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First heterogeneous catalytic system, having a covalently linked hybrid bidentate organotellurium ligand
lie., PnTe-CH,-CH,—-NH,] on the surface of graphene oxide, has been synthesized with immobilized
and stabilized Pd(0) nanoparticles. To the best of our knowledge, it is the first such catalytic system in
which a heterogenized organotellurium ligand has been used. It has been well-characterized using
different physicochemical characterization techniques viz. P-XRD, XPS, HR-TEM, EELS, FE-SEM, EDX,
TGA, BET surface area analysis, FT-IR spectroscopy, and Raman spectroscopy. The Pd content of the
final system has been quantified using ICP-OES. Its applications have been explored in Suzuki—Miyaura
C-C cross coupling and C-O cross coupling reactions. Hot filtration experiments corroborate the
heterogeneous nature of the catalysis. It is recyclable for up to five reaction cycles in Suzuki—Miyaura
and C-O cross coupling with marginal loss in performance. It also catalyzes the reactions of
chloroarenes such as chlorobenzene, 4-chloroaniline, 1-chloro-4-nitrobenzene, 4-chloroacetophenone,
4-chlorobenzophenone for and 1-chloro-4-nitrobenzene, 4-chlorobenzonitrile,

Suzuki coupling,

chlorobenzene, and 4-chlorotoluene for C-O coupling. P-XRD, FE-SEM, and EDX study reveals that the
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Introduction

In catalysis, chemists use ligands as tools because minute
changes in their steric and electronic properties have a signifi-
cant impact on the performance, properties and functioning of
the catalyst. Such changes can also be used to influence the
catalytic reactions. The impact of ligand's structure on catalytic
processes has been investigated both experimentally’™ and
theoretically.’** In the case of coupling reactions, which are
heavily applied tools in chemical transformations, bond-
making and bond-breaking processes are very important. A
variety of ligands, including Schiff bases, pincer ligands, and
heterocyclic compounds such as triazoles and pyridines, have
become well-known for synthesizing transition metal catalytic
systems for such reactions.”**® Additionally, over the last
decade, a variety of organosulphur and organoselenium ligands
have also been explored for designing homogeneous, hetero-
geneous, and nanocatalytic systems for such reactions.’**
However, the use of organotellurium ligands is very much

Department of Chemistry, School of Physical Sciences, Doon University,
Dehradun-248001, India. E-mail: akumar.ch@doonuniversity.ac.in; arunkaushik@
gmail.com

available. See DOL

+ Electronic  supplementary information

https://doi.org/10.1039/d4ra03401e

(EST)

27092 | RSC Adv,, 2024, 14, 27092-27109

catalytic system retains its structural originality and functionality after recycling.

limited, and that too only to the designing of homogeneous
complexes.”** Unlike organosulphur and organoselenium
ligands, they have been rarely used in designing heterogeneous
or nanocatalytic systems.

In heterogeneous catalytic systems, an appropriate inert
support (oxide of metals,** silica,* double hydroxides of
layered structure® and graphene/graphene oxide***’) is used to
immobilize the metal nanoparticles* or coordination complex
of the metal.** Such catalytic systems are known for their
specific advantages including efficiency, selectivity, high
conversion rate, surface area, and reusability under mild
conditions.***” Stabilizing the noble metal nanoparticles with
organic capping agents (i.e. stabilizers) is common, but these
stabilizers can impact catalytic activity due to their binding to
the metal surface.*® However, if small nanoparticles of uniform
size are immobilized over the surface of a solid support to
obtain a stable catalytic system, high activity may be achieved
due to the high surface area to volume ratio and high pop-
ulation of catalytically active surface Pd atoms. Such modifica-
tion and functionalization of the surface of the solid support
with nanoparticles are very advantageous from the point of view
of desired catalytic properties for specific applications.* Among
various solid supports used for this purpose, graphene oxide is
very attractive because of its unique electronic structure,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanical strength, and chemical stability.>® It has epoxy and
hydroxyl groups at the basal planes and carboxylic groups at the
edges of the sheets.* Materials of tremendous potential have
been synthesized by grafting nanomaterials on graphene oxide
(GO).** Graphene/GO embedded with palladium nanoparticles
are known as potent species for catalyzing multiple reactions
e.g., C-C cross coupling, and C-O coupling reactions.**"**

Tellurium, a metalloid, is distinct from other elements in its
group, and its chemistry has been relatively understudied
despite its unique properties. Organotellurium compounds
have distinct characteristics compared to similar sulphur and
selenium derivatives. Due to the presence of Te, such
compounds are known to possess antioxidant,*® anti-inflam-
matory,** neuroprotective,”” chemopreventive,” and gluta-
thione peroxidase® like activities. In some cases, they also
possess toxic effects to the central nervous systems of various
rodents and mammals, which can lead to mutagenicity and
carcinogenicity.®® They may also have a dual biological func-
tioning. Depending on the biological redox environment, they
may have both harmful and helpful effects.®**® When Te is
present in the framework of the organic compounds, they may
behave as ligands. Hence, they can also be used as potentially
valuable candidates in catalyst development.?”**7% The
combination of tellurium and palladium demonstrates syner-
gistic effects and potential for enhanced catalytic perfor-
mance.*>”° It has, therefore, been thought worthwhile to modify
the surface of GO with immobilization of hybrid organo-
tellurium ligand, i.e., Ph-Te-CH,-CH,-NH,, through covalent
interactions so that a novel system may be obtained having
a combination of chelating donor (Te and N) groups on the
surface of GO. Presence of such donor groups allows the system
to offer strong binding sites to the Pd NPs and hold them effi-
ciently without any significant agglomeration and leaching
problems. It may also lead to the development of Pd NPs based
stable and recyclable catalytic system. A pair of Te and N donor
groups, ie., a combination of soft and hard donor sites capable
of chelating, is also worth exploring in the context of hetero-
genized form. Thus, the GO surface modified with covalently
linked Te donor site containing primary amine is reported
herein for the development of heterogeneous catalytic system
having Pd NPs. It has the potential to efficiently catalyze Suzuki
coupling and C-O coupling reactions at low catalyst loading. Pd
NPs immobilized on heterogenized organotellurium compound
(i.e., tellurated ethyl amine) on the surface of GO and their
application in the catalysis of the coupling reactions is reported
for the first time to the best of our knowledge. The catalytic
system [i.e., nanosized GO-TeN-Pd(0)] is highly stable, efficient,
heterogeneous and reusable. These reactions, catalyzed with it,
could be beneficial, as these reactions are considered as
important tools in the synthesis of agrochemical, pharmaceu-
tical, and perfume industry.”*”*

Results and discussion
Synthesis of GO-TeN-Pd(0) nanocatalyst

Hummers' method”™ has been adopted to produce graphene
oxide (Scheme 1) which is required for the development of the
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Scheme 1 Protocol for surface modification of graphene oxide with
organotellurium ligand and immobilization of Pd(0) nanoparticles onto
Te, N ligand-functionalized graphene oxide.

heterogeneous catalytic system. It is subjected to wet chemical
treatment in the next step to functionalize it with hydroxyl,
epoxide, and carboxyl groups. 2-(Phenyltelluro)ethylamine has
been synthesized using reported procedure.” The GO structure
has COOH groups which have the ability to form chemical
bonds with 2-(phenyltellanyl)ethanamine (Ph-Te-CH,-CH,-
NH,) through an amide linkage. However, it is preferred to
increase the abundance of carboxyl groups on GO before
immobilization of the ligand. Hence, the reaction of GO has
been carried out with chloroacetic acid. It constituted a part of
the wet chemical treatment process. During this reaction, the
epoxy and hydroxyl groups of GO are targeted and converted
into COOH groups. In the next step, the treatment of the 2 was
done with thionyl chloride to convert COOH groups into ~COCl
groups (i.e., the species 3). In the next step, Ph-Te-CH,-CH,~
NH, was immobilized covalently over the 3 (i.e., functionalized
GO) using a reaction in which it has been treated (Scheme 1)
with the 3 (GO-COCI) in DMF. This system includes Te and N
bidentate donor sites. In the last step, the GO-TeN is treated
with Na,PdCl, and NaOH solution to achieve the catalytic
system [i.e., GO-TeN-Pd(0)].

Stepwise characterization of GO, GO-COOH, GO-TeN and
GO-TeN-Pd(0)

Various spectroscopic and microscopic characterization tech-
niques, including powder-XRD (Fig. 1), XPS (Fig. 2), Raman
(Fig. 3), HR-TEM (Fig. 4), HAADF-STEM (Fig. 6), FE-SEM (Fig. 7),
EELS (Fig. 8-13 and ESI Fig. $9-S11%), TGA (Fig. 14), BET
surface area studies (Fig. 15), EDS (ESI: Fig. S1-S4t), FT-IR (ESI:
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Fig. 1 P-XRD patterns of (a) GO, (b) GO—COOH, (c) GO-TeN and (d)
GO-TeN-Pd(0).

Fig. S5-S87), and ICP-OES have been used to study the struc-
tural and morphological properties of graphene oxide and its
functionalized surface at every step. All these studies corrobo-
rate the formation of the nanocatalytic system [i.e., GO-TeN-
Pd(0)].
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Powder X-ray diffraction (P-XRD)

The study of the powder X-ray diffraction (P-XRD) patterns
(Fig. 1) provide substantial evidence of the formation of
a heterogeneous catalyst. In the initial state, graphene oxide
(GO) exhibits a well-defined peak [Fig. 1(a)] at 26 = 10.5°, cor-
responding to the (001) plane, affirming the presence of GO.
Upon carboxylation of GO, this peak at 26 = 10.5° vanishes,
giving way to a new broad peak [Fig. 1(b)] at 26 = 24.4° (111).
The emergence of this (111) peak signifies the conversion of
hydroxyl (-OH) and epoxy groups in GO into carboxylic groups.
This transformation is consistent with literature reports.> The
alterations in the intensities of P-XRD patterns of GO-TeN in
comparison to GO-COOH [Fig. 1(c)] suggest the formation of
amide linkages with the ligand (Ph-Te-CH,-CH,-NH,). Addi-
tionally, peaks at 26 = 37.9° (102) and 48.8° (201) are attributed
to the presence of Te. Finally, the P-XRD pattern of GO-TeN-
Pd(0) [Fig. 1(d)] gives strong indication of the presence of
a cubic crystalline Pd(0) phase. Peaks at (hkl) 111, 200, 220, and
311, corresponding to Pd(0) nanoparticles, appear at 26 = 39.9°,
46.2°, 67.1°, and 81.5°, unequivocally confirming the existence
of the Pd(0) phase.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopic (XPS) studies (Fig. 2) have
been conducted for GO-COOH, GO-TeN, and GO-TeN-Pd(0) to
gain insights into the chemical entities incorporated during the
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employed to fit the XPS spectra (Fig. 2). In the XPS data for GO-
COOH, three distinct C 1s peaks [Fig. 2(A1)] were observed at
binding energies of 284.7, 286.7, and 288.9 eV. These peaks
attributed to sp*> carbon bonds within the graphene sheet,
carbon atoms attached to oxygen atoms via single bonds, and
the presence of carboxylic acid groups (-COOH) on the sheet's
surface. Subsequently, the XPS survey exhibits 2 discernible O
1s peaks [Fig. 2(A2)], representing C-O and C(=O)OH groups.””

Species 4 (ie., GO-TeN) contains organotellurium
compound, covalently linked on the surface of GO. Its XPS
spectrum has a single peak for N 1s [Fig. 2(B1)] and Te 3d
[Fig. 2(B3)], along with 2 prominent C 1s peaks [Fig. 2(B4)].
These C 1s peaks are attributed to the formation and existence
of the C-N bond between the ligand and sp” carbons of the
carbonyl group of GO (i.e., the graphene sheet).

Subsequently, GO-TeN is transformed (Scheme 1) into the
final nanocatalytic system, i.e., species 5 [GO-TeN-Pd(0)]. The
XPS data [Fig. 2] validates the existence of all anticipated
elements (i.e., C, N, O, Te, and Pd) in this system. The peaks,
corresponding to Pd 3ds/, & Pd 3d;,, [Fig. 2(C4)], corroborate the
presence of Pd NPs.”®®" These 3d peaks of Pd correspond to
spin-orbit splitting, resulting in 3ds, and 3dj, states. The
binding energies of the 3ds,, & 3ds, states of Pd have been
determined and found to be 335.1 eV and 340.4 eV, respectively.
The values indicate the presence of Pd in zero oxidation state.”
They are in line with reported values for Pd(0),”*" in which the
order of 3ds/, and 3d3), states follows the trend i.e., 3ds), < 3d3,.

Raman spectroscopy

Raman spectroscopy is a non-invasive tool, used for unveiling
the intricate structural and compositional traits inherent in
carbon-based materials. Raman spectroscopic studies (Fig. 3)
have been conducted systematically on graphene oxide (GO),
GO-COOH, GO-TeN, and GO-TeN-Pd(0) to understand the
changes experienced by GO during its transformation (Scheme
1) from 1 to 5 [i.e., GO-TeN-Pd(0)]. The Raman spectrum of GO
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Fig. 3 Raman spectra: (a) GO, (b) GO-COOH, (c) GO-TeN and (d)
GO-TeN-Pd(0).
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[Fig. 3(a)] has the characteristic D and G bands, located at 1358
and 1599 cm ™, respectively. However, the D band in GO-COOH
(e, 2), GO-TeN (ie., 4), and 5 [i.e., GO-TeN-Pd(0)] is seen
[Fig. 3(b)—(d)] at 1352, 1347, and 1341 cm ", respectively. On the
other hand, the G band resonates at 1591, 1584, and 1578 cm ™
in these species (i.e., 2, 4 and 5). These changes in the spectrum
suggest that the wet chemical treatment damages the carbon-
carbon conjugation in the graphene sheets.

The quantified intensity ratio of the D- and G-bands, repre-
sented as Ip/Ig, is considered as an indicator of the quality of the
graphitic structure. The reliability of this indicator is known to
be high. When pyrolyzed graphite is highly ordered, its value
asymptotically approaches zero.*” The values of Ip/I; ratios for
GO, GO-COOH, GO-TeN, and GO-TeN-Pd(0) have been
unequivocally determined and found to be 1.18, 1.43, 1.75, and
1.82 respectively. This increase (i.e., the progressive change) in
the values of the ratio from GO to GO-TeN-Pd(0) signifies
a concurrent diminishment in the dimensions of the sp®
domains and an amplification in the degree of structural
disorder and surface irregularities. This increase during the
conversion of the 4 into the 5 may be used to infer the presence
of Pd(0) nanoparticles in the 5.

High resolution-transmission electron microscopy (HR-TEM)

High resolution-transmission electron microscopic (HR-TEM)
studies (Fig. 4) provide interesting information about the
surface morphology, structure, and configuration of both GO
and the nanocatalytic system 5 [i.e., GO-TeN-Pd(0)]. The HR-
TEM images reveal that GO [Fig. 4(a)] is made up of trans-
lucent sheets exhibiting wrinkles and folds. These features are
indications of the successful exfoliation of graphene-stacked
layers during the oxidation process. Such a process is

Fig. 4 TEM images: (a) GO at 100 nm, (b)-(d) GO-Te—-Pd(0) at
100 nm, 10 nm and 5 nm respectively.

RSC Adv, 2024, 14, 27092-27109 | 27095
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Fig. 5 Size distribution graph of Pd(0) nanoparticles present in the
catalytic system.

a prerequisite for chemical functionalization of the sheets.
Spherical Pd(0) NPs have size distribution with a mean particle
size of ~9 nm (Fig. 5) are uniformly dispersed [Fig. 4(b)—(d)] over
the surface of Te and N functionalized GO sheets. HR-TEM
image Fig. 4(d) showing the lattice fringes have a distance of
0.233 nm, assigned to the Pd(0) (111) crystal plane.

High angle annular dark field scanning TEM (HAADF-STEM)
images [Fig. 6(a) and (b)] of GO-TeN-Pd(0) also reveal the
dispersion of palladium nanoparticles over the functionalized
graphene oxide sheet. The intensity of the HAADF-STEM images
depends on the thickness when the objects have homogeneous
composition. This image shows constant intensity, indicating
the presence of palladium nanoparticles.

Field emission-scanning electron microscopy (FE-SEM)

The FE-SEM images [Fig. 7(a) and (b)] of GO and GO-TeN-Pd(0)
give intriguing insights. In the case of GO, a typical layer
structure characteristic of graphene is observed [Fig. 7(a)].
Fig. 7(b) showcases the surface of telluroamine-functionalized
GO immobilized with Pd(0) nanoparticles. The SEM-EDX spec-
trum (ESI: Fig. S1-S4t), unequivocally confirms the presence of
palladium, tellurium, nitrogen, carbon and oxygen in the
nanocatalyst [i.e., GO-TeN-Pd(0)]. The atomic composition of

Fig.6 HAADF-STEM image of GO-TeN-Pd(0) at (a) 1 pm; (b) 0.2 pm.

27096 | RSC Adv, 2024, 14, 27092-27109
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Fig. 7 FE-SEM images: (a) GO and (b) GO-Te-Pd(0).

the nanocatalyst, as quantified by EDX analysis, includes
carbon (57.84 wt%), nitrogen (5.23 wt%), oxygen (22.47 wt%),
palladium (9.86 wt%), and tellurium (4.61 wt%).

Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopic studies have been carried out
(Fig. 8-13 and ESI: Fig. S9-S11f) to study the elemental
composition of graphene oxide (GO) and the nanocatalytic
system [i.e., GO-TeN-Pd(0)]. For GO, major peaks at 284 eV and
532 eV, due to the presence of carbon and oxygen in the struc-
ture, are prominent. In GO-TeN-Pd(0), additional peaks at
401 eV for nitrogen and 572 eV for tellurium are also observed.
Peak at 335 eV corresponding to the palladium is also visible in
the EELS analysis of GO-TeN-Pd(0). These results support the
formation of the solid support (GO) and the heterogeneous
catalytic system [i.e., GO-TeN-Pd(0)].

Fourier transform-infrared (FT-IR) spectroscopy

FT-IR spectroscopic investigations have been carried out. The
results are helpful in the validation of the functionalization and
chemical modification of GO and immobilization of Pd(0)
nanoparticles onto the surface of graphene oxide (GO). The FT-
IR spectrum of GO (ESI: Fig. S51) exhibits distinct bands at
3430, 1724, 1619, and 1225 cm ™. These bands correspond to
the stretching vibrations of O-H, C=0, C=C, and C-O (epoxy)
bonds, respectively. The values of these bands are in agreement
with literature reports,® and hence corroborate the formation
of graphene oxide. FT-IR spectrum of GO-COOH (ESI: Fig. S67)
shows the decrease in the intensity of the band for C-O bond of

e-x 1044

-40

-20 0 20 40 60
v

Fig. 8 Low-loss EELS spectra of GO-TeN-Pd(0).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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epoxy groups, and increase in the intensity of the band for C=0
bond. It confirms the carboxylation and functionalization on
the GO surface. When organotellurium ligand gets immobilized
and the 4 is formed (Scheme 1), novel peaks emerge at 3400,
1695 and ~1125 em ™" in IR spectrum (ESL Fig. S71). They may
be due to N-H, C=0 and C-N stretching vibrations in the
amide linkage. When GO-TeN-Pd(0) is formed (Scheme 1),
clear reduction in the intensity of the band at 3430 cm ™" (for
O-H stretching) can be noticed in the IR spectrum (ESI: Fig. S5-
S81).8* The successful development of the GO-Te-Pd(0) nano-
catalyst is validated through the emergence of novel bands at
3430, 1724, 1619, and 1225 cm ' and 3400, 1695 and
~1125 cm " for carboxyl group, and amide group linkage.
These bands have significant differences with respect to those
observed in the IR spectrum of GO (ESI: Fig. S5 and S87). Such
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Fig. 10 Oxygen K-edge (a and b) EELS spectra of GO-TeN-Pd(0).
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Fig. 11 Nitrogen K-edge (a and b) EELS spectra of GO-TeN-Pd(0).

differences are easily noticeable on matching spectrum of GO
with that of GO-TeN-Pd(0).

Thermogravimetric analysis (TGA)

The TGA curve (Fig. 14) of GO-TeN-Pd(0) NPs exhibits a minor
weight loss (approximately 9%) up to 100 °C. This loss may be
attributed to the removal of the absorbed/adsorbed molecules
of water/moisture. With the increase in the temperature beyond
250 °C, gradual weight loss occurs until complete degradation
at 800 °C. Notably, GO-TeN-Pd(0) experiences a loss of 15% in
weight up to 350 °C. The magnitude of this loss is significantly
lesser than that observed in bare GO.** This comparative anal-
ysis indicates that GO attains higher stability after immobili-
zation of organotellurium (Te, N ligand), and Pd(0)
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Fig. 12 Tellurium M-edge (a and b) EELS spectra of GO-TeN-Pd(0).
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Fig. 13 Palladium M-edge (a and b) EELS spectra of GO-TeN-Pd(0).

nanoparticles on its surface. A sharp decline in catalyst weight
at around 400 °C indicates carbon skeleton pyrolysis. These
findings imply that GO-TeN-Pd(0) is more thermally-stable
than GO. This stability is suitable in context of its catalytic
applications for C-C and C-O coupling reactions at 100 °C and
110 °C respectively.

Brunauer-Emmett-Teller (BET) studies

BET (Brunauer-Emmett-Teller) analysis has been done using
N, gas within a range of 0.05 to 1.0 P/P, at a very low tempera-
ture (i.e., 77 K) achieved with the help of liquid N,. The N,
adsorption isotherms (Fig. 15) obtained at 150 °C provide
indications about the existence of the structural differences
between GO and GO-TeN-Pd(0). The N, adsorption/desorption
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|— TGA curve of GO-TeN-Pd(0) NPs

20

300 400 500 600 700

Temperature (°C)

100 200 800

Fig. 14 TGA curve of GO-TeN-Pd(0) NPs.
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Fig. 15 N, adsorption—desorption isotherm of (a) GO and (b) GO-
TeN-Pd(0).

isotherms [Fig. 15(a) and (b)] of GO and GO-TeN-Pd(0) exhibit
characteristics aligning with type II and IV adsorption
isotherms according to the International Union of Pure and
Applied Chemistry (IUPAC) classification, along with a H3
hysteresis loop spanning from P/P, = 0.25 to P/P, = 1.0. The
presence of this H3 hysteresis loop is attributed to the presence
of plate-like particle aggregates, contributing to the formation
of slit-shaped pores.** This phenomenon arises due to the
coexistence of macroporous and mesoporous structures within
the materials. Such structures have relatively fewer micropores
in the functionalized graphene material. Presence of micropo-
rous structures, which show type I adsorption isotherm, can be
ruled out easily.

Specific BET surface area of GO and GO-TeN-Pd(0) have
been determined experimentally. The value of such an area of
the GO is 72.399 m* g . It matches with the earlier reports.®
Interestingly, this value for GO-TeN-Pd(0) is very low i.e., 27.024
m? g~ in comparison to that of GO. It can be attributed solely to
the alteration of the textural surface due to ligand immobili-
zation. Experimentally determined value (0.0476 cm® g~ ') of the
pore volume of GO is smaller than that (0.1089 cm® g~ ') of GO-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TeN-Pd(0). It may be the consequence of wet-chemical treat-
ment and functional group modification on the graphene oxide
surface.

Applications of GO-TeN-Pd(0) as heterogeneous catalyst in
C—-C coupling reaction

Suzuki-Miyaura cross coupling reaction is the most powerful
synthetic methods for the synthesis of carbon-carbon bond
formation of high value chemicals such as natural products,
agrochemical derivatives, pharmaceutical drugs, polymers, and
biologically active compounds.””” The catalytic potential of
GO-TeN-Pd(0) has been explored for the first time for the
catalysis of Suzuki-Miyaura cross coupling reaction.

Reaction conditions, which include solvent, base, reaction
temperature, time and catalyst quantity, have been optimized
for the reaction of 4-bromobenzonitrile with phenylboronic
acid. It has been considered as a model reaction for conducting
the study of catalysis.

The results indicated that the best reaction conditions
leading to high % conversions were use of potassium carbonate
(K,CO3) as a base, aqueous DMF as solvent, 20 mg as the
quantity of the catalyst (i.e., 0.108 mol% Pd), 12 hours as the
reaction time and 100 °C temperature (Table 1: entry 1).
Maximum % conversion ie., 94% was achieved under these
reaction conditions (Table 1: entry 1). However, when GO or
GO-TeN (without Pd loading) was used as a catalyst, only trace
quantities of the coupled products have been obtained (Table 1:
entries 3 and 4). When this model reaction was evaluated using
Na,PdCl, and PdCl, as a catalyst (without stabilizing ligand and
solid support), the % conversion of products was relatively low
i.e., 61% and 38% respectively (Table 1: entries 5 and 6). When
NaOH was used as the base, only 47% conversion has been
observed (Table 1: entry 8). When pure DMF was used as
a solvent without mixing it with water, suppression in catalytic
performance has been observed (Table 1: entry 7). Use of

Table 1 Results of the optimization of the reaction conditions
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combination of water (i.e., the solvent) and K,COs; (i.e., base) did
not work well (Table 1: entry 9) as it did not allow the reaction to
occur to give any significant conversion. When the reaction was
analyzed after 5 hours, low (57%) conversion has been observed
(Table 1: entry 2). The reaction did not work well at room
temperature. At this temperature, only 42% conversion has
been obtained (Table 1: entry 10). Smaller quantity (10 mg) of
the catalyst also led to low (i.e., 85%) conversion (Table 1: entry
11).

Under the optimized reaction conditions, a variety of struc-
turally divergent bromoarenes and chloroarenes can be con-
verted (Table 2) into their biphenyl products. Such products
have been authenticated by matching their proton NMR spectra
with those reported for the known compound.®”*® The efficiency
of catalytic processes varies with the nature of haloarenes for
the coupling reactions. Easy removal of halide group is usually
facilitated by the presence of electron-withdrawing group on
phenyl ring. This enhances the positive character at para posi-
tion and hence favours the nucleophilic attack in the coupling
reaction. The outcomes for the C-C coupling reactions also
demonstrate the same. Excellent % conversions (i.e., >94%) are
achieved (Table 2: entries 1, 2, 3 and 6) for the substrates (aryl
bromides) having electron withdrawing substituents (-CHO, -
COMe, -CN and -NO,) at para-position. Unlike these substrates,
when 4-bromotoluene and 4-bromoanisole (bromoarenes with
electron donating substituents) are used as substrates, the %
conversions are significantly low (Table 2: entries 4 and 8), i.e.,
73% and 61% respectively. The catalyst also performs well when
aryl chlorides, the least reactive substrates, are used (Table 1:
entries 9-13).

Applications of GO-TeN-Pd(0) as heterogeneous catalyst for
C-O coupling

The O-arylation reaction of phenol plays a crucial role in
synthetic organic chemistry and finds application in the

for C-C coupling reaction between phenylboronic acid and 4-

bromobenzonitrile®
Br
S
NC

B(OH),

—= 0

S. no. Catalyst Base Time Temp. Solvent % conversion
1 GO-TeN-Pd(0) K,CO; 12 h 100 °C DMF : water ~94%
2 GO-TeN-Pd(0) K,CO; 5h 100 °C DMF : water ~57%
3 GO K,CO; 12 h 100 °C DMF : water Trace
4 GO-TeN K,CO;3 12 h 100 °C DMF : water Trace
5 Na,PdCl, K,CO; 12 h 100 °C DMF : water ~61%
6 PdCl, K,CO; 12 h 100 °C DMF : water ~38%
7 GO-TeN-Pd(0) K,CO; 12 h 100 °C DMF ~71%
8 GO-TeN-Pd(0) NaOH 12 h 100 °C DMF : water ~47%
9 GO-TeN-Pd(0) K,CO; 12h 100 °C Water Trace
10 GO-TeN-Pd(0) K,CO; 12h Room temp. DMF : water ~42%
11 GO-TeN-Pd(0) K,CO; 12 h 100 °C DMF : water ~85%”

¢ Reaction conditions: 4-bromobenzonitrile (1.0 mmol); phenylboronic acid (1.2 mmol); catalyst (20 mg, 0.108 mol% Pd); DMF : water (4:1) 5 mL.

b Catalyst - 10 mg.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of C—C coupling reaction of different aryl halides with phenylboronic acid under optimized reaction conditions”

R X B(OH), R\_
e 0-0
R

S. no. Aryl halide Product % conversion
1 4-Bromobenzaldehyde H 6 ~99%
[1,1-Biphenyl]-4-carbaldehyde
2 4-Bromoacetophenone H;C 7 ~97%
1-([1,1’-Biphenyl]-4-yl)ethanone
D
3 4-Bromobenzonitrile 8 ~94%
[1,1-Biphenyl]-4-carbonitrile
WA
4 4-Bromotoluene 9 ~73%
4-Methyl-1,1"-biphenyl
O,
5 4-Bromobenzoic acid HO: . 10 . ~85%
[1,1’-Biphenyl]-4-carboxylic acid
6 1-Bromo-4-nitrobenzene 11 ~99%
4-Nitro-1,1"-biphenyl
7 Bromobenzene ~83%
Biphenyl
D
8 4-Bromoanisole HsC 13 ~61%
4-Methoxy-1,1’-biphenyl
9 Chlorobenzene ~78%
Biphenyl
10 4-Chloroaniline 14 ~76%
[1,1-Biphenyl]-4-amine
11 1-Chloro-4-nitrobenzene 11 ~87%
4-Nitro-1,1"-biphenyl
12 4-Chloroacetophenone HsC 7 ~83%
1-([1,1'-Biphenyl]-4-yl)ethanone
o}
13 4-Chlorobenzophenone O 15 O ~75%

PH
[1,1-Biphenyl]-4-yl(phenyl)methanone

“ Reaction conditions: aryl halide (1.0 mmol); phenylboronic acid (1.2 mmol); K,COs (2.0 mmol); DMF + water (5.0 mL); catalyst (20 mg, 0.108 mol%

Pd); time, 12 h; bath temperature, 100 °C.
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Table 3 Results of optimization of the O-arylation reaction between phenol and 1-bromo-4-nitrobenzene®

Br OH 0.
OO —, 100
O,N O,N

S. no Catalyst Base Time Temp. Solvent % conversion
1 GO-TeN-Pd(0) K,CO3 16 h 110 °C DMSO ~99%
2 GO K,CO; 16 h 110 °C DMSO ~13%
3 GO-TeN K,CO3 16 h 110 °C DMSO ~10%
4 Na,PdCl, K,CO; 16 h 110 °C DMSO ~58%
5 GO-TeN-Pd(0) NaOH 16 h 110 °C DMSO ~77%
6 GO-TeN-Pd(0) K,CO; 16 h 110 °C EtOH ~48%
7 GO-TeN-Pd(0) K,CO; 16 h 110 °C H,0 Trace
8 GO-TeN-Pd(0) K,CO; 16 h Room temp. DMSO ~51%
9 GO-TeN-Pd(0) K,CO; 6h 110 °C DMSO ~57%

¢ Reaction conditions: 1-bromo-4-nitrobenzene (1 mmol); phenol (1.1 mmol), solvent (5.0 mL); catalyst 20 mg (0.108 mol% Pd).

synthesis of numerous industrially significant products.?*' The
GO-TeN-Pd(0) nanocatalyst also has the potential to catalyze
C-0 coupling reaction between phenol and a diverse range of
substituted chloroarenes and bromoarenes. Preliminary inves-
tigations were conducted on the reaction between 1-bromo-4-
nitrobenzene and phenol to optimize the reaction conditions
(Table 3). The results (Table 3: entry 1) indicate that the best
reaction conditions include the use of dimethyl sulfoxide (the
solvent), presence of K,COj; (the base), 110 °C temperature,
20 mg quantity of GO-TeN-Pd(0) nanocatalyst and reaction
time of 16 hours.

The results of catalysis of C-O coupling reactions (Table 4) of
different aryl halides (substrates) are highly interesting. The
conversions achieved are remarkably high. Under the optimized
reaction conditions, a variety of structurally divergent bro-
moarenes and chloroarenes can be converted (Table 4) into
their diphenyl ether products. Such products have been
authenticated by matching their proton NMR spectra with those
reported for the known compounds.®” The efficiency of the
catalytic processes varies depending on the nature of the bro-
moarenes and chloroarenes.

The nanocatalytic system [i.e., GO-TeN-Pd(0)] shows the
ability to arylate the phenol even with some chloroarenes (e.g.,
1-chloro-4-nitrobenzene, 4-chlorobenzonitrile, chlorobenzene,
and chlorotoluene) with significant conversions ranging from
49 to 97% (Table 4: entries 2, 4, 6 and 8). It is worth noting that
only a few heterogeneous nanocatalytic systems have been re-
ported to exhibit such ability.*-*>58792-% The coupling reactions
involving 1-bromo-4-nitrobenzene with phenol exhibited the
highest conversion of approximately 99% (Table 4: entry 1).
Good conversion rates (57-99%) of the desired products were
achieved in the coupling reactions of 1-bromo-4-nitrobenzene,
4-bromobenzonitrile, bromobenzene, and bromotoluene with
phenol (Table 4: entries 1, 3, 5 and 7). The presence of electron-
withdrawing substituents on the aromatic ring of the aryl
halides led to higher reactivity (Table 4: entries 1-4). However,
the presence of an electron-donating group (i.e., CH;) on the

© 2024 The Author(s). Published by the Royal Society of Chemistry

aryl halide (Table 4: entries 7 and 8) has a deactivating effect,
resulting in lower product yields in the reaction.

To conclude the nature of catalysis, hot filtration tests were
carried out for both Suzuki coupling and C-O coupling reac-
tions. 4-Bromobenzonitrile was used as the substrate for Suzuki
coupling and 1-chloro-4-nitrobenzene was used to arylate
phenol in C-O coupling reaction. After 4 hours of reaction, the
catalyst was extracted from the reaction mixtures via centrifu-
gation. At this stage, the conversion of the reaction mixture, as
assessed through "H-NMR spectroscopy, was 72% for Suzuki
coupling and 84% for C-O coupling. Subsequently, the reaction
mixtures were divided into two equal portions. In one portion,
the catalyst [GO-TeN-Pd(0)] was reintroduced, and the reaction
was allowed to continue for additional 8 hours. The other
portion was subjected to heating and stirring without adding
any catalyst. Interestingly, the conversion of the reactant into
the product remained almost unchanged in the reaction
mixtures (for both Suzuki coupling and C-O coupling) of the
portion which did not contain the catalyst. On the other hand,
% conversions in other sets of experiments (in which the cata-
lyst was reintroduced in the reaction mixture) increased from
72% to 94% (for Suzuki coupling) and from 84% to 97% (for
C-0 coupling reaction). These observations and results provide
compelling and unequivocal evidence for the heterogeneous
nature of the catalysis and rule out any ambiguity regarding the
leaching of Pd(0) NPs or other Pd(0) species from the hetero-
geneous catalyst, i.e., GO-TeN-Pd(0), into the reaction mixture.

Recyclability of GO-TeN-Pd(0) heterogeneous catalyst

From both environmental and economic perspectives, the
ability to recover and reuse a catalyst offers distinct advantages.
This particular aspect of the present catalyst was meticulously
examined in the context of the Suzuki coupling as well as C-O
coupling reactions. In Suzuki coupling, the recyclability was
studied for the reaction between phenylboronic acid and 1-
bromo-4-nitrobenzene under optimized conditions. In the case
of C-O coupling reaction, the experiments were conducted for

RSC Adv, 2024, 14, 27092-27109 | 27101
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Table 4 O-Arylation reaction of different aryl halides with phenol under optimized reaction conditions®

X X OH X (o)
0
R1/ R1/

S. no. Aryl halide Product % conversion
o0
1 1-Bromo-4-nitrobenzene N 16 ~99%
1-Nitro-4-phenoxy benzene
2 1-Chloro-4-nitrobenzene /©/ \© ~97%
1-Nitro-4-phenoxy benzene
3 4-Bromobenzonitrile /©/ \© ~79%
4-Phenoxybenzonitrile
O.
4 4-Chlorobenzonitrile NC/©/ 17\© ~71%
4-Phenoxybenzonitrile
0.
5 Bromobenzene ©/18\© ~83%
Diphenyl ether
0.
6 Chlorobenzene ©/18\© ~76%
Diphenyl ether
0.
7 4-Bromotoluene H3C/©/ 19\© ~57%
1-Methyl-4-phenoxybenzene
O.
8 4-Chlorotoluene /©/ \© ~49%
\C 19

1-Methyl-4-phenoxybenzene

“ Reaction conditions: aryl halide (1.0 mmol); phenol (1.2 mmol); K,CO; (2.0 mmol); catalyst (20 mg, 0.108 mol% Pd); time, 16 h; bath temperature,

110 °C; DMSO, 5.0 mL.

the reaction between 1-chloro-4-nitrobenzene and phenol to
understand the reuse of the catalyst. The results (Fig. 16)
unequivocally demonstrate that the catalyst GO-TeN-Pd(0)
shows almost similar catalytic activity up to four reaction cycles.
Thereafter, a slight decrease in fifth cycle has been observed.
After successfully completing five reaction cycles in the C-O
coupling reaction, comprehensive examination and character-
ization of the catalyst have been done using P-XRD (Fig. 17), FE-
SEM (Fig. 18), and EDX (ESIL: Fig. S12-S14, Table S3t) tech-
niques. The results of these analyses convincingly demonstrate
the presence of active catalytic sites in the catalytic system even
after the completion of five reaction cycles. It gives strong

27102 | RSC Adv, 2024, 14, 27092-27109

indication about the remarkable robustness and stability of the
catalyst.

The 20 mg quantity of the catalytic system, GO-TeN-Pd(0), is
applied to catalyze the reactions. Analysis, done using ICP-OES
technique, indicates that it is equivalent to catalyst loading of
0.108 mol%. In the reaction of bromobenzene (PhBr) with
phenylboronic acid in the solvent mixture of DMF and H,O at
100 °C in the presence of K,CO; (base) for 12 hours, 83%
conversion has been achieved. This system is quite efficient in
comparison to some other heterogeneous catalysts reported for
the Suzuki-Miyaura cross-coupling reaction.*”**'°  For
instance, Pd-Fe;0, heterodimer nanocrystals (Table 5: entry 1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Recyclability Studies of GO-TeN-Pd(0)

Fig. 16 Recyclability of the GO-TeN-Pd(0) in the C-C and C-O
coupling reaction under optimized conditions.

work to catalyse the reaction [between bromobenzene and
phenylboronic acid] in DME/H,0 in presence of Na,CO; and
give the product in 70% yield after 24 hours of reaction under
reflux conditions when the concentration of such crystals in the
reaction mixture is 1.0 mol%.*® Similarly, for the catalysis of the
reaction [between 4-bromoaniline and phenylboronic acid] in
ethanol in the presence of sodium carbonate (Na,COs) at 70 °C,
1.0 mol% quantity of the HMMS-NH,-Pd (Table 5: entry 2) is
required to give the product in 74% yield after 16 hours.””
Fe;0,@CS-SB@Pd is a very interesting catalyst from the point
of view of reaction time, catalyst loading and temperature.’® It
allows the formation of the product in the reaction [between
bromobenzene and phenylboronic acid] in very high (99%) yield
in extremely short (30 minutes) reaction time (Table 5: entry 8).
It works at 0.2 mol% concentration at 50 °C in PEG-200 ie., the
solvent in the presence of potassium carbonate (K,CO3)."*® In
terms of catalyst loading, the present heterogeneous catalyst
i.e., GO-TeN-Pd(0) system shows remarkable performance. For
the reaction [between bromobenzene and phenylboronic acid],
it performs the catalysis at low catalyst loading and gives the

+GO
& Te
4 Pd(0)

Recycled GO-TeN-Pd(0)

+
(111)

Intensity (a.u.)

2 Theta (degrees)

Fig. 17 P-XRD of recycled GO-TeN-Pd(0) nanocatalyst.
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Fig. 18 FE-SEM image (at 500 nm) of recycled GO-TeN-Pd(0)
nanocatalyst.

product in high yield. Pd@graphene oxide is a known hetero-
geneous catalyst'® which works at 6.4 mol% concentration
(Table 5: entry 7) to lead the formation of the product in 80%
yield. The Pd-adenine@boehmite is an attractive catalyst
because it allows the catalysis to occur in water.'” It is also
better than the present catalyst in terms of other parameters
such as reaction time and temperature (Table 5: entry 9). It can
give the product in appreciable yield i.e., 90% [for the reaction
between bromobenzene and phenylboronic acid] at 80 °C
within 1.4 hours As far as the concentration of the catalyst is
concerned, its performance is not at par with the present cata-
lyst (Table 5: entry 9)."** It works when it is used in 0.65 mol%
concentration in the presence of Na,CO;. Overall, the GO-TeN-
Pd(0) catalytic system shows good performance. Its ability to
perform at low catalyst loading is worth highlighting. Moreover,
it also has the ability to convert aryl chlorides into the coupled
products.

Ability to function at low concentration (i.e., loading) is an
attractive feature of the present catalyst i.e., GO-TeN-Pd(0) for
O-arylation of phenol (i.e., C-O coupling reaction) too. Its ability
to perform the catalysis of the arylation reaction of phenol even
with chloroarene makes it an attractive system. Such ability is
found only with a few heterogeneous nanocatalytic systems
(Table 6: entries 1-8). When it is used in 0.108 mol% concen-
tration, 76% conversion has been achieved for the reaction
[between chlorobenzene and phenol] in DMSO in the presence
of potassium carbonate (i.e., K,COj3) at 110 °C in 16 hours. Its
comparison with other known catalysts is quite
interesting.*"*>*>87:92-9 For instance, Fe;0,@Si0,@SePh@Pd(0)
works at 1.0 mol% concentration and gives the product in 70%
yield (Table 6: entry 1) in aqueous medium in the presence of
NaOH at 80 °C.*” Fe;0,@Si0,-BT-Cu is attractive because it has
an inexpensive metal i.e., copper. However, it works at nearly 18
times higher concentration (i.e.,, equal to 2.0 mol%) in
comparison to the present catalyst to produce the desired
compound in 71% yield (Table 6: entry 2) for the reaction
[between chlorobenzene and phenol] in eutectic solvent (i.e.,
PhCl/urea) in presence of K,COj; at 100 °C in 24 hours.”> The

RSC Adv, 2024, 14, 27092-27109 | 27103
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Table 5 Comparison with known heterogeneous catalyst for Suzuki—Miyaura cross coupling reaction between bromoarene/derivatives and

phenylboronic acid

Entry Catalytic system Catalyst loading Reaction conditions Yield (%) Reference
1 Pd-Fe;0, heterodimer nanocrystals 1.0 mol% Na,CO;, DME/water, reflux 24 h 70 96

2 HMMS-NH,-Pd 1.0 mol% K,COs, ethanol, 70 °C, 16 h 74° 97

3 Pd(u)-NHC complex 1.0 mol% K,CO3, DMA, 100 °C, 24 h 67 98

4 NHC-Pd(u) complex 1.0 mol% Cs,CO;, toluene, 80 °C, 12 h 54 99

5 Pd NPs@CMC/AG 1.0 mol% K,COs, H,0, 60 °C, 0.5 h 807 100

6 Pd NPs@APC 1.8 mol% K,CO3;, MW, 5 min 88® 101

7 Pd@graphene oxide framework 6.4 mol% K,CO3;, DMF, 80 °C, 8 h 80 102

8 Fe,0,@CS-SB@Pd 0.2 mol% K,COs, PEG-200, 50 °C, 30 min 99 103

9 Pd-adenine@boehmite 0.65 mol% Na,CO;, H,0, 80 °C, 1.4 h 90 104

10 OCMCS-SB-Pd(n) 0.4 mol% K,CO;, EtOH/H,0, 50 °C, 2 h 96 105

11 NHC-Pd(11) complex 1.0 mol% K,CO3, DMA, 100 °C, 24 h 67 106

12 OCMCS-3a-Pd 0.04 mol% K,COs, toluene, 100 °C, 48 h 70° 107

13 Pd-graphene hybrids (~4 nm Pd NPs) 1.1 mol% K;PO,, H,0, SDS, 100 °C, 5 min 29 108

14 GO-Pd,S 0.5 mol% K,CO;3, ethanol/water, 80 °C, 6 h 78 109

15 GO-Pd,S nanospheres 0.2 mol% K,CO3;, ethanol/water, TBAB, 80 °C, 5 h 19 110

16 GO-TeN-Pd(0) 0.108 mol% DMF/H,0, K,COj3, 100 °C, 12 h 83” Present system

@ 4-Bromoaniline. ® % conversion.

GO-Pd;,Se;s system is one of those rare and interesting cata-
lytic system which have the ability to perform the reaction at
room temperature.*! It works at 1.0 mol% loading, and gives the
product in slightly higher (i.e., 73%) yield in a short reaction of 3
hours in DMSO/K,CO; (Table 6: entry 3).** Cu NPs-reduced
graphene oxide is another catalyst which has low-cost metal
i.e., copper. Its low quantity (50 mg) is sufficient to catalyse the
reaction [between 1-chloro-4-nitrobenzene and phenol] and give
the product in 66% yield (Table 6: entry 5) at 120 °C in DMSO in
12 hours in the presence of Cs,CO; i.e., the base which is more
expensive than K,COj;.** There are some other catalytic systems
(Table 6: entries 6-9) which are known for this reaction. They
work at higher catalyst loading in comparison to the present
system. 39>

Experimental section
Materials and chemicals

Graphite fine powder, bromobenzene and its derivatives was
supplied by M/S Alfa Aesar. Phenylboronic acid, ethyl alcohol,

N,N-dimethylformamide (DMF), chloroacetic acid, potassium
carbonate, sodium borohydride, 2-chloroethylamine hydro-
chloride, diphenylditelluride, sodium tetrachloropalladate,
potassium permanganate, sodium nitrate, hydrogen peroxide,
and thionyl chloride were procure from Merck Life Science
Private Limited (India). Other chemicals and solvents were
purchased from local suppliers and utilized in the same form as
received without any purification or drying. To assess the
conversions attained in the Suzuki-Miyaura and C-O cross
coupling processes, 'H-NMR spectroscopic technique was used.

Instrumentation and analysis

The "H-NMR spectra were acquired using a JNM ECX-500 NMR
spectrophotometer operating at 500 MHz. The JEM 3200FS
electron microscope, which runs at 300 kV, was used to perform
TEM investigations at the Department of Metallurgical and
Materials Engineering in Indian Institute of Technology, Roor-
kee. In order to prepare the sample for analysis using trans-
mission electron microscopy (TEM), the powder was dispersed
properly and uniformly in methanol utilizing a probe sonicator.

Table 6 Comparison table with heterogeneous catalysts reported in literature for C-O coupling reaction between phenol and chloroarenes

Entry Catalytic system Catalyst loading Reaction conditions Yield (%) Reference
1 Fe;0,@Si0,@SePh@Pd(0) 1.0 mol% H,0, NaOH, 80 °C, 6 h 70 87

2 Fe;0,@Si0,-BT-Cu 2.0 mol% PhCl/urea, K,COj3, 100 °C, 24 h 71 92

3 GO-Pd,Se 5 1.0 mol% DMSO, K,COg, r.t., 3 h 73 41

4 GO-Cu, ¢S 1.25 mol% DMSO, K,CO;, 120 °C, 8 h 58 12

5 Cu NPs-reduced graphene oxide 50 mg DMSO, Cs,CO3, 120 °C, 12 h 66 45

6 Cul-zeolite (USY) 10.0 mol% DMF, Cs,CO3, 120-140 °C, 24 h 65 93

7 CuO-Ui0-66-NH,-MLm 50 mg DMSO, KOH, 150 °C, 24 h 30 94

8 Fe;0,@5i0,@PPh,@Pd(0) 1.5 mol% H,O, NaOH, 80 °C, 3.5 h 83 95

9 Pd,¢S, NPs 0.5 mol% DMSO, K,CO3, 100 °C, 3 h 64” 111

10 GO-TeN-Pd(0) 0.108 mol% DMSO, K,CO;, 110 °C, 16 h 76° Present system

“ 1-Chloro-4-nitrobenezene. * Bromobenzene. ¢ % conversion.
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The slurry was deposited onto a copper grid with a porous
carbon film and allowed to dry in the air. In addition, electron
energy loss spectroscopy (EELS) was performed using a JEM
3200FS electron microscope. The analysis of surface
morphology and elemental composition was performed using
FEI-Quanta FEG 200F model of scanning electron microscope
with energy-dispersive X-ray spectroscopic (SEM-EDX) equip-
ment. Powder X-ray diffraction (P-XRD) experiments were con-
ducted using a SmartLab 9 kW rotating anode X-ray
diffractometer. X-ray photoelectron spectroscopic (XPS)
studies were conducted using the Nexsa base (Thermo Fisher)
spectrometer. The Raman spectra were acquired using a Horiba
LAB RAM HR evolution confocal microdispersive Raman spec-
trometer, with a 532 nm solid-state laser operating in the
standard mode. BET studies were performed using the BEL-
SORP Mini X instrument. TGA analysis was carried out using
Shimadzu DTG-60 instrument to understand the thermal
stability of the catalyst. FT-IR spectra were recorded on Shi-
madzu IRSpirit to study the change in the functional groups
during the process of the formation of the catalytic system.
Palladium content of the GO-TeN-Pd(0) catalyst was deter-
mined by ICP-OES analysis using Thermo Fisher Scientific iCAP
PRO instrument. When it was required, an inert atmosphere
using nitrogen gas was created and maintained using Schlenk
techniques. Most of the reactions were conducted under
ambient conditions, utilizing oven-dried glassware.

Synthesis of graphene oxide (GO)

Hummers' method was utilized to convert graphite powder into
graphene oxide.” In this method, 1.0 g of graphite powder was
mixed with 0.75 g of sodium nitrate (NaNO;) in 34 mL of
concentrated H,SO,, and allowed to stir for one hour at 5 °C.
Thereafter, 4.5 grams of potassium permanganate (KMnO,)
were introduced slowly into the reaction mixture. During this,
the temperature was maintained at around 5 °C. This reaction
mixture was agitated for five days at 25 °C. Thereafter, it was
heated at 90 °C for 2 hours and mixed gently with 50 mL of
diluted H,S0, (5 wt%) along with continuous stirring. There-
after, 2.7 mL of hydrogen peroxide (30 wt%) was added to the
mixture and stirring was allowed to continue for another 3
hours. The bright yellow precipitate of graphene oxide (GO)
appeared. It was filtered, and subjected to washing. It was
initially rinsed with 30 mL of H,SO,, followed by 10 mL of H,0,,
and ultimately with 300 mL of HCI (3 wt%). This procedure was
repeated until the pH of the filtrate reached a neutral state. In
the final step, it was subjected to vacuum drying before its
subsequent utilization.

Functionalization of graphene oxide i.e. carboxylation of
graphene oxide (GO-COOH)

The wet chemical treatment process was employed to func-
tionalize graphene oxide (GO) sheets (i.e., 1) with hydroxyl,
epoxide, and carboxyl groups. The process begins with mixing
graphene oxide (i.e., 1) (200 mg) in distilled water (100 mL)
followed by ultrasonication for an hour to obtain exfoliated
graphene oxide nanosheets. Subsequently, a slurry of graphene

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxide is prepared by adding chloroacetic acid (1.0 g) and NaOH
(1.2 g). It is subjected to sonication for 2 hours, for obtaining the
2. The pH of the resulting suspension of GO-COOH (i.e., 2) is
adjusted to neutral using dilute HCI. Thereafter, distilled water
is used for washing to remove any traces of HCl. The wet
material is dried under vacuum conditions.

Preparation of GO-TeN: immobilization of (Te, N) bidentate
ligand (Ph-Te-CH,-CH,-NH,) on graphene oxide sheets

In order to obtain the acyl chloride derivative of the 2 (i.e., GO-
COOH), a suspension of its 200 mg quantity was subjected to
sonication in 2.0 mL of N,N-dimethylformamide (DMF) for an
hour. Thereafter, the suspension was stirred with an excess
amount of thionyl chloride at moderate temperature (i.e., 65 °C)
for a duration of 12 hours. It resulted in the formation of GO-
COCl (i.e., 3). The excess of thionyl chloride was eliminated
using a vacuum distillation method. The GO-COCI was sub-
jected to centrifugation, followed by washing with tetrahydro-
furan (THF). Subsequently, it was dried under vacuum
conditions. Thereafter, 100 mg of GO-COCI was mixed with
N,N-dimethylformamide (DMF) and 108 mg of 2-(phenyl-
tellanyl)ethanamine. The mixture was refluxed under inert
atmosphere of nitrogen. In the final step, the material (i.e., 4)
was separated with the help of centrifugation using ethanol,
and ultimately dried under vacuum conditions.

Synthesis of the heterogeneous nanocatalytic system [GO-
TeN-Pd(0)]

In the first step, a suspension was made by sonicating the
mixture of 50 mg of GO-TeN (i.e., the 4) with distilled water for
one hour. In the next step, a solution of 30 mg of Na,PdCl, in
water (10 mL) was poured into the suspension along with
constant stirring. The resulting mixture was left as such for 12
hours. The pH of the mixture was raised to approximately 13 by
introducing a solution of NaOH (1.0 M) in distilled water. The
alkaline mixture was agitated for 6 hours at moderate temper-
ature (i.e., 50 °C). In the final step, the 5 [i.e., GO-TeN-Pd(0)]
was washed many times with distilled water to eliminate any
residual alkali. Similar washing was also done with ethanol. The
material was dried under vacuum conditions.

Procedure for C-C coupling reaction

An oven-dried round bottom flask was employed to combine
haloarene (1.0 mmol), phenylboronic acid (1.2 mmol), K,CO3
(2.0 mmol), and 20 mg (0.108 mol% Pd) of the 5 [i.e., GO-TeN-
Pd(0)] in a solvent mixture (5.0 mL) prepared by mixing N,N-
dimethylformamide (DMF) and water in 4 : 1 ratio. The mixture
was allowed to reflux for a duration of twelve (12) hours.
Thereafter, the mixture was filtered to extract the nanocatalytic
species. The filtrate was cooled to room temperature and sub-
jected to extraction with diethyl ether. Diethyl ether component
was washed twice with distilled water. It was dried using
anhydrous Na,SO,. The dried solution was subjected to evapo-
ration under vacuum to remove the solvent and obtain the
residue. The residue was analyzed using "H-NMR spectroscopy
to ascertain the percentage conversion.
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Procedure for C-O coupling reaction

For the C-O coupling reaction, a properly dried round-bottom
flask was employed to combine 1.0 mmol of haloarene,
1.2 mmol of phenol, 2.0 mmol of K,COz; and 20 mg
(0.108 mol% Pd) of the 5 [ie., GO-TeN-Pd(0) catalyst]. The
mixture was refluxed in 5.0 mL of dimethyl sulfoxide (DMSO)
for 16 hours. Thereafter, the nanocatalyst was filtered out and
separated. The filtrate was allowed to cool to room temperature.
It was mixed and shaken with ethyl acetate to extract the organic
compounds. This solution of ethyl acetate was washed twice
with distilled water. It was dried using anhydrous Na,SO,. In
order to obtain the residue, the solvent was removed under
vacuum. '"H-NMR spectroscopic technique was used to analyze
the residue and ascertain the percentage conversion.

Hot filtration test for Suzuki coupling

Hot filtration tests were conducted for both C-O coupling and
Suzuki reactions. In the C-C coupling reaction setup, the GO-
TeN-Pd(0) nanocatalyst was mixed with 4-bromobenzonitrile
(1.0 mmol), phenylboronic acid (1.1 mmol), and K,CO; (2.0
mmol) in 5.0 mL of the solvent mixture, prepared using DMF
and water in 4:1 ratio in a round bottom flask. The reaction
mixture was stirred at 100 °C for 4 hours. Thereafter, the catalyst
was removed using centrifugation. The percentage of conver-
sion was determined in the mixture at this juncture. The cen-
trifugate was split into two portions. In one part, the catalyst
was reintroduced in the same concentration. The second part
did not contain the catalyst. Both portions were subjected to
heating and stirring further for 8 hours. Thereafter, the reac-
tions were quenched, and the conversions were estimated using
"H-NMR analysis.

Hot filtration test for C-O coupling reaction

The GO-TeN-Pd(0) nanocatalyst was mixed with 1-chloro-4-
nitrobenzene (1.0 mmol), phenol (1.1 mmol), and K,CO; (2.0
mmol) in a properly dried round bottom flask in 5.0 mL of the
solvent i.e., DMSO. The reaction mixture was stirred at 110 °C
for 2.5 hours. Thereafter, the catalyst was separated through
centrifugation, and the conversion percentage was determined.
The centrifugate was evenly divided into two portions. In one
portion, the catalyst was reintroduced in the same concentra-
tion. The second part remained devoid of the catalyst. Both
portions were heated along with stirring for 8 hours. The reac-
tions were worked-up. The conversions were evaluated through
"H-NMR analysis.

Procedure for testing the recyclability for Suzuki coupling

1-Bromo-4-nitrobenzene (1.0 mmol), phenylboronic acid (1.2
mmol), K,CO3 (2.0 mmol) were mixed with the GO-TeN-Pd(0)
nanocatalyst (50 mg) in a properly dried round bottom flask in
5.0 mL of solvent mixture prepared using DMF and water in4: 1
ratio. This mixture was stirred at 100 °C. Thereafter, the cross-
coupled product was extracted using diethyl ether, and the 5
[i.e., the nanocatalyst GO-TeN-Pd(0)] was isolated from the
solution via centrifugation. It was subjected to drying for
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subsequent utilization in a fresh C-C cross-coupling reaction.
Such reactions were repeated five times.

Procedure for testing the recyclability for C-O coupling

1-Chloro-4-nitrobenzene (1.0 mmol), phenol (1.1 mmol), K,CO3
(2.0 mmol), and 50 mg of the 5 [i.e., GO-TeN-Pd(0)] were mixed
in 5.0 mL of the solvent i.e., DMSO. The mixture was stirred at
110 °C for 16 hours. Thereafter, the cross-coupled product was
extracted using ethyl acetate. The 5 [i.e., GO-TeN-Pd(0) nano-
catalyst] was separated via centrifugation and subjected to
drying. The catalyst was used for a fresh C-O cross-coupling
reaction. This process was repeated five times, and the
percentage of the conversions were estimated in every cycle
using proton NMR spectroscopy.

Conclusion

In conclusion, an organotellurium ligand has been used for the
first time to the best of our knowledge for the development of
a heterogeneous catalyst. Ph-Te-CH,-CH,-NH, has been used
for the functionalization of the solid support ie., graphene
oxide. The immobilization of the bidentate organotellurium
ligand [i.e. (2-phenyltelluro)ethylamine] having Te (i.e., metal-
loid), and N donor sites was achieved through formation of
covalent linkages. Due to the presence of such donor sites, the
organotellurium ligand not only holds the nanoparticles of
palladium(0) but also stabilizes them in a narrow size range.
The use of such ligands as a stabilizer in heterogenized form
will open a new field of research for developing applied nano-
materials. The novel and robust heterogeneous catalyst [GO-
TeN-Pd(0)], obtained by covalently grafting hybrid (Te, N)
ligand over graphene oxide sheets, holds and stabilizes the
catalytically active Pd(0) nanoparticles. The role of the Te and N
donor sites is likely to stabilize Pd(0) and facilitate the homo-
geneous distribution of Pd(0) across the graphene oxide sheets.
The sites hold the nanoparticles strongly and prevent leaching
of catalytically active sites. This system shows remarkable
properties and potential as a heterogeneous catalyst for Suzuki-
Miyaura cross coupling and O-arylation of phenols for a wide
range of electronically divergent aryl halides including aryl
chlorides. It catalyzes the reactions at 0.108 mol% loading. It is
reusable and recyclable. Recyclability studies, carried out up to
five reaction cycles, show that some loss in the performance of
the catalyst occurs when it is recycled. The recycled catalyst has
also been characterized using P-XRD (Fig. 17), FE-SEM (Fig. 18),
and EDX (ESI: Fig. S12-S14, Table S3f) techniques, which
corroborate the retention of active catalytic sites in its recycled
form.

Data availability

Relevant data are within the paper and its ESI files. Other data
and parameters generated or analyzed during the study are
available from the corresponding author upon reasonable
request.
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