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Abstract: A cost-effective and eco-friendly method to synthesise copper

nanoparticles (NPs) using agro-waste materials is presented by us. This method

involves in-situ fabrication of Cu,0 particles on copper surfaces through gas-phase

H,0/0, stimulation, eliminating the need for conventional reducing agents. The

Cu,0/Cu NPs obtained are highly efficient in catalysing the synthesis of N-arylated

imidazole and benzimidazole derivatives. The catalytic activity arises from the

synergy between Cu(0) and Cu(I) surfaces, enabling effective C-C and C-N coupling

reactions with arylboronic acids. Moreover, the catalyst is reusable, maintaining its

efficiency across multiple cycles with minimal performance degradation.
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Biogenic Cuz0/Cu Nanomaterial Catalysed N-arylation of Imidazoles
and Benzimidazoles with Arylboronic acids Under External Base

Free Conditions

5.1. Introduction

Metal nanoparticles (NPs) have emerged as invaluable resources in catalysis,
enabling a vast array of chemical transformations critical to industrial applications [1,
2]. Among these, palladium nanoparticles (Pd NPs) have garnered significant
attention for their superior catalytic activity and selectivity in cross-coupling
reactions, making them indispensable in organic synthesis despite their higher cost
and limited availability. Complementing this, copper (Cu) nanoparticles, along with
their oxide forms, stand out due to copper's high natural abundance, affordability, and
adaptability in terms of morphology and crystalline structure. These features,
combined with its monodispersed crystal structures, make Cu NPs highly sought after
in catalysis. Importantly, the catalytic efficiency of Cu NPs is intricately tied to their
morphology, which directly impacts their physical and chemical properties. As a
result, extensive work was dedicated to the controlled synthesis of Cu NPs with
various oxidation states, aiming to create a diverse range of morphologies sui for

numerous applications [3, 4].

Researchers have explored and developed a wide variety of Cu-based
nanoparticles and nanocrystals to evaluate their potential across different domains.
Notably, their catalytic prowess in facilitating cross-coupling reactions has gained
particular attention as it opens new pathways in organic synthesis. Cross-coupling
reactions, such as the Ullmann [5], Sonogashira [6], Suzuki [7], Buchwald-Hartwig [8],
and Chan-Lam reactions [9], catalysed by Cu- or Pd-based systems, are instrumental
in producing intermediates vital for pharmaceuticals, biologically active compounds,
materials chemistry, and beyond. The Ullmann reaction, a pioneering method for C-
N bond formation, has been widely used for constructing aryl amines [5].
Traditionally requiring elevated temperatures and stoichiometric amounts of copper,
it has been significantly improved in modern systems by employing ligands and
optimised catalysts that enable milder, more sustainable reaction conditions. This

reaction remains a cornerstone in synthetic organic chemistry, facilitating the
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synthesis of dyes, pharmaceuticals, and polymers. Advances in hybrid Cu
nanocatalysts have further enhanced the Ullmann reaction by offering improved
catalytic activity, substrate scope, and reusability, thereby increasing its applicability

in both academic and industrial settings [10].

Another critical tool for C-N bond formation is the Buchwald-Hartwig
amination [8], which employs palladium-based catalysts to couple aryl halides with
amines under gentler settings. This reaction is highly versatile, delivering a broad
range of N-aryl and N-alkyl products with excellent functional group tolerance. It has
become a workhorse in medicinal and materials chemistry due to its ability to
generate diverse nitrogen-containing compounds. Recent innovations, such as the
development of air-stable catalysts and ligands, have expanded the reaction's utility,
making it more practical and scalable [11, 12, 13, 14]. Furthermore, the potential to
combine palladium and copper systems has created synergistic effects that improve
the efficiency of certain C-N coupling reactions [15]. The Chan-Lam reaction, a
copper-catalysed C-N cross-coupling method, is particularly valued for its mild and
environmentally friendly conditions. It involves the coupling of amines, imidazoles, or
benzimidazoles with arylboronic acids, providing a reliable and efficient method for
synthesising N-aryl functionalities. Introduced by D. Chan, D. Evans, and P. Lam, this
reaction has evolved into a versatile tool in organic synthesis, especially in medicinal
chemistry and agrochemical development [16, 17]. Unlike many other coupling
reactions, the Chan-Lam reaction often proceeds under ambient or near-ambient
conditions, reducing energy consumption and minimising the need for specialised

equipment.

Furthermore, the reaction's compatibility with air and moisture eliminates the
need for inert atmosphere setups, making it practical for large-scale operations. Its
wide substrate scope allows for the functionalisation of complex molecules, enabling
the synthesis of bioactive compounds, agrochemicals, and advanced materials. Hybrid
Cu nanocatalysts have played a significant role in advancing the Chan-Lam reaction,
offering enhanced activity, selectivity, and reusability. The dynamic interplay
between Cu(0) and Cu(l) species in these systems improves reaction efficiency,
broadening the substrate scope and product yield [18, 19, 20]. Herein, we aimed to

develop an eco-friendly solvothermal approach for synthesising hybrid Cu NPs,
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achieving controlled in-situ Cu20 formation using a water extract of papaya peels.
Cu20/Cu NPs formed in this method have demonstrated high catalytic activity in
Chan-Lam type arylation of imidazoles and benzimidazoles with arylboronic acids.
Both phases experience reversible oxidation and the transfer of electrons between
the copper and copper (I) oxide surfaces leads to increased efficiency of the system

[21].
5.2. Experimental Section
5.2.1. Fabrication of the nanomaterial

Waste papaya peels (10 g) were rinsed with distilled water, finely chopped, and
ground in 100 mL of distilled water. The extract was filtered using a sintered glass
crucible and stored. Then, 0.5 g of copper acetate was mixed with 40 mL of the papaya
peel extract in a 100 mL Teflon-lined stainless-steel autoclave. The mixture was
stirred for 30 minutes to ensure a homogeneous solution of and extract. Finally, the
sealed autoclave was heated to 463 K (190 °C) for 7 hours to obtain a black residue.
The residue was separated using centrifugation followed by washing several times
with distilled water and methanol. Subsequent drying using a vacuum desiccator

resulted in the required material (Cuz0/Cu) (Scheme 5.1).
5.2.2. Characterisation techniques

The fabricated copper nanomaterial was characterised by several analytical
techniques to ensure comprehensive analysis of their structure and properties. Solid-
state UV /Vis spectra, covering the 200-900 nm range, were obtained using a JASCO V-
750 spectrophotometer, while infrared (IR) spectra were recorded on a Perkin Elmer
Frontier MIR FIR FTIR spectrophotometer. The Powder XRD pattern of the samples
was examined through X-ray diffraction (XRD) using a Rigaku MultiFlex instrument
with a nickel-filtered Cu Ka radiation source (0.15418 nm). For surface chemical
analysis, X-ray photoelectron spectroscopy (XPS) measurements were conducted on
a Thermo-Scientific ESCALAB Xi+ spectrometer, employing a monochromatic Al Ka X-
ray source (1486.6 eV) and a spherical energy analyser in constant analyser energy
(CAE) mode, set at 100 eV for survey spectra and 50 eV for high-resolution spectra.
Scanning electron microscopy (SEM) was performed using a JEOL JSM Model 6390 LV

scanning electron microscope at an accelerating voltage of 15 kV, along with energy
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dispersive X-ray (EDX) analysis to confirm the catalyst's elemental composition.
Transmission electron microscopy (TEM) images were captured using a JEOL JEM-
2010 instrument, offering further insight into the material's microstructure. Progress
of the organic reactions carried out were monitored using silica gel 60-F254 coated
on aluminium plates purchased from Merck and the TLC plates were visualised using
iodine and UV lamp. Finally, 1H and 13C NMR spectra were recorded on a Jeol ECS 400
MHz NMR spectrophotometer (JEOL) with tetramethylsilane (TMS) as an internal

standard.
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Scheme 5.1. Fabrication of the copper nanomaterial

5.2.3. Experimental Procedure for the N-arylation of imidazoles and

benzimidazoles with arylboronic acids

In a thoroughly cleaned and dried 25 mL round bottom flask, 1 equiv (0.5 mmol) of
the imidazole, 1.2 equiv (0.6 mmol) of the arylboronic acid and 10 wt% of the catalyst
in 4 mL of the solvent (MeOH) were taken. The reaction mixture was allowed to stir
at 60 °C for the required time. After completion (as indicated by TLC), the reaction

mixture was filtered through a plug of celite and was subjected to extraction with the
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ethyl acetate-water system (3 X 15 mL). The combined organic phased were then
dried with sodium sulfate and concentrated in vacuum to obtain the crude product.
The crude product was then purified using column chromatography (using ethyl

acetate - hexanes) to afford the pure N-arylated product (Scheme 5.2).

HO\B,OH R
N Cu cat. (Wt%) N=\
[ D+ R MeOH (4 mL), 60 °C IQ/N_@
N
1 (1 equiv) 2 (1.2 equiv) 3

Scheme 5.2. General procedure for the N-arylation of imidazoles with arylboronic

acids

5.3. Results and discussion

5.3.1. Characterisation of the Cu-nanomaterial
5.3.1.1. FTIR Analysis

The Fourier-transform infrared (FTIR) spectra of copper acetate, Cu(OAc),, and the
copper nanomaterial were recorded and are presented in Figure 5.1. The analysis of
these spectra reveals significant differences in the vibrational modes, especially in the
range of 1000-500 cm™, where metal-ligand interactions are typically observed. In
the case of copper acetate, distinct peaks appear in this region, corresponding to the
characteristic vibrations associated with Cu(Il) species bonded to acetate ligands.
However, for the nanomaterial, the diminished vibrational modes in this region

suggest a notable absence of metal-ligand interactions.

This loss indicates a decomposition or alteration of the Cu(ll) species upon
heat treatment at 190 °C, likely due to thermal breakdown or removal of the acetate
ligands. The reduction in these specific vibrational signals implies that the
nanomaterial primarily consists of decomposed copper species, possibly

transforming into Cu(I) or Cu(0) forms [22].
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Figure 5.1. FTIR Spectra of (a) Copper (II) acetate; (b) Copper nanomaterial obtained

using waste papaya peel extract
5.3.1.2. Electron microscopic and energy dispersive spectroscopic analyses

SEM imaging reveals that the nanoparticles exhibit a uniform spherical morphology,
which is often desirable for various applications due to its potential to enhance
surface area and reactivity. The spherical shape observed here indicates a controlled
synthesis process, which is crucial for achieving consistency in nanomaterial
performance across applications. Additionally, the SEM image highlights the porous
nature of the material. The pores provide channels for easy access to the surface area

within the nanoparticles, which can increase catalytic activity (Figure 5.2).

The energy dispersive spectroscopy (EDS) mapping and energy dispersive X-
ray (EDX) data of the synthesised nanomaterial are presented in Figure (a, b, ¢, and
d). The EDS mapping images highlight a uniform distribution of copper and oxygen
across the material, indicating consistent dispersion of these elements throughout the
sample. Additionally, the EDX data provides quantitative insight into the elemental
composition of the material, showing that it comprises approximately 61% carbon,

20.81% oxygen, and 17.52% copper, as displayed in Figure 5.3 (e). This composition
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suggests that carbon is the primary component, likely forming the matrix or scaffold

of the material
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Figure 5.2. SEM image of the Cu-nanomaterial showing spherical morphology
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Figure 5.3. (a)-(d) SEM-EDS mappings of the nanocatalyst; (e) EDX spectrum of the

nanocatalyst
5.3.1.3. Solid UV Spectroscopic analysis.

Figure 5.4 depicts the solid UV spectrum of the nanomaterial in comparison with
copper acetate precursor. The vanishing of the peak at 489 nm in the catalytic

material shows the reduction of Copper (II).
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Figure 5.4. Solid UV-Vis spectrum of the nanocatalyst
5.3.1.4. Transmission electron microscopy (TEM) analysis

The Transmission Electron Microscopy (TEM) images of the nanocatalyst reveal the
formation of well-dispersed nanoparticles on a carbon-rich support derived from
waste papaya peels. This sustainable carboniferous support not only provides an
environmentally friendly substrate but also enhances the distribution and stability of
the catalytic nanoparticles. High-resolution TEM (HR-TEM) images offer further
insight into the nanostructure, showing the presence of both metallic copper (0) and
copper (I) species. These are clearly distinguished by the diffraction fringes observed
in the images, with measured d-spacings of 0.2 and 0.25 nm for the (111) planes of
Cu(0), Cu(I) respectively (Figure 5.5 (a)-(c)). The presence of these two oxidation
states is significant, as it suggests that the catalyst may exhibit bifunctional properties,
potentially enhancing its catalytic activity for redox reactions by providing sites that
can facilitate electron transfer. The nanoparticles exhibit an average particle size of

6.6 nm as evident from the particle size distribution histogram (Figure 5.5 (d)).
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Figure 5.5. (a) - (c) TEM and HR-TEM images of the nanocatalyst; (d) Particle size

distribution histogram for the nanocatalyst
5.3.1.5. Powder X-Ray diffraction (PXRD) analysis

We conducted powder X-ray diffraction (XRD) analysis for copper nanoparticles
synthesised at 463 K (Cu-463K), as shown in Figure 5.6, to investigate their
crystalline nature. The XRD pattern reveals a significant feature: a weak signal at a
diffraction angle of 36.4°, which corresponds to (111) plane present in cubic Cu,0
structure, as identified by the Joint Committee on Powder Diffraction Standards
(JCPDS) file 78-2076. This indicates the formation of Cu,O due to a partial in-situ
transformation of Cu to Cu,0 at elevated temperatures. The emergence of Cu,0 can
be attributed to the reaction of copper with steam under high-temperature
conditions. While pure copper is typically not seen to undergo reaction with liquid
water, it interacts with steam to produce gaseous hydrogen and corresponding
oxides. At 190 °C, water is predominantly in its vapor phase, which increases the

likelihood of copper oxidation. This leads to the transformation of some Cu(0) species
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into Cu,0. Thus, the observed diffraction peaks confirm that high temperatures and
increased water vapor pressure play a crucial role in the oxidation process, resulting

in the formation of Cu,0 nanostructures.
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Figure 5.6. Powder XRD pattern for the synthesised nanomaterial
5.3.1.6. X-Ray Photoelectron Spectroscopy (XPS) analysis

Further confirmation of the composition and oxidation states of copper nanoparticles
(Cu NPs) in the made nanocatalyst was provided by X-ray photoelectron spectroscopy
(XPS). As shown in Figure 5.7, the in the high-resolution deconvoluted Cu 2p XPS
spectrum of the material s key peaks at 932.63 eV and 952.4 eV, correspondence to
Cu 2p3/2 and Cu 2p1/2 were observed, respectively which indicate the occurrence of
Cu(0) and Cu(I) together. The emergence of faint satellite peaks at 943.3 eV and 962.1
eV confirm the existence of Cu(l) species, corroborating the earlier observation of a
Cu,0 diffraction peak in the XRD analysis (Figure 5.6 (a)). The C 1s spectrum of the
material (Figure 5.7 (b)) shows peaks at 284.7 eV, 287.4 eV respectively, which are
due to the presence of carbon - oxygen bonds, present in the papaya peel extract used
during synthesis. Additionally, the O 1s XPS spectrum of the material (Figure 5.7 (c))
reveals a distinct signal at 530.9 eV, which is attributed to the copper oxygen bond of
Cu,0. These XPS findings confirm the formation of both metallic copper (Cu) and
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Cu,0.. The contribution of the papaya peel extract to the stabilisation of the
nanoparticles is also evident, as indicated by the carbon-related binding energy peaks
observed in the C 1s spectrum. This comprehensive characterisation reinforces the
conclusion that the synthesis conditions promote partial oxidation of Cu(0) to Cu,0

aligning with the structural observations from XRD.
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Figure 5.7. (a) Cu 2p spectrum, (b) C 1s spectrum, (c) O 1s spectrum of the

nanocatalyst
5.3.1.7. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) profile of the nanomaterial is presented below
in Figure 5.8. The initial weight loss, observed between approximately 80 °C and 150
°C, corresponds to the evaporation of volatile components and water. This accounts
for a reduction in mass of about 0.23 mg, indicating the removal of physically
adsorbed moisture and other low-boiling-point substances. A more significant weight
loss, amounting to approximately 0.32 mg, is recorded from 380 °C to 420 °C. This is
attributed to the thermal degradation of carbonaceous or carboniferous material
present in the nanomaterial, likely resulting from the breakdown of organic residues
or carbon-containing compounds. This stage signifies the thermal stability of the

material under elevated temperatures.
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Figure 5.8. TGA profile of the material
5.3.2. Optimisation of the reaction conditions

The catalytic efficiency of the synthesised Cu nanomaterial catalyst was carefully
evaluated for the C-N cross-coupling reaction between arylboronic acids and
imidazoles. To determine the optimal reaction conditions, phenylboronic acid (1a)
and imidazole (2a) were selected as model substrates. The reactions were conducted
in methanol (CH30H) at 60 °C, focusing on optimising catalyst loading, substrate
ratios, and solvent effects, as summarised in Table 5.1. When 10 wt% of the catalyst
was employed with 1 equivalent of 1a and 1.2 equivalents of 2a, the product 3a was
obtained in a 55% yield after 10 hours at 60 °C (Table 5.1, Entry 1). This relatively
low yield and longer reaction time indicated that the catalyst loading was insufficient
for efficient conversion of the starting materials. Increasing the catalyst amount to 15
wt% significantly enhanced the reaction efficiency, improving the yield to 85% and
reducing the reaction time to 7 hours under the same conditions (Table 5.1, Entry
2). A further increase in catalyst loading to 20 wt% led to an even higher yield of 90%,
showcasing that the availability of more active sites facilitated better catalytic activity
(Table 5.1, Entry 3). However, increasing the boronic acid equivalent to 1.5 did not

result in any significant advantage. Instead, the yield dropped slightly to 87% (Table
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5.1, Entry 4). This decrease may be ascribed to possible parallel processes or
unproductive consumption of the excess boronic acid. Similarly, using 1 equivalent of
boronic acid instead of 1.2 equivalents resulted in a lower yield of 83% (Table 5.1,
Entry 5), indicating that a precise balance in the substrate ratio is crucial for optimal
coupling efficiency. The effect of the reaction medium on the product yield was also
examined. When water was used as the solvent, the yield dropped to 60% (Table 5.1,
Entry 6), likely due to limited solubility of the reactants and catalyst in an aqueous
medium. Replacing methanol with 2-methyltetrahydrofuran led to no detectable
product formation after 10 hours (Table 5.1, Entry 7), indicating that this solvent
was unsuitable for the reaction. Using a 1:1 mixture of water and methanol provided
a moderate yield of 55% in 7 hours (Table 5.1, Entry 8), suggesting that methanol
alone is more effective in promoting the reaction. Furthermore, the reaction in DMF
resulted in a poor yield of only 30% (Table 5.1, Entry 9), likely due to unfavorable
interactions between the catalyst and solvent, or reduced reactivity of the substrates
in this medium. The temperature dependence of the reaction was also evaluated,
revealing that conducting the reaction at room temperature caused no product
formation. This lack of activity at lower temperatures underscores the necessity of
elevated temperatures to activate the catalyst and drive the coupling reaction
effectively. These results demonstrate the critical role of optimising reaction
parameters, including catalyst loading, substrate ratio, solvent, and temperature, in
achieving high efficiency for the C-N cross-coupling reaction The use of 20 wt% of the
catalyst, 1.2 equivalents of boronic acid, methanol as the solvent, and at 60 °C were

identified as the ideal conditions to maximise the yield of the desired product.
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Table 5.1. Optimisation of the reaction conditions

HO\B,OH
N Cu cat. (Wwt%) N=\
[N\> + @ Solvent, 60 °C IQ/N_@
:\ 2a 3a
SI.No. Catalyst (wt%) Solvent (mL) Time (h) Yield (%)l
1 10 MeOH (4 mL) 10 55
2 15 MeOH (4 mL) 7 85
3 20 MeOH (4 mL) 7 90
4 20 MeOH (4 mL) 7 871b]
5 20 MeOH (4 mL) 9 83l
6 20 H20 (4 mL) 8 60
7 20 2-MeTHF (4 mL) 10 nr.
g 20 H;0 : MeOH (1:1) ; e
(4 mL)
9 20 DMF (4 mL) 10 30
10 20 MeOH (4 mL) 10 n.r. ldl
Reaction conditions: Imidazole (1 equiv, 0.5 mmol), Phenyl boronic acid (1.2
equiv, 0.6 mmol), Solvent (4 ml), 60 °C, Ellsolated yield, Pl11a (1 equiv), 2a (1.5
equiv), [11a (1 equiv), 2a (1 equiv), [{IReaction done at r.t.

5.3.3. Substrate scope studies

With the refined reaction parameters established, the extent of the reaction was
examined using a variety of electronically varied substrates. The results of these
studies are summarised in Table 5.2. The coupling of phenylboronic acid with
imidazole yielded 90% of the product 3a in 7 hours, highlighting the effectiveness of
the catalytic system. When 4-methoxyphenylboronic acid was coupled with
imidazole, the reaction produced 82% of the product 3b in 8 hours. The usage of
sterically caught up substrates, such as 2- methyl and 3-methylphenylboronic acid,
resulted in products 3c and 3d with yields of 75% and 78%, respectively. Additionally,
reaction of 4-ethylphenylboronic acid with imidazole afforded 62% of the product 3e
in 9 hours. Using 4-tertiarybutylphenylboronic acid, 65% of the product 3f was

obtained in 10 hours. Interestingly, the coupling efficiency improved with 4-
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fluorophenylboronic acid, yielding 88% of product 3g, possibly due to the electron-
withdrawing nature of the fluorine atom enhancing reactivity. For substrates with 2-
methylimidazole, the coupling of 4-chlorophenylboronic acid yielded 70% of product
3h in 7 hours, while the coupling with phenylboronic acid resulted in a yield of 75%
for product 3i in 8 hours. In succession, 4-methylimidazole coupled with 2-
methylphenylboronic acid to give 41% of the product 3j in 9 hours. The space of the
catalytic system was further stretched to benzimidazoles. The N-arylation of
benzimidazole with phenylboronic acid delivered 83% of the product 3Kk,
demonstrating the broad applicability of the system. Substituted arylboronic acids,
such as 4-methoxyphenylboronic acid, gave 74% of product 3I in 7 hours.
Furthermore, using 3-methyl- and 4-ethylphenylboronic acids afforded products 3m
and 3n with yields of 94% and 75% in 8 and 7 hours, respectively. The coupling of 4-
nitrophenylboronic acid with benzimidazole yielded 80% of product 30 in 7 hours,
while 2-methylphenylboronic acid delivered 89% of product 3p. When 3-methyl-4-
methoxyphenylboronic acid was utilised, 81% of product 3q was obtained. Similarly,
the coupling of 4-chlorophenylboronic acid with benzimidazole resulted in an
impressive 90% yield of the product 3r in 7 hours. Lastly, the reaction of 3,4-
methylenedioxyphenylboronic acid with benzimidazole gave 81% of product 3s.
These results showcase the versatility and efficiency of the system across a wide
variety of electronically and sterically diverse substrates, making it a robust platform

for N-arylation reactions of imidazoles.
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Table 5.2. Substrate scope studies for C-N bond formation

HO. ,-OH
R
\\ N o —
E \> + R Cu cat. (20 wt%) N/\N ‘
N Solvent, 60 °C ,JQ(
H Y
1 2 3
/=N /=N /=N /=N
@—N < MeO—@-N < N N
3a, 7h, 90% 3b, 8 h, 82% 3c,8h,75% 3d,8h, 78%

8 ~ - -
OO @ @ @

3e, 9 h, 62% 3f, 10 h, 65% 39,6 h, 88% 3h, 7h, 70%
>>N /=N
o L
3i, 8 h, 75% 3j,9h, 41%
_N —N _N
~= = = =N
MeO Et/@
3k, 8 h, 83% 31,7 h, 74% 3m, 8 h, 94 % 3n, 7 h, 75%
—N _N
= = =N
Et MeO
30,7 h, 80% 3m, 8 h, 94 % 39,7 h, 81%
_N
= =N
JogeReOss
cl o@’
3r, 7 h, 90% 3s,7h, 78%

Reaction Conditions: 1 (1 equiv, 0.5 mmol), 2 (1.2 equiv, 0.6 mmol), Cu cat. (20 wt%), MeOH
(4 mL), 60 °C

5.3.4. Catalyst reusability studies

The catalyst's reusability was examined for the cross-coupling reaction under the
established reaction protocol. Our findings indicate that the catalyst retains its
activity effectively for three cycles of use, while a gradual decline in catalytic
performance was observed in both reactions, as shown in Figure 5.9. This reduction

in activity could be attributed to surface morphology changes or processes such as
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Ostwald’s thermodynamic ripening, which may cause nanoparticle aggregation and

cluster development under the effect of the solvent or over time.

80 —
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Figure 5.9. Catalyst reusability profile
5.3.5. Catalyst analysis post reuse

5.3.5.1 SEM and TEM analysis

Scanning electron microscopy (SEM) was used to analyse the retrieved catalyst to

study its morphological changes after use. The SEM images revealed that the catalyst

particles had agglomerated, forming clusters with irregular shapes. This structural

transformation likely contributes to the observed decrease in catalytic efficiency over

successive reaction cycles (Figure 5.10).
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Figure 5.10. SEM images of the catalyst post 34 catalytic cycle
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TEM image of the catalyst post reuse also highlights the agglomeration of the catalyst
post reuse (Figure 5.11).

Figure 5.11. TEM image post reuse showing agglomeration
5.3.5.2. Powder XRD analysis

Three distinct sharp peaks at 43.17°, 50.26°, and 73.93° were revealed in the PXRD
analysis of the reused catalyst sample after the third catalytic cycle, corresponding to
the crystal planes (1 1 1), (2 0 0), and (2 2 0) of fcc lattice of Cu, as identified by
comparison with the JCPDS file no. 85-1326. Additionally, a minor peak was observed
at 36.39°, which was attributed to the (1 1 1) plane of cubic Cu,0 nanostructures,
based on the JCPDS file no. 78-2076. This suggests that while the primary structure of
the catalyst remains predominantly metallic Cu, some oxidation to Cu,0 may have
occurred during the catalytic cycles, possibly contributing to the observed changes in

catalytic performance (Figure 5.12).
5.3.5.3. XPS analysis

Two distinct peaks at 934.13 eV and 953.72 eV, corresponding to Cu 2p3/2 and Cu
2p1/2, respectively, are displayed in the high-resolution deconvoluted Cu 2p XPS
spectrum of the reused catalyst. These peaks are indicative of Cu(Il) nanoparticles
(NPs) in the Cu-463K sample. This assignment is further supported by the presence
of characteristic shake-up satellite peaks at 943.52 eV and 962.87 eV (Figure 5.13
(a)), which are commonly associated with the Cu(II) oxidation state. The separation

energy peaks at 284.63 eV, 285.88 eV, and 287.09 eV are displayed in the
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highresolution C 1s XPS spectrum of the nanocatalyst, as shown in Figure 5.13 (b).
These peaks are ascribed to the carbon-oxygen bonds in functional groups. These
peaks are attributed to the C-0, C=0, and O-C=0 functional groups, respectively. The
presence of these groups indicates surface modifications or interactions of the
catalyst with the reaction medium during the catalytic cycles, potentially contributing

to changes in its chemical environment and performance.

Cu(111)
3
I
z
g Cu(200)
E
Cu,0 Cu(220)
(111)
v T v T v T T T T T T
30 40 50 60 70
20 (Degree)

Figure 5.12. PXRD pattern post 3rd cycle

Cu 2p3’2 Cu Zp
(a)

Intensity (a.u.)
Intensity (a.u.)

284 286 288 290 292
Binding Energy (eV)

930 935 940 945 950 955 960 282
Binding Enegy (eV)

Figure 5.13. a) Cu 2p and b) C 1s spectra of the reused catalyst
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5.3.6. Reaction Mechanism

The process begins with the oxidation of copper (0) in the nanomaterial to copper (II),
which enables the coordination of imidazole to the copper center. This coordination
step is followed by a transmetallation reaction, where the imidazole ligand is
transferred to the copper center, forming the aryl-imidazolyl copper (II) species (5).
After this, a reductive elimination step occurs, in which the aryl group is removed
from the copper center, leading to the regeneration of copper (0). This cycle of
oxidation, coordination, transmetallation, and reductive elimination is key to the
catalytic activity of the copper nanomaterial in various coupling reactions (Scheme

5.3).

1

HN__
1a
air (0,)
/=N
Q e
reductive
elimination N
Ar—B

transmetallatlon

2a

/ 3a
5 Ar

Scheme 5.3. Reaction mechanism for N-arylation
5.4. Conclusion

This methodology presents a cost-effective and sustainable approach for synthesising
copper nanoparticles (NPs) by utilising farm-waste materials. The direct fabrication
of copper (I) oxide NPs on the copper surface, induced by gas-phase H,0/0, stimuli
without relying on orthodox reductants, presents an environmentally welcoming
approach to metal nanoparticle synthesis. Additionally, the hybrid Cu,0/Cu NPs
enable the synthesis of a diverse range of N-arylated imidazole and benzimidazole

derivatives. The catalytic performance is attributed to the interaction between the

520| Page



Chapter5

Cu(0) and Cu(I) surfaces, which show noteworthy action in coupling reactions
involving arylboronic acids that form carbon-carbon and carbon-nitrogen linkages.
Notably, the catalyst showcases excellent reusability for C-N coupling reactions,

maintaining its activity over multiple cycles with minimal loss in efficiency.
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5.5.1H and 13C NMR Data

1. 3a. 1-Phenyl-1H-imidazole, pale yellow oil: 1H NMR (400 MHz, DMS0-D6) & 8.22
(s, 1H), 7.70 (s, 1H), 7.62 - 7.56 (m, 2H), 7.51 - 7.39 (m, 2H), 7.38 - 7.23 (m, 1H), 7.08
(s, 1H). 13C NMR (100 MHz, DMSO0O-D6) 6 137.5, 136.1, 130.5, 130.4, 127.4, 120.9,
118.5.

D0

2. 3b. 1-(4-Methoxyphenyl)-1H-imidazole, pale yellow oil: TH NMR (400 MHz,
DMSO0-D6) & (ppm) 7.72 (s, 1), 7.26 (d, ] = 7.8 Hz, 2H), 7.16 - 7.14 (m, 2H), 6.91 (d, / =
7.8 Hz, 2H) 3.8 (s, 3H). 13C NMR (100 MHz, DMS0-D6) § 159.0, 135.9, 130.8, 130.2,
123.2,119.0, 115.0, 55.6.

3.3c. 1-(2-Methylphenyl)-1H-imidazole, pale yellow oil: 1H NMR (400 MHz, DMSO-
D6) 6 (ppm) 7.58 (s, 1H), 7.33 - 7.18 (m, 5H), 7.03 (s, 1H), 2.15 (s, 3H). 13C NMR (100
MHz, DMSO-D6) & (ppm) 138.2,137.2,133.7,131.7,129.2,129.0, 127.5, 126.9, 121.4,

18.1.
NZ\
<N

4.3d. 1-(m-Tolyl)-1H-imidazole, pale yellow oil: 1H NMR (400 MHz, CHLOROFORM-
D) 6 (ppm) 8.27 - 8.15 (m, 1H), 7.67 (s, 1H), 7.47 - 7.28 (m, 3H), 7.24 - 7.05 (m, 2H),
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2.32 (s, 3H). 13C NMR (100 MHz, CHLOROFORM-D) & (ppm) 140.1, 137.4, 136.0, 130.4,
130.1,128.0, 121.4, 118.5, 117.9, 21.5.

5. 3e. 1-(4-Ethylphenyl)-1H-imidazole, colourless oil: 1H NMR (400 MHz,
CHLOROFORM-D) 6 (ppm) 7.81 (s, 1H), 7.28 - 7.23 (m, 5H), 7.17 (s, 1H), 2.71 - 2.65
(q,/=6.6 Hz, 2H) 1.27 - 1.23 (t, ] =6.6 Hz, 3H).13C NMR (100 MHz, CHLOROFORM-D)
0 (ppm) 144.0, 138.7,135.3,130.2,129.3,121.7, 118.6, 28.4, 15.6.

D
y

6. 3f. 1-(4-(Tert-butyl)phenyl)-1H-imidazole, colourless oil: 1TH NMR (400 MHz,
CHLOROFORM-D) & (ppm) 7.78 (s, 1H), 7.3 (m, 2H), 7.25 (m, 2H), 7.20 (s, 1H), 7.15 (s,
1H), 1.30 (s, 9H).13C NMR (400 MHz, CHLOROFORM-D) & (ppm) 150.6, 135.6, 134.8,
130.2,126.7,121.1,118.3, 34.6, 31.3.

'\E/\N—< s
~

7. 3g. 1-(4-Fluorophenyl)-1H-imidazole, yellow oil: 'H NMR (400 MHz,
CHLOROFORM-D) & (ppm) 7.76 (s, 1H), 7.34 - 7.31 (m, 2H), 7.18 - 7.12 (m, 4H). 13C
NMR (400 MHz, CHLOROFORM-D) 6 (ppm) 162.9, 160.5, 135.8, 133.6, 130.4, 123.5,
119.0, 116.9.
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8. 3h. 1-(4-Chlorophenyl)-2-methyl-1H-imidazole, yellow oil: 1H NMR (400 MHz,
DMSO0-D6) 6 (ppm) 7.55 - 7.53 (d, ] = 8 Hz, 2H), 7.45 - 7.43 (d, ] = 8 Hz, 2H), 7.39 (s,
1H), 6.89 (s, 1H), 2.24 (s, 3H). 13C NMR (100 MHz, DMS0O-D6) § (ppm) 137.0, 134.6,
132.9,130.0,127.9,127.5, 127 .4, 14.1.

A0

9. 3i. 2-Methyl-1-phenyl-1H-imidazole, light yellow oil: 1H NMR (400 MHz, DMSO-
D6) & (ppm) 7.52 - 7.43 (m, 2H), 7.41 - 7.38 (m, 3H), 7.23 (s, 1H), 6.88 (s, 1H), 2.24 (s,
3H). 13C NMR (100 MHz, DMS0-D6) 6 (ppm) 138.1, 130.1, 128.4, 127.7, 125.7, 121.4,
121.2,14.1.

/=N
N\a\

10. 3j. 4-Methyl-1-(o-tolyl)-1H-imidazole, yellow oil: 1H NMR (400 MHz, DMSO-D6)
8 (ppm) 7.80 - 7.77 (m, 2H), 7.59 (s, 1H), 7.37 - 7.26 (m, 3H), 2.40 - 2.37 (m, 3H), 2.31
~ 2.27 (m, 3H). 13C NMR (100 MHz, DMSO-D6) & (ppm) 137.6, 137.4, 137.2, 133.5,
131.7,128.8, 127.4, 126.7, 117.6, 18.5, 14.1.

50

11. 3k. 1-Phenyl-1H-benzo[d]imidazole, pale yellow solid: TH NMR (400 MHz,
DMSO0-D6) & (ppm) 8.52 (s, 1H), 7.82 - 7.73 (m, 1H), 7.64 - 7.48 (m, 5H), 7.41 (m, 1H),
7.31-7.21 (m, 2H).13C NMR (100 MHz, DMSO-D6) & (ppm) 144.4,143.7,136.5, 133.6,
130.6,128.2,124.1,124.0, 123.0, 120.5, 111.1.
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N=\ <>
f N OMe

12. 31. 1-(4-Methoxyphenyl)-1H-benzo[d]imidazole, pale yellow solid: TH NMR
(400 MHz, DMS0-D6) 6 (ppm) 8.42 (s, 1H), 7.79 - 7.67 (m, 1H), 7.52 (d, /= 9.0 Hz, 2H),
7.48 - 7.43 (m, 1H), 7.25 (m, 2H), 7.11 (d, / = 9.0 Hz, 2H), 3.79 (s, 3H). 13C NMR (100
MHz, DMSO-D6) & (ppm) 159.2, 144.1, 144.0, 134.1, 129.3,125.9, 123.8, 122.7, 120.4,

115.6,111.0, 56.0.
N=\ Q
o

13. 3m. 1-(3-Methylphenyl)-1H-benzo[d]imidazole, pale yellow solid: TH NMR
(400 MHz, DMS0-D6) & (ppm) 8.49 (s, 1H), 7.81 - 7.68 (m, 1H), 7.60 - 7.50 (m, 1H),
7.48 - 7.35 (m, 3H), 7.31 - 7.19 (m, 3H), 2.37 (s, 3H). 13C NMR (100 MHz, DMS0O-D6) 6
(ppm) 144.4, 143.8, 140.4, 136.4, 130.4, 130.3, 128.8, 124.7, 123.9, 122.9, 121.2,
120.5,111.2, 21.4.

-0

14. 3n. 1-(4-Ethylphenyl)-1H-benzo[d]imidazole, pale yellow solid: 1H NMR (400
MHz, CHLOROFORM-D) & (ppm) 8.09 (s, 1H), 7.89 - 7.84 (m, 1H), 7.51 (m, 1H), 7.45 -
7.35 (m, 4H), 7.35 - 7.27 (m, 2H), 2.74 (q, / = 7.6 Hz, 2H), 1.30 (t, / = 7.6 Hz, 3H). 13C
NMR (100 MHz, CHLOROFORM-D) 6 (ppm) 144.5, 144.0, 142.5, 134.0, 133.9, 129.5,
124.2,123.7,122.8,120.6, 110.6, 28.6, 15.6.
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15. 30. 1-(4-Nitrophenyl)-1H-benzo[d]imidazole, pale yellow solid: 1H NMR (400
MHz, CHLOROFORM-D) & (ppm) 8.41 (s, 1H), 8.31 (d, /= 8.2 Hz, 1H), 8.15 (s, 1H), 7.88
(d,J=8.2 Hz, 2H), 7.80 - 7.76 (m, 1H), 7.54 (d, / = 9.3 Hz, 1H), 7.37 (d, ] = 9.3 Hz, 2H).
13C NMR (100 MHz, CHLOROFORM-D) & (ppm) 149.3, 144.3, 141.8, 137.6, 133.2,
131.3,129.4,123.7,122.6,121.2, 118.8.

g@&

16. 3q. 1-(4-Methoxy-3-methylphenyl)-1H-benzo[d]imidazole, pale yellow solid:
1H NMR (400 MHz, CHLOROFORM-D) & (ppm) 8.03 (s, 1H), 7.85 (d, J = 9.2 Hz, 1H),
7.45 (d, ] =9.2 Hz, 1H), 7.36 - 7.19 (m, 4H), 6.96 - 6.94 (m, 1H), 3.90 (s, 3H), 2.29 (s,
3H). 13C NMR (100 MHz, CHLOROFORM-D) 6 (ppm) 157.6, 143.9, 142.7, 134.4, 128.7,
128.7,126.9,126.8,123.5,122.9,122.6,120.5, 110.5, 55.8, 16.5.

17. 3r. 1-(4-Chloro-3-methylphenyl)-1H-benzo[d]imidazole, yellow solid: 1H
NMR (400 MHz, CHLOROFORM-D) 6 (ppm) 8.07 (s, 1H), 7.92 - 7.82 (m, 1H), 7.54 (d, ]
= 8.9 Hz, 2H), 7.48 (m, 1H), 7.45 (d, ] = 8.9 Hz, 2H), 7.37 - 7.29 (m, 2H). 13C NMR (100
MHz, CHLOROFORM-D) é (ppm) 144.1,142.1,135.0,134.0,133.6,130.4, 125.4, 124.0,
123.1,120.9,110.3.
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18. 3s. 1-(Benzo|[d][1,3]dioxol-5-yl)-1H-benzo|d]imidazole, yellow solid: 1H NMR
(400 MHz, CHLOROFORM-D) & (ppm) 8.03 (s, 1H), 7.85 (d,/ = 9.2 Hz, 1H), 7.46 (d, ] =
9.2 Hz, 1H), 7.31 (m, 2H), 6.97 - 6.90 (m, 3H), 6.08 (s, 2H). 13C NMR (100 MHz,
CHLOROFORM-D) & (ppm) 148.8, 147.6, 142.6, 130.3, 123.7, 122.8, 120.6, 118.0,
110.5,109.0, 105.9, 105.2, 102.2, 100.0.
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5.6. Representative NMR Spectra
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Figure 5.14. 'H NMR Spectrum of
CDCls
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Figure 5.15. 13C NMR Spectrum of
CDCl3
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Figure 5.16. 'H NMR Spectrum of 3q (1-(4-Methoxy-3-methylphenyl)-1H-
benzo[d]imidazole in CDCl3)
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Figure 5.17. 13C NMR Spectrum of 3q (1-(4-Methoxy-3-methylphenyl)-1H-
benzo[d]imidazole in CDCI3)
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