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nanoparticles (Pd(0)-RGO) is described. The synthesized materials were fully characterized by different

techniques such as: XRD, FTIR, Raman, SEM, and TEM. An average particle size of 7.5 nm for the metal
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Nanoparticles (NPs) proved to be efficient materials with wide
applications in the fields of energy, environment, fine chemical
synthesis, adsorption and sensors."® Nano catalysts are more
efficacious than traditional catalysts because of their higher
surface to volume ratio, as well as increased number of active
sites.*®> Among all the nano catalysts, palladium and palladium
based nanoparticles with many applications have gained
importance in the last decade.®® Various types of Pd nano-
particle have been employed as catalysts for different coupling
reactions. Due to the recovery and reusability limitations of
pure nanoparticles, the use of supported Pd nanoparticles is
more cost effective and eco-friendly.

Over the period, numerous carbon based materials such as
activated carbon, carbon nanotubes, graphite and graphene
have been explored as supports appropriate to the catalyst
loading. Among the carbon supports, reduced graphene oxide
has evolved as attractive option to be active support, due to its
remarkable properties like optical properties, high surface area
and electrical conductivity.>*” Graphene and graphene oxide
(GO) have also gained importance as prospective support
materials for palladium-catalysed C-C coupling reactions.'®
Ullmann C-C coupling reaction, involving two aryl halides
yielding biphenyl as a selective product, has attracted
researchers’ attention in the recent past. Wang et al. reported
that palladium modified ordered mesoporous carbon (Pd/OMC)
as catalyst gave 43% biphenyl yield at 100 °C in water medium at
6 h.” Yuan et al. reported excellent yields (96%) towards C-C
coupling reaction at 80 °C in 20 h using Pd/MIL-101 as cata-
lyst.> Liyu et al. showed that MOF-253-0.05PdCl, as catalyst, the
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particles was confirmed by TEM analysis. Pd(0)-RGO demonstrated outstanding catalytic activity for
Ullmann coupling with 97% yield and good reusability (4 cycles).

reaction gives 99% yield in DMSO/EtOH (20 : 1) at 120 °C in
10 h.”* Karimi et al., obtained 95% yield of biphenyl by using Au
supported mesoporous silica at 100 °C for 16 h.”> Varadwaj
et al., obtained 96% yield of biphenyl in water medium at 80 °C
in 6 h, employing Pd(0) nanoparticles supported organ func-
tionalized clay.*

In this communication, we describe a facile and efficient
route for synthesis of Pd nanoparticles supported on reduced
graphene oxide and its efficacy as catalyst for Ullmann reaction
in water with exceptional yields (97%). Reusability test confirms
that the material is perpetual and recyclable up to four cycles.

The graphene oxide was prepared according to modified
Hummers' method.* For the preparation of Pd reduced gra-
phene oxide (Pd(0)-RGO) catalyst: 1.0 g of GO and 50 ml of
distilled water was taken in a flask and sonicated for 30 min.
Then palladium nitrate was added in the solution with GO, to
prepare 5 and 7 wt% of Pd loaded materials. The mixture was
stirred for 2 h. Then, 12 mmol of NaBH, with tetrahydrofuran
(10 ml) solvent was added to the mixture, which was constantly
stirred for 1 h. The material was filtered and washed, followed
by drying at 100 °C overnight in a vacuum oven to obtain 5-
Pd(0)-RGO and 7-Pd(0)-RGO materials.

Fig. 1 illustrates the XRD spectra of GO (a) and 5-Pd(0)@RGO
(b). In Fig. 1(a), the spectrum represents 26 = 10.75 corre-
sponding to (002) plane of GO.>>*® In case of the Pd(0) metal
modified graphene oxide material converted to Pd(0) reduced
graphene oxide [Fig. 1(b)], plane (002) at 26 = 23.11 is due to the
reducing agent.”” The angle at 260 = 40.11 and 46.79 correspond
to (111), (200) planes of Pd metal particles.?® This confirms the
presence of Pd(0) metal particles on the RGO surface.

The stretching and bending frequencies of the FT-IR spectra
of GO (a) and 5-Pd(0)-RGO (b) samples are illustrated in ESI
Fig. S1.7 In these spectra, 3400 cm ', 1740 cm ™ " and 1385 cm ™"
represent the O-H stretching, O-H bending vibration of C-OH
and C=0 stretching of -COOH groups respectively, which were
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Fig. 1 XRD spectra of GO (a) and 5-Pd(0)-RGO (b) samples.

clearly attributed to graphene oxide material.*® After modifica-
tion of Pd metal on the GO surface, maximum number of
functional groups disappeared, which is because of the
reducing agent.

Fig. 2 illustrates the Raman spectra of GO (a) and 5-Pd(0)-
RGO (b) samples. In the Raman spectra, all the samples
showed the characteristic D-bands at 1342 cm ™" and G-bands at
1595 cm '.** The intensity of the I/l ratio of normal GO
sample is 0.63, but in case of 5-Pd(0)-RGO sample, the intensity
of the Ip/Ig ratio increased to 0.69.

The SEM, TEM and particle size distribution images of 5-
Pd(0)-RGO sample are shown in Fig. 3. The SEM and TEM
images give the details about the layered sheets of the Pd(0)-
RGO sample. The uniform distribution of Pd nanoparticles on
the RGO surface was confirmed by transmitted electron
microscope monograph. The average particle size of the nano-
particles was 7.5 nm as calculated from TEM image (Fig. 3(d)).

The SEM/EDX analysis provides information on elements
present on the material. Fig. 4 illustrates the SEM/EDX and
colour mapping images of 5-Pd(0)-RGO catalyst. The images
validate the presence of Pd, C and O on the catalyst, which is
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Fig. 2 Raman spectra of GO (a) and 5-Pd@RGO (b) samples.
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Fig. 3 SEMimage of GO, scale bar =2 um (a), 5-Pd(0)-RGO, scale bar
=1 pm (b) and TEM image of GO, scale bar = 200 nm (c), 5-Pd(0)-
RGO, scale bar = 200 nm (d) catalyst.

also highlighted through their colour mapping. Fig. S2, in the
ESIt shows the binding energy of Pd. Binding energy of Pd 3d*
and Pd 3d*? were 335.7 eV and 341.08 eV, which represent the
zero-oxidation state of Pd metal. The exact amount of the Pd
metal loaded on the support surface was confirmed by ICP-MS
analysis indicating the Pd content in materials was 4.5 wt%
and 5.1 wt% respectively.

Ullmann C-C coupling is one of the valuable procedures to
produce biaryls and biaryls derivatives. C-C coupling reactions
are known to be accelerated by various Pd-based catalysts
together with organic solvents® and aqueous inorganic bases.**
As reported by Li et al., Pd/Ph-SBA-15 catalyst gave 75% yield
towards coupling product at 100 °C for 10 h.** Wan et al. re-
ported that, silica-carbon supported palladium catalyst gave
64% yields towards coupling product and also the reaction was
performed under water medium for 6 h.** Gadda et al. reported

Lpm

Fig.4 SEM/EDX with color mapping of 5-Pd(0)-RGO, scale bar =1 pum
catalyst.
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46% conversion and 91% selectivity towards biphenyl at 150 °C
in water medium with Pd/C catalyst for Ullmann coupling
reaction.*® The inherent drawbacks in these reports were
essentially long reaction times and high temperature require-
ment, which have negative impact both fiscally and
environmentally.

We report an efficient Ullmann C-C coupling reaction of two
molecules of iodobenzene with excellent yields, using potas-
sium carbonate as base and Pd(0)-RGO as catalyst. No reaction
was observed in absence of catalyst. In the preliminary studies,
when the coupling reaction was performed in presence of gra-
phene oxide (GO) for 5 h at 80 °C, reaction gave 4% yield.
Results with reduced graphene oxide (RGO) and different wt%
of Pd(0) modified RGO as catalysts, under similar conditions are
summarized in Table 1. Due to the less number of functional
group, the RGO gave 11% yields, but the 5-Pd(0)-RGO catalyst,
showed excellent yield (97%). In the coupling reaction, the aryl
radicals get trapped by the oxygen containing functional group
of GO materials compared to RGO materials. So, the catalytic
activity of GO is less compared to RGO materials. Using 7-Pd(0)-
RGO catalyst, 1% higher activity relative to 5-Pd(0)-RGO catalyst
was observed. Based on the cost effective, we choose only 5-
Pd(0)-RGO catalyst for optimization of the reaction.

We investigated efficiency of C-C coupling reactions using
different halo benzenes (ArX) with 5-Pd(0)-RGO catalyst (Table
2). An observation the results show that iodobenzene gave best
yield (97%) compared with the chloro- and bromo benzenes.
The yield of the reaction product depended upon the C-X, bond
energy. The C-1 bond easily breakdowns facilitating higher yield
of the C-C product, than with the other halides, based on bond
energies, C-I < C-Br < C-ClL

Solvent plays a vital role in improving the catalytic activity.
The effect on different solvents on the reaction yield was
investigated (Table 3). While, the polar solvents THF and DMF
gave excellent yields, nonpolar solvents like toluene gave lower
yields. With water solvent, the yield was nearly same as with
polar solvents. Therefore, water the inexpensive green solvent,
was chosen as medium for the study.

The reaction mechanism of Ullmann C-C coupling reaction
over 5-Pd(0)-RGO catalyst is represented in Scheme 1. In the first
step followed by oxidative addition, the aryl halide reacts with
Pd(0) species on catalyst surface to form a (Ar-Pd(i)-I) complex
as a reactive intermediate. Then, the (I-Pd(u)-Ar) complex reacts
with another aryl halide molecule to produce a Ar-Pd(u)-Ar and

Table 1 Catalytic activity of catalyst toward C-C reaction®

Entry Catalyst Yield (%)
1 Without catalyst —

2 GO 4

3 RGO 11

4 5-Pd(0)-RGO 97

5 7-Pd(0)-RGO 98

% Reaction conditions: time, 5 h; temperature, 80 °C; catalyst, 0.03 g;
solvent (DD water), 10 ml. Reactants: aryl halides (4.5 mmol);
HCOONa (1.10 g); KOH (1.40 g).
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Table 2 Effect of different substrates on C—C coupling reaction® over
5-Pd(0)-RGO catalyst

Entry Aryl halide Time (h) Temp (°C) Yield (%)
1 CeHsl 5 80 97
2 CeH;Cl 5 80 79
3 CeHsBr 5 80 88

¢ Reaction conditions: time, 5 h; temperature, 80 °C; catalyst 0.03 g;
solvent (DD water), 10 ml. Reactants: different aryl halides (4.5
mmol); HCOONa (1.10 g); KOH (1.40 g).

Table 3 Effect of different solvents towards C-C coupling reaction®
by 5-Pd(0)-RGO catalyst

Entry Solvent Time (h) Temp (°C) Yield (%)
1 Toluene 5 80 84
2 Water 5 80 97
3 DMF 5 80 98
4 THF 5 80 96

“ Reaction conditions: time, 5 h; temperature, 80 °C; catalyst, 0.03 g;
solvent, 10 ml. Reactants: aryl halides (4.5 mmol); HCOONa (1.10 g);
KOH (1.40 g).

I-Pd(u)-I complex. In the intermediate state, dihydrogen was
generated by sodium formate and water in presence of Pd(0).
Dihydrogen can reduce I-Pd(u)-I complex to Pd(0).** Further,
the Ar-Pd(u)-Ar complex gives Ar-Ar product and Pd(u) to Pd(0)
through reductive elimination process.

Fig. 5 illustrates the results of reusability test for Pd(0)-RGO
heterogeneous catalyst. After completion of each reaction, the
used catalyst was filtered, and washed several times in ethanol,
and dried at 100 °C. There was no loss of catalytic activity and it
is repeatedly used for four times. The catalytic activity reduced
after fourth run, due to partial leaching the metal particles.

Using a simple procedure, material with Pd nanoparticles
supported on reduced graphene was successfully prepared.

Pd(11)

KOH HCOONa Ar
H,0 Pd(II)

Reductivefelimination

@

Schemel Possible mechanism for Ullmann C-C coupling reaction by
Pd(0)-RGO catalyst.

5-Pd(0)- RGO
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Fig. 5 Recycle experiments over Pd(0)-RGO catalyst.

Pd(0)-RGO proved to be effective, stable and recyclable material
for Ullmann coupling reaction with excellent yields (79-97%) in
water medium. The particle size of metal particles was
confirmed by TEM analysis. XPS spectra validated the zero-
valent state of Pd metal.
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