals used in this study were commercially available
and were purchased from commercial suppliers (Acros, Merck and
Aldrich) and used as received without further purification. XRD
pattern of the catalyst was recorded with a PW 3710 X-ray
diffractometer (Philips) at room temperature using monochromatic
Cu Ko radiation with a wavelength of A =0.15418 nm. The peak
position and intensity were obtained between 5° and 80° with a
rate of 0.04° s~1. Magnetic susceptibility measurements were car-
ried out using a vibrating sample magnetometer (VSM, MDK Co.
Ltd, Iran) with the magnetic field range of between +10,000
and —10,000 Oe at room temperature. EDX pattern was recorded
using a TESCAN, VEGA 3 LMU instrument. The development of the
coupling reactions was monitored using TLC with commercial
aluminium-backed plates of silica gel 60 F254 under UV light and
an Agilent 6890 GC and GC-MS model Agilent Series 5973. FT-IR
spectra were recorded using a Bruker Tensor 27 spectrometer
within the 400—4000 cm™! range using KBr disc. '"H NMR and 13C
NMR spectra were recorded with a Brucker avance 400 and
100 MHz machine using CDCl; as solvent and TMS as standard
sample. The morphology of the catalyst was observed using a FE-
SEM instrument (HITACHI (S4160) Japan) and TEM (PHILIPS CM30).

2.2. Synthesis of Fe;03@FLG

Graphite foil as an anode and iron as a cathode were used in the
electrochemical exfoliation of graphite. Firstly, the surface of elec-
trodes was washed with HCl and methanol. The 0.1 M solution of
iron (II) ammonium sulfate (7.8 gr in 200 ml distilled water) was
used as the electrolytic solution. The distance between the graphite
and Fe electrodes was kept to be ~3 cm throughout the electro-
chemical process. Electrochemical exfoliation was carried out by
applying a positive voltage (10 V) to the graphite electrode for 3 h.
After 3 h, the magnetic nanocomposite was separated by a per-
manent magnet and rinsed several times with distilled water and
dried at 100°C.

2.3. Immobilization of palladium nanoparticles on the surface of
F6203@FLG

1 g of Fe;03@FLG and 0.02 g (0.12 mmol) of PdCl, dissolved in
5 ml of HCI and 50 ml H,0 were dispersed using ultrasonic bath for
30 min NaBH4 (0.045 g, 0.12 mmol) was added to the mixture and
refluxed for 12h under stirring. Then, Fe,03;@FLG@Pd® nano-
catalyst was separated by an external magnet and washed several
times with ethanol and deionized water and dried in the vacuum
oven at 60°C.

2.4. Typical procedure for the Suzuki-Miyaura cross coupling
reaction

Aryl halide (1 mmol), phenylboronic acid (1 mmol), Nay,CO3
(2 mmol) and Fe;03@FLG@Pd® nanocatalyst (0.0004 g) were added
to a round-bottomed flask containing 3 mL of aqueous 50% ethanol
(v/v%), and the mixture was stirred at 80 °C for the time listed in
Table 2. The progress was monitored by TLC ((n-hexane or n-hex-
ane/EtOAc, 9: 1) or GC. After completion of the reaction, the reac-
tion mixture was cooled to room temperature and the catalyst was
separated by an external magnet. Then, the reaction mixture was
diluted with water and the resultant mixture extracted with n-
hexane to isolate the biphenyl products. The combined organic
layers were dried over MgS0O4, and the solvent was evaporated
under reduced pressure.

2.5. Typical procedure for the homo coupling reaction

Aryl halide (1 mmol), K,CO3 (1 mmol) and Fe;03@FLG@Pd’na-
nocatalyst (0.0001 g) were added to a round-bottomed flask con-
taining 3 mL of DMF. The mixture was stirred at 110 °C for the time
specified in Table 4. The mixture was stirred continuously during
the reaction and monitored by both TLC (n-hexane—EtOAc, 9:1 and
8:2).and GC. When the reaction was complete, the mixture was
cooled to room temperature, and the catalyst was separated by an
external magnet and then diluted with ether and water. The
organic phase was dried over MgSQy, filtered and concentrated
under reduced pressure using a rotary evaporator.

3. Result and discussion

3.1. Preparation and characterization of magnetic graphene-base
support

To overcome the limitations of electrochemical exfoliation of
graphite such as the use of strong acidic media, oxidizing and
corrosive reagents, we optimized the conditions and applied iron
(II) ammonium sulfate as a mild electrolyte. Often, the synthesis of
magnetic graphene based composites required to two-step proc-
esses.While, with this method magnetization is performed during
electrochemical exfoliation in one step. Then, palladium nano-
particles were immobilized on this surface (Scheme 1).

®
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Scheme 1. The preparation of Fe,0;@FLG@Pd°
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Fig. 1. FT-IR spectra of Fe,03@FLG (a) and Fe,0;@FLG@Pdnanocomposite (b).

3.2. Characterization of Fe;03@FLG@Pd’

In the FT-IR spectrum of Fe,Os@FLG and Fe203@FLG@Pd0
nanocomposite (Fig. 1), the characteristic absorption bands
appeared at 3500-3200 (O—H stretching vibration), 2930 and 2855
(C—H stretching vibrations), 1640 and 1512 (C=C stretching vi-
brations), 1410 and 1100 (CO—H bending vibrations and C—O
stretching vibrations, respectively, due to the introducing of a small
quantity of oxygen functional groups into FLG surface during the
exfoliation process), 1370 and 1340 (C—H bending vibration), 1123
(S=0 stretching vibrations, related to the remaining of the elec-
trolyte solution in graphene), and 605cm~' (Fe—O stretching
vibration).

The elemental composition of Fe;03@FLG nanocomposite (a)
and Fe,03@FLG@Pd® nanocatalyst (b) was determined by energy
dispersion spectrometry (EDS) analysis. The EDS spectrums shown
in Fig. 2 reveal the presence of Fe (30.37 W), C(55.36 W), O (11.75
%W), Cl (0.24 %W) and Pd (2.28 %W) in the prepared catalyst. The
exact amount of palladium in the catalyst as determined by
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Fig. 2. EDS spectra of Fe,0s@FLG (a) and Fe,03@FLG@Pd® nanocomposite (b).



E Radfiee et al. / Journal of Organometallic Chemistry 883 (2019) 78—85 81

SEM HV: 20.0 kV WD:7.60mm |, 11l VEGA3 TESCAN|
View field: 3.18 ym Det: SE 500 nm

SEM MAG: 60.0 kx  Date(midly): 02/19/18

SEM HV: 20.0 KV WD: 7.59 mm Ll

View field: 3.18 ym Det: SE 500 nm
SEM MAG: 60.0 kx  Date(mdly): 02119/18

VEGA3 TESCAN

Fig. 3. SEM images of Fe,0;@FLG ((a) and (b)) and Fe,0;@FLG@Pd® nanocomposite ((c) and (d)).

inductively coupled plasma atomic emission spectroscopy (ICP-
AES) was 6.42% Wt.(0.6 mmol/g, Pd).

The morphology and size of the nanoparticles were obtained
from scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) analysis. The FE-SEM photograph (Fig. 3a) of
the Fe;03@FLG nanocomposite demonstrates that the graphite is
exfoliated and the magnetic nanoparticles are distributed on the
surface. Also, the intercalated structure of graphene layers can be
observed in Fig. 3b. As seen in the SEM image of nanocatalyst
(Fig. 3c and d), iron oxide and palladium nanoparticles well
distributed between graphene layers.

The TEM photograph (Fig. 4) shows iron oxide and palladium
nanoparticles (dark points) are spherical, narrowly distributed, and
well dispersed on the surface of graphene layer (gray layer) with
average size less than 10 nm in diameter.

In the powder XRD pattern of the Fe,03@FLG@Pd® nanocatalyst
(Fig. 5), the diffraction peaks observed at 20 = 26.40, 42.0 and 52.0°
correspond, respectively, to the crystalline planes (002), (010), and
(004) of few layer graphene.the diffraction peaks at 20.64, 29.43,
35.52,45.26, 53.41,57.52 and 62.12° correspond, respectively, to the
crystalline planes (111), (220), (311), (400), (422), (511) and (440) of
Fe;03, with a cubic spinel structure. The XRD pattern of the
nanocatalyst also showed additional peaks at 40.0, 45.32 and
66.93° which are indexed, respectively, to the (111), (200) and (220)
crystalline planes of Pd nanocrystals, suggesting the formation of
metallic Pd NPs (Pd°).

The magnetic properties of the Fe,03;@FLG@Pd’nanocatalyst
were investigated with a vibrating sample magnetometer at room

Fig. 4. TEM image of Fe,0;@FLG@Pd° nanocomposite.

temperature in an applied magnetic field sweeping from —10 to
10 kOe (Fig. 6). The magnetization curves of the prepared catalyst
exhibit no hysteresis loop, indicating superparamagnetic behavior
with the saturation magnetization value of 75.46 emu g~ .
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Fig. 6. Room temperature magnetization curve of Fe,0;@FLG@Pd°

3.3. Catalytic activity examinations in Suzuki cross coupling

In continuation of our recent investigations on the synthesis and
applications of the heterogeneous magnetic palladium complex in
coupling reactions, we now report the preparation of a magnetic
graphene base nanocatalyst. At the first, the catalytic activity of the
Fe,03;@FLG@Pd® catalyst was examined in the Suzuki cross-
coupling reaction. In an effort to develop an optimized catalytic

Table 1
Optimization of reaction conditions for the Suzuki cross coupling reaction.’.

system, the reaction of 1-bromo-4-chloro-benzene and phenyl-
boronic acid was selected as the model reaction and the effects of
solvent, base and amount of catalyst were examined.

As it can be seen from Table 1, the best performance on outcome
of reaction was observed using aqueous ethanol (EtOH: H;0 (1:1))
as solvent and NayCOs as the best base. This cross coupling reaction
was conducted at different temperatures. The reaction time was
reduced with increasing of temperature. Also, we was studied the
effect of catalyst loading on the conversion. No desirable product
was obtained in the absence of catalyst, (Table 1, entry 12), indi-
cating the essential of use of the catalyst for reaction progressing.
Use of lower amounts of catalyst led to relatively longer reaction
times. The best results were obtained with 0.0004 g of nanocatalyst
(mol% Pd).

To explore the efficiency and the scope of the procedure, the
optimized conditions were extended to a variety of substituted aryl
halides and phenylboronic acids (Scheme 2).

As is evident from the results (Table 2), this catalytic system is
compatible with a wide range of functional groups. The presence of
either electron-releasing (Me, OMe and NH; on the aryl halides and
Me and OMe on the phenylboronic acids) or electron withdrawing
substituents (CN, CHO, COMe and Cl on the aryl halides and F on the
phenylboronic acid) has no significant sensitivity in the product
yields and reaction times. Also thiophen-2-ylboronic acid was
applied as a heteroarylboronic acid (Table 2, entries 18 and 19). The
cross coupling reaction of 1-bromo-4-chloro-benzene with various
phenylboronic acids was carried out (Table 2, entries 4, 15 and 19)
to study the process chemoselectivity. In these reactions only Br
was substituted due to the less reactivity of Cl as leaving group.

3.4. The recovery and reusability of the catalyst

The reusability and recyclability experiments were performed
for this catalyst through coupling reaction of 1-bromo-4-chloro-
benzene with phenylboronic acid as a model reaction under opti-
mized conditions. After completion of the first cycle, the catalyst
was recovered magnetically from the reaction mixture and washed
with ethanol to remove the residual product. The recovered catalyst
was dried and then directly carried forward to the next run with
fresh reactants and solvent under the same conditions. As shown in
Fig. 7, the catalyst can be reused up to six runs without observing
any loss of activity.

The hot filtration test was also carried out to investigate the lack
of the homogeneous palladium species which is formed via

Entry Solvent Base Catalyst (g) Temp. (°C) Time (min) Conversion (%)
1 H,0 K>COs 0.0005 rt 180 —

2 H,0 K>CO3 0.0005 reflux 180 —

3 EtOH K»CO3 0.0005 rt 60 90
4 EtOH K>COs 0.0005 reflux 30 100
5 EtOH/H,0 (1:1) K>COs 0.0005 rt 120 —

6 EtOH/H,0 (1:1) K;CO3 0.0005 reflux 15 100
7 EtOH/H,0 (1:1) K»CO3 0.0003 80 35 100
8 EtOH/H,0 (1:1) Na,CO3 0.0003 80 20 100
9 EtOH/H,0 (1:1) NaOAc 0.0003 80 30 100
10 EtOH/H,0 (1:1) NaHCO3 0.0003 80 45 100
11 EtOH/H,0 (1:1) KHCO3 0.0003 80 35 100
12 EtOH/H,0 (1:1) NayCO3 - 80 180 -
13 EtOH/H,0 (1:1) Na,CO3 0.0002 80 30 100
14 EtOH/H,0 (1:1) Na,CO3 0.0004 80 5 100
15 EtOH/H,0 (1:1) Na,CO3 0.0004 60 15 100

5GC (n-hexane as internals standard) and TLC (n-hexane or n-hexane: ethyl acetate 9:1) conversions.
¢ Reactions conditions: p-Cl—Ph—Br (1 mmol), PhB(OH), (1 mmol), base (2 mmol), nanocatalyst (g), solvent (3.0 ml).
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Table 2

Suzuki cross-coupling reaction of various aryl halides.®.
Entry Ar-X ArB(OH), Time (min) Yield” (%)° TON® TOF¢
1 Ph—Br PhB(OH), 15 98 4083 16332
2 p-OHC—PhBr PhB(OH), 20 97 4041 12123
3 p-Me—Ph—I PhB(OH), 10 100 4167 25002
4 p-Cl—-Ph—Br PhB(OH), 5 99 4125 49500
5 p-NC—Ph—Br PhB(OH), 10 96 4000 24000
6 p-MeOC—Ph—Br 3,4,5-tri-flouro-PhB(OH), 15 97 4041 16164
7 p-Br-Ph—Br 3,4,5-tri-flouro-PhB(OH), 10 95 3958 23748
8 p-MeO—Ph—1 3,4,5-tri-flouro-PhB(OH), 15 100 4167 27780
9 p-NC—Ph—Cl p-Me—PhB(OH), 120 94 3917 1958
10 p-Me—Ph—I p-Me—PhB(OH), 10 100 4167 25002
11 p-MeO—Ph—1 p-Me—PhB(OH), 15 98 4083 16332
12 Ph—Br p-Me—PhB(OH), 10 99 4125 24750
13 p-H,N—Ph—Br m-MeO—PhB(OH), 20 94 3917 11751
14 p-OHC—Ph—Br m-MeO—PhB(OH), 15 96 4000 16000
15 p-Cl—-Ph—Br m-MeO—PhB(OH), 10 97 4041 24246
16° p-Br-Ph—Br m-MeO—PhB(OH), 15 95 3958 15832
17 Ph—Cl m-MeO—PhB(OH), 180 45 1875 625
18 p-Me—Ph—I Thiophene-B(OH), 30 92 3833 7666
19 p-Cl-Ph—Br Thiophene-B(OH), 30 70 2917 5834
2 Reaction conditions: aryl halide (1 mmol), phenylboronic acid (1 mmol), Na,COs (2 mmol), nanocatalyst (0.0004 g, mol% Pd), H,O: EtOH (1:1) (3 ml), 80 °C.
b Isolated yield. Full conversions (100%) were achieved in all cases except entries 17 and 19.
€ Turnover number: moles of product per mole of Pd.
4 Turnover frequency: moles of product per mole of Pd per hour.
e

ArX:ArB(OH); (1:2).

'
@ Fe,05 \
®pd

Fig. 7. Reusability of the Fe,03@FLG@PdC catalyst.

leaching during the cross coupling reaction. In a typical reaction, a
mixture of 0.0004 g of the Fe,03@FLG@Pd° catalyst in 3 mL water:
ethanol (1:1) was prepared and left to stir at 80 °C for 10 min, and
then the catalyst was magnetically removed from the hot reaction
mixture. 1-Bromo-4-chlorobenzene, phenylboronic acid and
NayCO3 were added to the filtrate and continued at 80 °C for the
time specified in Table 2. The filtrate showed no catalytic activity
and no coupling product was detected, indicating that no catalyt-
ically active palladium remained in the filtrate.

To show the merit of the present work, we compared the ach-
ieved results with the previously reported graphene-based palla-
dium catalysts in the synthesis of 4-methyl-biphenyl via cross
coupling of 1-iodo-4-methyl-benzene with phenylboronic acid
(Table 3). The results obtained with this catalytic system are su-
perior to others in terms of catalytic efficiency (higher TON and
TOF), so that it gave a better yield in shorter time with lower
loading of palladium catalyst under mild reaction conditions.

3.5. Catalytic activity studies in homo coupling reaction

In continuation of the investigation of catalyst efficiency, we
also evaluated the catalytic activity of Fe,03@FLG@Pd° catalyst in
the homo coupling reaction of aryl halides. To find the best
experimental conditions, the homo coupling reaction of 1-
bromo-4-chloro-benzene was carried out with K,CO3 as base
and using different solvents. As presented in Table 4, the best
results were obtained in DMF at 110°C and 0.0001 g of nano-
catalyst (mol% Pd).

With the optimum reaction conditions in hand, this catalytic
system was applied for the homo coupling reaction of various aryl
halides (Scheme 3). Electron-withdrawing (NO,, CN, COMe, Cl and
Br) and electron-donating (Me, OMe and NH>) aryl halides pro-
duced symmetrical biphenyl products efficiently (Table 5).

4. Conclusions

In conclusion, a nano-sized magnetic graphene nanocomposite
with high magnetic and excellent dispersibility was prepared by
electrochemical exfoliation of graphite foil. One-step synthesis,
environmentally-friendly route, mild conditions (acid and corro-
sive material free) and simple reaction set up are the advantages of
proposed methodology. After the immobilization of palladium
nanoparticles, the efficiency of prepared catalyst was investigated
in coupling reactions. Symmetrical and unsymmetrical biphenyls
were obtained in high yields at short reaction times.
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Table 3
Comparison of catalytic performance of Fe,0;@FLG@Pd° with different graphene-based palladium catalysts in the coupling reaction of 1-iodo-4-methyl-benzene and phe-
nylbronic acid.

Entry Catalytic system Conditions Time Yield (%) TON TOF Ref.
1 GA@FSNP@Pd (0.28 mol %) Solvent-free 0.5 88 314 628 [41]
90°C
2 Pd—Fe304/rGO (0.06 mol %) H,O0:EtOH (1:1) 05 9 1600 3200 [31]
80°C
3 GO/NHC—Pd (1 mol %) H,0 12h 70.5 70.5 5.87 [21]
100°C
4 GO-CPTMS@Pd-TKHPP (10 mol %) H,O0:EtOH (1:2) 10 min 97 9.7 58.2 [22]
80°C
5 GO/Fe304/PAMPS/Pd (0.2 mol %) H,O:EtOH (1:1) 2 100 500 250 [34]
80°C
6 GO—NHC—Pd (1 mol %), DMF:H,0 (1:1) 1 94 94 94 [42]
50°C
7 NHC—Pd/GO-IL (0.1 mol %) H,O0:EtOH (1:1) 25 98 980 392 [43]
60°C
8 Pd/Nf—G (0.3 mol %) H,0:EtOH (1:1) 15 93 310 206.7 [26]
80°C
9 Pd—Ni(20)/RGO H,0:EtOH (1:1) 9 96.4 5355.5 595.1 [44]
(0.018 mol% Pd) 30°C
10 GO—2N—Pd(II) EtOH 0.5 99 198 396 [45]
(0.5 mol %) 80°C
11 Pd NPs-HNG (0.025 mol) H,0:EtOH (1:1) 25 98 3920 1568 [24]
60°C
12 Fe,0;@FLG@Pd° H,0:EtOH (1:1) 10 min 100 4167 25002 This work
0.024 80°C
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Optimization of reaction conditions for the homo coupling reaction.®.
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