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Even though metal-organic framework (MOF) materials are developing quickly, it is still very important to
develop multifunctional MOFs with different sizes and morphological attributes and use them in catalytic
applications. Cu based MOFs have garnered significant attention in the field of catalysis due to their high
catalytic performance, cost effective synthesis and natural abundance of copper which make them easily
accessible. Herein, we present an approach utilizing two Cu-based MOFs with distinct morphologies, syn-
thesized via solvothermal (CuBDC-S) and reflux methods (CuBDC-O), as heterogeneous catalysts for the
efficient synthesis of 1,4-disubstituted 1,2,3-triazoles (up to 98% yield) and 2-substituted quinazolines (up to
99% yield). The two different synthesis methods allowed us to modulate the morphology of the CuBDC (BDC-
terephthalic acid) MOFs, thereby providing a unique opportunity to investigate the impact of structural differ-
ences on catalytic performance. Our results demonstrate that these MOFs, with their tailored morphologies,
can significantly enhance catalytic activity under efficient conditions, offering good to excellent yields across a
broad substrate range. CuBDC with a cubical morphology (CuBDC-O) synthesized by the reflux method
exhibited higher efficiency in both catalytic reactions. Furthermore, to investigate the effects of morphology
and other reaction parameters, two additional CuBDC MOFs were synthesised under modified conditions, one
including a PVP assisted route (CuBDC-P) and another by an extended 24 h synthesis (CuBDC-M) while
keeping the other parameters same as those of CuBDC-O. However, our findings reveal that none of the pre-
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pared catalysts could offer better yields as compared to CuBDC-O. This work represents the first report of uti-
lizing morphology-controlled CuBDC MOFs for these two reactions, establishing a versatile and recyclable
catalytic system. Our findings demonstrate the morphology transition in MOFs as a strategic tool for advancing

rsc.li/dalton heterogeneous catalysis in the synthesis of biologically important heterocycles.

Introduction

In recent years, the design and synthesis of metal-organic
frameworks (MOFs) have attracted considerable interest in the
field of catalysis, particularly for the synthesis of heterocyclic
compounds.’™ MOFs, composed of metal nodes coordinated
with organic linkers, offer unique advantages such as high
surface area, tunable pore structures, and diverse active
sites.””® Over the past decade, researchers have put significant
efforts into developing various MOFs and looking into how
they can be utilised for real life applications. These materials
have shown their prominent potential across various fields
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including energy storage, environmental remediation, water
splitting, biomedical science, developing sensors and boosting
chemical reactions through catalysis.”™* Due to their afore-
mentioned features, MOFs are marked as ideal candidates for
heterogeneous catalysis, as they can provide robust catalytic
platforms that blend the benefits of both homogeneous and
heterogeneous systems. Their unique structural chemistry,
where the metal clusters are well separated by the organic
ligands helps in preventing catalyst deactivation, thus enhan-
cing the catalytic efficiency.">>° However, conventional homo-
geneous catalysts, while highly effective in terms of chemo-,
regio-, and enantioselectivity, often suffer from issues related
to catalyst recovery and stability during reactions. To overcome
these limitations, researchers have turned to MOFs, which not
only offer the structural stability required for liquid-phase reac-
tions but also present opportunities for catalyst recovery and
reusability.>'>*

This journal is © The Royal Society of Chemistry 2025
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One of the emerging strategies to enhance the catalytic per-
formance of MOFs lies in the morphology-controlled synthesis,
which can significantly influence the exposure of crystal facets,
distribution of active sites, and the availability of coordinatively
unsaturated metal centers. By tailoring the morphology, MOFs
can be engineered to display more accessible active sites, thus
improving their catalytic activity. This morphological tuning is
particularly crucial when the MOFs are employed in complex
organic transformations, as it directly impacts the reaction kine-
tics and the interaction between the catalyst and the
substrates.>*” Despite the progress in MOF synthesis, the
exploration of their size and morphological effects in catalysis,
especially for the synthesis of 1,4-disubstituted 1,2,3-triazoles and
2-substituted quinazolines, remains underexplored. Triazoles*®*™"
and quinazolines®*>* are highly valued in the pharmaceutical
industry due to their diverse biological activities, including anti-
bacterial, anti-inflammatory, and antitumor properties.>**® Over
the past years a number of Cu based catalysts such as Cul,>””*® Cu
(OAC),,>>*° CuMPS MOF,*" CuBTC (benzene tricarboxylic acid)
MOF,* and Fe;0,@Si0,@Cu-MOF-74" were investigated for the
synthesis of the bioactive moieties triazoles and quinazoline.
However, the synthesis methods often require harsh conditions,
expensive reagents, or extended reaction times, which limit their
practicality.

Hence taking all these factors into account, we developed
two CuBDC MOFs displaying distinct morphological features
by solely changing the method of synthesis. Characterization
techniques such as SEM, XPS, FTIR and XRD were employed
to confirm the formation and morphological features of the
synthesized MOFs. The primary novelty of our work lies in the
rational design and utilization of a structurally well-defined
Cu-based metal-organic framework (CuBDC) as a multifunc-
tional heterogeneous catalyst for the sustainable synthesis of
pharmaceutically important heterocycles, namely, 1,4-di-
substituted 1,2,3-triazoles via azide-alkyne cycloaddition (AAC)
reaction and 2-substituted quinazolines through oxidative
coupling of 2-aminobenzylamine and benzaldehyde. Unlike
most previously reported homogeneous or supported systems,
our work demonstrates how size and morphological control in
MOFs directly influences catalytic performance, offering
mechanistic insight into structure-reactivity relationships.
Among the various CuBDC samples synthesized, the CuBDC-O
catalyst, with a particle size of 2 + 0.5 pm and a homogeneous
cubic morphology, most efficiently catalyzes both the mechan-
istically distinct organic transformations under efficient reac-
tion conditions, demonstrating a level of multifunctionality
rarely reported for MOFs. Additionally, the wide substrate
scope and excellent recyclability of the catalyst are the poten-
tial striking features of our catalytic protocol.

Experimental section

Materials and reagents

Cupric chloride dihydrate (CuCl,-2H,0, 99%, Sigma Aldrich), ter-
ephthalic acid (BDC, 99%, TCI), dimethyl formamide (DMF, 99%,
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SRL), methanol (CH3;OH, SRL, 99.8%), benzyl bromide
(Spectrochem and TCI with 98% purity), sodium azide (NaNj,
99%, Spectrochem), phenylacetylene (SRL, 98%), dimethyl-
sulfoxide (DMSO, SRL,), 2-aminobenzylamine (Spectrochem),
benzaldehyde (TCI, 99%,) and all the related substrates were pur-
chased from Spectrochem with 98% purity. All chemicals were
used as received without further purification. The organic sub-
strates were isolated by column chromatography (60-200 mesh)
over silica gel. Thin-layer chromatography was performed using
silica gel 60 F,5,4 plates and visualized under UV light.

Catalyst preparation

Synthesis of a CuBDC MOF by a solvothermal method. In a
typical experimental procedure, 3 mmol of copper(u) chloride
dihydrate (CuCl,-2H,0) and 3 mmol of terephthalic acid (BDC)
were added to 30 mL of DMF-ethanol (1:1 ratio) mixture in a
round bottom flask and subjected to continuous magnetic stir-
ring. After being stirred continuously for a period of
30 minutes, the homogenous solution was transferred to a
Teflon-lined stainless-steel autoclave, maintained at 100 °C for
24 h. The obtained blue powder was isolated via centrifu-
gation, washed with DMF and ethanol, and finally oven dried
at 80 °C. This was represented as CuBDC-S.

Synthesis of a CuBDC MOF by reflux. Similarly, 3 mmol of
copper(n) chloride dihydrate (CuCl,-2H,0) and 3 mmol ter-
ephthalic acid (BDC) were added to 30 mL of DMF-ethanol
(1:1) mixture taken in a 100 mL round bottom flask and the
mixture was refluxed at 100 °C for 12 h with continuous mag-
netic stirring. The obtained blue powder was isolated via cen-
trifugation, washed with DMF and ethanol, and finally oven
dried at 80 °C. This sample was named CuBDC-O.

We also synthesised two other CuBDC MOFs, one by
extending the synthesis duration of CuBDC-O to 24 hours,
keeping all other reaction parameters constant (designated as
CuBDC-M) and the other using PVP-assisted synthesis while
maintaining identical parameters to those used for CuBDC-O,
with a fixed metal precursor to PVP ratio of 3 : 1 (CuBDC-P).

Synthesis of azides

The azides were synthesized following a reported method.*" In
brief, to a solution of acetone-water mixture (3 : 1), 20 mmol of
sodium azide (NaN;) and 10 mmol of benzyl/substituted
benzyl bromide were added. Depending on the type of azide,
the mixture was stirred for 0.5-8 h, extracted with dichloro-
methane, washed with brine and then dried using anhydrous
Na,SO,. Finally, it was concentrated under vacuum, to get the
final benzyl azide/substituted benzyl azide.

Catalytic protocol for the synthesis of 1,4-disubstituted 1,2,3-
triazoles

The impact of the morphological attributes of the synthesized
copper MOFs in catalysis was tested for triazole synthesis. In
brief, benzyl azide (0.38 mmol) and phenylacetylene
(0.46 mmol, 1.2 equiv.) were taken in a round bottom flask. To
it, an H,O-ethylene glycol mixture (30:1 ratio) and 10 mg
(0.02 mmol) of the as-synthesized CuBDC-O or CuBDC-S were
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added and the whole reaction mixture was stirred at room
temperature over a period of time. The progress of the reaction
was monitored using TLC under UV light irradiation. Upon
completion of the reaction, the product was extracted using
ethyl acetate and dried using anhydrous Na,SO,. Under
reduced pressure the organic solvent was evaporated. The
desired product was then purified by performing column
chromatography over silica gel using a mixture of ethyl acetate
and hexane, and characterised using "H and >C NMR taking
CDCl; as NMR sampling solvent.

Synthesis of 2-substituted quinazolines via coupling of
2-aminobenzylamine with benzaldehyde

In a round bottom flask, 0.1 mmol 2-aminobenzylamine and
0.12 mmol benzaldehyde were taken. To this, 2 mL of DMSO
and 15 mg (0.03 mmol) of the synthesized CuBDC catalyst
were added and stirred at 60 °C in air. Using TLC under UV
irradiation, the reaction progress was monitored. After com-
pletion of the reaction, the mixture was cooled to room temp-
erature and extracted using ethyl acetate. After that, the
organic layer was dried using anhydrous Na,SO, and concen-
trated under vacuum. Using a mixture of ethyl acetate and
hexane, the desired product was isolated and purified by per-
forming column chromatography over silica gel. The obtained
products were characterised using 'H and '*C NMR taking
CDCl; as NMR sampling solvent.

Instrumentation

Powder X-ray diffraction (XRD). XRD measurements were
carried out with a Bruker D8 Advance X-ray diffractometer
using monochromatic Cu Ka radiation (11 1.54056 A).

Scanning electron microscopy. Scanning
microscopy with energy dispersive X-ray spectroscopy
(SEM-EDAX) analysis was carried out on a Jeol 6390LA/Oxford
XMX N instrument with the accelerating voltage ranging from
0.5 to 30 kv and equipped with a tungsten filament.

UV-visible absorption spectroscopy. The sample was dis-
persed in ethanol by ultrasonication. UV-visible absorption
measurements were conducted on a Shimadzu UV-1700 UV-vis
spectrophotometer.

Fourier transform infrared (FTIR) spectroscopy. To obtain
the FTIR spectra (4000-400 cm™ '), a PerkinElmer FTIR 2000
spectrophotometer was employed.

Nuclear magnetic resonance (NMR). A Bruker Ascend
500 MHz spectrophotometer was used to record 'H and '*C
NMR spectra at 500 MHz and 125 MHz, respectively.

X-ray photoelectron spectroscopy (XPS). XPS measurements
were carried out using a PHI 5000 Versa Probe III electron
spectrometer from Physical Electronics. The binding energies
of the obtained XPS spectra were corrected with reference to
the C(1s) standard peak at 284.6 eV.

Thermogravimetric analysis. The thermal stability of the pre-
pared samples was analysed on a Mettler Toledo TGA/DSC 1
STARe analyzer.

Photoluminescence spectroscopy (PL). Room temperature
photoluminescence (RT-PL) analysis was performed on homo-

electron
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geneously dispersed samples using a Horiba Fluoromax inte-
grated compact benchtop spectrofluorometer with a lifetime
attachment.

Brunauer-Emmett-Teller (BET). The surface area and pore
sizes of the as-synthesised samples were determined using the
BET equation with the help of a Quantachrome NovaWin at
77 K.

Results and discussion

The XRD patterns of CuBDC-O and CuBDC-S are shown in
Fig. 1. The major diffraction peaks are observed at 26 values of
10.3°, 12.2°, 13.6°, 17.1°, 20.6°, 24.8°, 34.1° and 42.1°. These
peaks are attributed to the (110), (020), (111), (201), (111),
(220), (402) and (242) planes of CuBDC, respectively, indicating
that the synthesized Cu MOFs using solvothermal and reflux
methods are consistent with the known structure of the stan-
dard one.** Although CuBDC-S and CuBDC-O share the same
crystal structure, their distinct morphologies influence local
ordering and facet exposure. CuBDC-S, with a mixed cubic/
flower-like morphology, contains multiple crystal facets and
stacking faults, resulting in broadened peaks without
additional reflections, closely matching the reference pattern.
In contrast, CuBDC-O, with a uniform cubic morphology, exhi-
bits enhanced crystallinity and preferential facet orientation,
which lead to the appearance of additional weak peaks at 20 =
13° and 19°. Such morphology-dependent changes in XRD pat-
terns have been reported in other Cu-BDC systems, where the
crystal shape and growth direction alter facet exposure and
ordering without changing the overall framework topology.*>*
Nevertheless the dominant reflection matches well with the
reported CuBDC pattern, thereby validating the formation of
the targeted MOF structure. Also, upon closer inspection,
subtle differences in the intensities of specific peaks, as well
as in the intensity ratios between peaks, are observed in the
XRD patterns. These variations reflect differences in the pre-
ferred crystal orientation and the relative abundance of
exposed crystal facets arising from morphological changes
rather than alterations in the crystal phase itself. Such inten-
sity modulation without any shift in 26 values has also been
reported in other MOFs such as MOF-74 and ZIF-8, where mor-
phological transitions affected peak intensity but not lattice
periodicity.*”*®

The FTIR spectral outputs of the synthesized MOFs viz.
CuBDC-O and CuBDC-S are shown in Fig. 1b. Several IR bands
within the 1200-1000 and 1000-700 cm™" ranges were attribu-
ted to the in-plane and out-of-plane C-H bending modes. The
observed absorption peak at 1667 cm ™' was slightly lower than
that of the usual stretching vibration frequency of C=0 in the
terephthalic acid spectrum, which is typically at 1684 cm™.*°
This discrepancy is attributed to the deprotonation of the car-
boxylic acid group of 1,4-benzenedicarboxylic acid (BDC)
during the synthesis. C=C corresponded to 1512 ¢cm™, and
symmetric and asymmetric O-C-O stretching was assigned at
1395 and 1576 cm™', respectively.’® The separation between

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) PXRD patterns of CuBDC-S, CuBDC-O and reference, (b) FTIR spectra of CuBDC-S and CuBDC-O, (c) UV spectra of CuBDC-O and

CuBDC-S, and (d) PL spectra of CuBDC-O and CuBDC-S.

the two modes (symmetric and asymmetric) is a suggestive
indication that the carboxylate group (COO) of the BDC ligand
binds to the metal via a bidentate mode.”’ Moreover, the
stretching vibration signals corresponding to Cu-O identified
at 470 and 563 cm™' confirm the successful development of
CuBDC MOFs.”?

The UV-visible absorption spectra of the synthesised
CuBDC MOFs are shown in Fig. 1c. The absorption band in
the UV-Vis spectrum of CuBDC in the range of 380-450 nm
arises primarily from ligand-to-metal charge transfer (LMCT)
transitions between the carboxylate oxygen (ligand) and Cu®*
centers, which are characteristic of Cu-based MOFs. The weak
shoulder or low-intensity broad feature in the visible region
between 600 and 700 nm is attributed to intra-configurational
d-d transitions characteristic of Cu** ions in a distorted
square-planar environment, consistent with previously
reported Cu-based MOFs.>® When excited at a wavelength of
409 nm, the CuBDC MOF shows two emission peaks at 561
and 677 nm (Fig. 1d). This emission indicates the good inter-
action between the metal centre and the organic ligands and
thus the influence of its framework on electronic properties.

The morphological characteristics of the synthesised
CuBDC MOFs were examined using scanning electron
microscopy as shown in Fig. 2. The Cu MOFs produced using

This journal is © The Royal Society of Chemistry 2025

reflux and solvothermal techniques exhibit a homogeneous
cubical type and mixed morphology (hierarchical flower like
along with a cubical type) with a particle size of 2 + 0.5 um
and 20 um, respectively. The successful synthesis of the
CuBDC MOFs was also confirmed by EDX analysis reflecting
the presence of copper, carbon and oxygen in the samples
(Fig. 2g and h). Furthermore, the elemental mapping of the
synthesised materials indicates the uniform distribution of all
the constituent elements across the CuBDC-O (Fig. S1(b-d), SI)
and CuBDC-S (Fig. S1(f-h), SI) structures.

The thermal stability of the synthesized MOFs was assessed
by thermogravimetric analysis, where two distinct weight
losses are visible for both CuBDC-O (Fig. 3a) and CuBDC-S
(Fig. 3b). The removal of absorbed water and some leftover
DMF is responsible for the initial weight loss at 170 °C-
210 °C. In accordance with earlier reports, the second weight
loss step in the range of 220 °C to 440 °C is associated with
ligand breakdown i.e. decomposition of BDC and copper oxide
formation. However, it is seen that CuBDC-O exhibited its last
major degradation step at 435 °C, slightly higher than that of
CuBDC-S (425 °C). Beyond this temperature, both the curves
reached a plateau, suggesting complete degradation of the
framework and presence of stables residue. The difference in
degradation temperature reflects the influence of morphology

Dalton Trans., 2025, 54,17444-17457 | 17447
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Fig. 2 SEM images of (a—c) CuBDC-O and (d—f) CuBDC-S and SEM-EDS spectra of (g) CuBDC-O and (h) CuBDC-S.

on thermal stability, revealing that CuBDC-O is slightly more
stable than CuBDC-S.

The chemical composition of the as-synthesized MOFs was
examined by XPS analysis. Fig. 4a and e present the broad
survey spectrum of CuBDC-O and CuBDC-S, respectively,
revealing the presence of Cu 2p along with C 1s and O 1s
states in the samples. The high-resolution Cu (2p) spectrum
for both MOFs (Fig. 4b and f) show two distinct peaks at
binding energies 934.8 eV and 954.8 eV corresponding to Cu
2ps» and Cu 2py), respectively, which is in good agreement
with earlier literature reports. According to literature reports,
the Cu 2p3/, and Cu 2p,), peaks must differ by 20 eV, which is
also the case in our study.>® Furthermore, the presence Cu>* in

17448 | Dalton Trans., 2025, 54,17444-17457

the samples is confirmed by the presence of two satellite
peaks in the 940-945 eV range.”>° Fig. 4c and g show the
high resolution XPS spectra for C 1s of CuBDC-O and
CuBDCS-S, respectively, exhibiting two peaks at 284.7 and 288.8
eV corresponding to the sp®>-bonded carbon of carboxyl and
phenyl groups.”” The XPS spectra of O 1s for both the copper
MOFs exhibit a binding energy peak at 532.1 eV, which is con-
sistent with the standard value (Fig. 4d and h).”® However sig-
nificantly different signal-to-noise S/N ratios in the broad
survey spectra of XPS (Fig. 4a vs. e) are observed due to several
key factors such as the dwell time, surface properties and
surface elemental availability of the two morphologies. In
CuBDC-S, the presence of mixed cubic and hierarchical flower-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 XPS wide survey spectra of (a) CuBDC-O; CuBDC-O high resolution XPS spectra of (b) Cu 2p, (c) C 1s and (d) O 1s; XPS wide survey spectra
of (e) CuBDC-S; and CuBDC-S high resolution XPS spectra of (f) Cu 2p, (g) C 1s and (h) O 1s.
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like structures introduces multiple crystal facets and increased
surface roughness, leading to non-uniform surface termin-
ation. As a result, many Cu sites become partially buried
within interlayer regions, reducing their effective exposure to
the X-ray beam.” This limited surface accessibility, combined
with increased electron scattering from rough surfaces, attenu-
ates photoelectron signals and lowers the S/N ratio.
Conversely, CuBDC-O with its uniform cubic morphology
offers a smoother surface and greater exposure of Cu centers,
enabling stronger and clearer signals in the survey spectrum.

The textural features of the synthesized composite and
average pore diameters were examined via the Brunauer-
Emmett-Teller (BET) and BJH methods (Fig. 5). Nitrogen
adsorption-desorption isotherms (Fig. 5a) were employed to
determine the surface area and pore characteristics of CuBDC-O
and CuBDC-S. The isotherm exhibits a hybrid profile between
type I and type IV, indicative of a coexistence of microporous
and mesoporous domains. In compliance with IUPAC guide-
lines for accurate pore structure evaluation, the total pore
volume was computed from the adsorption data at a relative
pressure close to saturation (p/p, = 0.99). The BET surface areas
of CuBDC-O and CuBDC-S were found to be 58.889 m* g~ and
40.937 m*> g ', respectively, with corresponding total pore
volumes of 0.067 cm® g~* and 0.038 cm® g™ .

In order to study the effect of the transitional morphologi-
cal properties of the as-synthesized CuBDC samples in cataly-
sis, azide-alkyne cycloaddition (AAC) reaction was carried out.
A series of experiments were conducted using benzyl azide (1a)
and phenyl acetylene (2a) as model substrates at room temp-
erature. The regioselective formation of 1,2,3-triazole with high
yield (98%) was attained using CuBDC-O as the catalyst
(Table 1, entry 2), while CuBDC-S resulted in 70% yield
(Table 1, entry 5) under the same reaction conditions even
after 4 h. Furthermore, extending the reaction time for
CuBDC-S beyond 4 h i.e. for 7 h did not lead to any significant
improvement in product yield (Table 1, entry 6). Hence all the
reaction conditions are then optimised using CuBDC-O

La)

w
(3]
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—4— CuBDC-S

= - N N w
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Table 1 Optimization of reaction conditions? of 1,4-disubstituted 1,2,3-
triazoles

B

NN BN
o Parameters ‘N4 N
Br—N; + Ph—= . S )
Ph
la 2a 3aa 4aa

Yield” (%)

Entry Catalyst Temperature Time (h) 3aa 4aa
1 CuBDC-O rt 1 80 0
2 CuBDC-O rt 2 98 0
3 CuBDC-S rt 2 Trace 0
4 CuBDC-O rt 3 98 0
5 CuBDC-S rt 4 70 0
6 CuBDC-S rt 7 75 0
7 CuBDC-P rt 2 Trace 0
8 CuBDC-M rt 2 60 0

“Reaction conditions: 1a (0.38 mmol), 2a (0.46 mmol, 1.2 equiv.),
CuMOF (10 mg, 0.02 mmol), and H,O/EG (3.0 mL/0.1 mL) at rt.
b .

Isolated yield. Bn, benzyl.

(Table 2). The reaction resulted in the best yield of the desired
product in air for 2 h using water along with a few drops of
ethylene glycol as the reaction medium (Table 2, entry 4). The
higher yield of the desired product using CuBDC-O as a cata-
lyst can be attributed to its homogeneous cubic morphology
with a particle size around 2 + 0.5 pm which is less than that
of CuBDC-S (20 um). Also, the greater BET surface area of
CuBDC-O (compared to CuBDC-S) is a direct consequence of
its smaller particle size, which provides a larger exterior
surface to volume ratio. This results in a greater number of
exposed active sites, and shorter diffusion paths, thereby facili-
tating better reactant interaction and electron transfer during
the reaction, ultimately enhancing product yield. Furthermore,
MOFs with smaller particle sizes typically exhibit lower
diffusion barriers and more efficient substrate and product

—e— CuBDC-O
—=— CuBDC-S

20 30 40 50 60 70 80 90 100
Pore diameter (nm)

0 10

Fig. 5 (a) N, adsorption/desorption isotherm and (b) BJH pore size distribution of CuBDC-O and CuBDC-S.
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Table 2 Solvent effects? on the synthesis of 1,4-disubstituted 1,2,3-tri-
azoles from benzyl azide (1a) and phenylacetylene (2a)

Bn
~n-N Bn,
CuBDC-O N7 NN

N N
~ +
Solvent, temp., time I\( ph)Q/
Ph

Bn—N; + Ph

la 2a
3aa, 98%  4aa
Yield® (%)
Entry Solvent Temperature Time (h) 3aa 4aa
1 No solvent rt 2 67 —
2 H,O only rt 2 85 —
3 EG only rt 2 60 —
4 H,0:EG rt 2 98 —
5 H,0:EG rt 3 98 —
6 DMF rt 2 76 —
7 DCM rt 2 71 —
8 CH,CN rt 2 80 —
9 Toluene rt 2 Trace —
10 CHCl; rt 2 Trace —
11 H,0:EG 60 °C 2 75 15
12 H,0:EG 80 °C 2 60 20
13 DMF 60 °C 2 50 15

“Reaction conditions: 1a (0.38 mmol), 2a (0.46 mmol, 1.2 equiv.),
CuBDC-O (10 mg, 0.02 mmol), and H,O/EG (3.0 mL/0.1 mL) at rt
under air for 2 h. ” Isolated yield. Bn, benzyl.

distribution through their pores, which results in higher cata-
Iytic activity.’® In contrast, CuBDC-S with its mixed mor-
phology likely possesses buried active sites within the inter-
layers, limiting surface accessibility and consequently reducing
catalytic efficiency.

To further probe morphology-controlled effects, we con-
ducted additional synthesis experiments under modified con-
ditions. We attempted a PVP-assisted synthesis while main-
taining identical parameters to those used for CuBDC-O, with
a fixed metal precursor to PVP ratio of 3:1, aiming to direct
the formation of a uniform hierarchical flower-like mor-
phology. However, the resulting material, designated as
CuBDC-P, did not exhibit any well-defined or distinct morpho-
logical features under the applied conditions, as evidenced by
the SEM images (Fig. S2(a—c)). In a separate attempt to induce
controlled morphological variation, we extended the synthesis
duration of CuBDC-O to 24 hours, keeping all other reaction
parameters constant. This modification facilitated the partial
evolution of hierarchical features, and the resulting material,
termed CuBDC-M, displayed an intermediate morphology
between cubic and flower-like structures (Fig. S2(d-f)).

Both CuBDC-P and CuBDC-M were subsequently evaluated
for their catalytic activity in the room-temperature synthesis of
1,4-disubstituted 1,2,3-triazoles, and the results are summar-
ized in Table 1. CuBDC-P exhibited negligible catalytic
efficiency, likely due to its poorly defined morphology, empha-
sizing the importance of structural order in catalytic function
(Table 1, entry 7). Conversely, CuBDC-M showed moderate
activity, achieving a product yield of 60% within 2 hours,
which was still inferior to that of CuBDC-O (Table 1, entry 8).

This journal is © The Royal Society of Chemistry 2025
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These findings collectively demonstrate that morphological
control exerts a tangible influence on catalytic performance,
complementing the size and surface area effects discussed
earlier.

With the best solvent in hand i.e. H,O/EG (ethylene glycol)
for the reaction system (showing 98% yield), additional investi-
gation on the effects of other solvents was carried out. When
compared to non-polar solvents (Table 2, entry 9), the yield is
relatively higher in moderately polar solvents (Table 2, entries
2-5), indicating that the substrates are effectively soluble in
polar solvents. The -N; group present in azide shows good
coordination with the two-hydroxyl group of ethylene glycol,
thus creating the right conditions for all the reactants to be in
the same phase.*®' A few drops of ethylene glycol functioned
as a co-solvent, encouraging better collisions of the reactants,
thus aiding in homogenising the reaction mixture, increasing
yield (Table 2, entry 4), outperforming all other solvents. The
reaction was also carried out with EG as the only solvent to
ensure further confirmation and it was observed that a yield of
only 60% was achieved within 2 h (Table 2, entry 3). An
increase in temperature resulted in the formation of both
isomers, which can be explained based on the fact that at high
temperature thermal effects outweigh the catalytic effect, thus
disrupting the regioselectivity of the reaction (Table 2, entries
11-13). Using 10 mg (0.02 mmol) of the catalyst (Table S1,
entry 4, SI) resulted in optimum yield of the product, while
reducing the catalyst loading resulted in lower yields (Table S1,
entries 2, 3, 11 and 12, SI). We also performed the reaction in
the absence of the catalyst while maintaining all other para-
meters constant, resulting in no formation of any product
(Table S1, entry 1, SI). We also tested the reaction using the
precursors CuCl,-2H,0 and terephthalic acid separately and a
physical mixture of these precursors (1:1); however, none of
them produced higher yields than the as-synthesized
CuBDC-O (Table S1, entries 8-10).

A sequence of reactions involving different substituted
azides and aliphatic and aromatic terminal alkynes (Table 3)
were performed after establishment of the optimal reaction
conditions in order to assess the effectiveness of the created
catalytic system. With good to excellent yields, the optimised
catalytic conditions afforded a wide range of single isomeric
products, 1,2,3-triazoles, possessing both electron donating
and electron withdrawing substituents (Table 3, 3aa-3fh). The
most reactive among all the azides was discovered to be benzyl
azide and substituted benzyl azide as they participated in the
cyclization process with ease. Lower yields of products is
observed from azides with strong electron donating groups
(Table 3, 3ac-3ad) as compared to those of azides with electron
withdrawing groups (Table 3, 3ba-3da). The position of the
substituent on the azide, either at m- or p- position, was found
to have a negligible effect on the cycloaddition. Similarly,
several terminal alkynes were used to investigate the substitu-
ent effect on alkynes. Almost all alkynes exhibited a straight-
forward transition to the intended product, regardless of the
type of functional group that was attached. Excellent tolerance
to heterocyclic alkynes (Table 3, 3ff) was achieved by this pro-
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Table 3 Substrate scope of CuBDC-O for the synthesis of 1,4-di-

substituted 1,2,3-triazoles #*<%¢
~\-N
CuBDC-0 RN
Ny Ry # Ry —— —— l§<N
H,O:EG, rt, air, 2-4 h -
2
la-f 2a-h 3aa-3fh
N N N
Ph” N7 gN S gN \,
N N N
‘§< FsC l<< NC ‘\(
Ph Ph Ph
3aa, 98%° 3ba, 96%° 3ca, 95%°¢
N NH,
NN N N
N _ N=
— |
CM@A ‘\<Ph e l\<Ph Pho N~/
3da, 92% 3ea, 90%9 3ab, 91%°
N N O
_N, N= N=
N= ‘ OCH b
phvﬁf@% Ph N~/ ’ Ph\/NﬂO—\
3ac, 88%° 3ad, 85%° 3ae, 83%°

) :’Fﬁ o QN'N\‘N
P G

‘N;N

3ff, 83%° 3fg, 85%° 3th, 71%°

“Reaction conditions: azides (0.38 mmol), alkynes (0.46 mmol, 1.2
equiv.), CuBDC-O (10 mg, 0.02 mmol), and H,O/EG (3.0 mL/0.1 mL) at
rt under air. ” Isolated yield. “2 h. “3 h. °4 h.

tocol which supports the broad applicability of our catalytic
system.

The effect of our CuBDC-O catalyst has been compared with
those of other Cu catalysts in the azide-alkyne cycloaddition
reaction in order to demonstrate the merit of the present study
compared to previously reported ones (Table S3, SI).

A proposed reaction mechanism for the 1,3-dipolar cyclo-
addition reaction in the presence of the CuBDC-O catalyst was
made based on the literature (Fig. 6).°>®° In the coordinated
structure, Cu(u) was present which functioned as a Lewis acid
and catalysed the synthesis of 1,2,3-triazoles and its deriva-
tives. Based on this, the Cu intermediate (I) is created in the
first step by coordinating the phenyl acetylene to the Cu
centres in the MOF structures. In the next step the proton
from the acetylene group is abstracted and metal acetylide is
formed (II). Subsequently benzyl azide attacks the previously
formed Cu intermediate (II) and the final product is formed
following a straightforward intramolecular cyclization.

Following encouraging outcomes from the synthesis of 1,4-
disubstituted 1,2,3-triazoles the viability and applicability of
the as-synthesized CuBDC-O and CuBDC-S were investigated
for the synthesis of quinazoline also, via coupling of 2-amino-
benzylamine and benzaldehyde. A series of reactions using
2-aminobenzylamine (1a’) and benzaldehyde (2a’) as the
model substrates were carried out in order to ascertain the
ideal reaction conditions (Table 4).
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Bn_
N-N
N
Ph Ph—=——H
CuBDC-O
H* (
Ph—=—=—H
Ph.  cuBDC-0 CuBDC-0
— I
N‘\N’N\Bn
v e
Ph—==—CuBDC-0
N=N I
Nog,
Ph—==—CuBDC-O
I \
Bn-N3

Fig. 6 The proposed mechanism for the synthesis of 1,2,3-triazoles in
the presence of the CuBDC-O catalyst.

Several parameters were evaluated including catalysis time,
solvent, temperature and catalyst loading. The reaction was
initially conducted using 15 mg (0.03 mmol) of CuBDC-O in
DMSO at room temperature, affording no results even after
24 h (Table 4, entry 1). However, on increasing the temperature
to 60 °C, the reaction afforded the desired product in 99%
yield within 10 h (Table 4, entry 2), which showed the effect of
temperature on the reaction. Unlike the formation of triazoles
that proceeded at room temperature, an elevated temperature
was required herein because of higher requirement of activation
energy for condensation of 2-aminobenzylamine and benz-
aldehyde, which involves multiple reaction steps. On further
increasing the temperature to 80 °C, there was no notable differ-
ence in yield (Table 4, entry 3). On the other hand, lowering of
temperature (50 °C, 40 °C) resulted in lower yield of the product
(Table 4, entries 4 and 5). The reaction did not proceed under
neat conditions (Table 4, entry 6) and yielded less product in
polar protic solvents like methanol and ethyl acetate (Table 4,
entries 9 and 10). The conversion of reactants into products was
observed among different available solvents (Table 4), with
DMSO being considered the ideal solvent medium producing
the highest yield (99%) of the desired product (3a’a’) after 10 h
at 60 °C in air (Table 4, entry 2).

The highest yield of the product was found when 15 mg
(0.03 mmol) of the catalyst (Table S2, entry 3, SI) was used,
while lowering the catalyst loading resulted in decreased yield
of the product (Table S2, entries 2 and 10, SI). The require-
ment of a slightly higher catalyst amount (15 mg) for quinazo-
line synthesis compared to that for AAC reaction can be attrib-
uted to the higher activation energy and elevated temperature

This journal is © The Royal Society of Chemistry 2025
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Table 4 Optimization of reaction parameters for the synthesis of 2
substituted quinazoline
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Table 5 Substrate scope of CuBDC-O for the synthesis of 2-substi-
tuted quinazoline

CHO SN
o O e s

NH * DMSO, 60 °C

2

I 2ot 10h 3a'a’, 99%
Entry Solvent Temperature Time (h) Yield® (%)
1 DMSO rt 24 —

2 DMSO 60 °C 10 99%
3 DMSO 80 °C 10 99%
4 DMSO 50 °C 10 50%
5 DMSO 40 °C 10 50%
6 Neat 60 °C 10 —

7 H,0 60 °C 10 60%
8 PEG-400 60 °C 10 55%
9 Methanol 60 °C 10 40%
10 Ethyl acetate 60 °C 10 40%
11 DMSO 60 °C 6 Trace
12 DMSO 60 °C 8 50%

“Reaction conditions: 2-aminobenzylamine (0.1 mmol), benzaldehyde
£0.12 mmol), CuBDC-O (15 mg, 0.03 mmol), and DMSO (2 mL).
Isolated yield.

(60 °C) needed for this reaction. Furthermore, since the quina-
zoline synthesis involves multistep condensation and oxidative
cyclization processes, a greater number of active sites are
required to facilitate it efficiently. The reaction yielded no
product in the absence of a catalyst (Table S2, entry 5, SI). In
order to test the usefulness of the synthesized catalyst, we also
carried out the reaction with other variants such as individual
CuCl,-2H,0 and terephthalic acid and a a physical mixture of
these two (1:1), while keeping all other parameters constant,
and none yielded better results as compared to CuBDC-O
(Table S2, entries 7-9). To study the effect of the morphologi-
cal behaviour of the MOF in coupling of 2-aminobenzylamine
and benzaldehyde to form quinazoline, we expanded the cata-
lytic protocol by replacing the catalyst with CuBDC-S (Table S2,
entry 6, SI). As a result, the yield of the desired product (3a’a’)
obtained was 75%. Lower yield of 3a’a’ can be assigned to the
formation of a mixed morphology in CuBDC-S, reducing the
amount of exposed surface area, thereby blocking the active
sites of Cu. As a consequence, the diffusion of reactant mole-
cules was hindered resulting in decreased yield of the desired
product.

After the optimal conditions were determined, substituted
benzaldehydes were added for analyses to confirm the proto-
col’s functional group tolerability. Different aldehydes reacted
with 2-aminobenzylamine to afford the expected 2-substituted
quinazolines in good to excellent yields, regardless of the elec-
tronic effect of the substituent in the aromatic ring. Table 5
provides a summary of the findings.

A proposed mechanism for the synthesis of 2-substituted
quinazoline using CuBDC-O as a catalyst is shown in Fig. 7 in
accordance with experimental findings (BET, XPS and SEM)
and previous literature reports. The larger surface area, abun-

This journal is © The Royal Society of Chemistry 2025
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dance of coordinatively unsaturated Cu®" sites, and the pres-
ence of oxygen atoms from the carboxylate linkers in CuBDC-O
collectively facilitate the oxidative cyclization pathway, thereby
promoting the efficient formation of quinazolines. At first the
exposed Cu®" sites in CuBDC-O interact with the ~CO group of
benzaldehyde, thus functioning as a Lewis acid and activating
benzaldehyde. The activated benzaldehyde (I) then reacts with
2-aminobenzylamine to form an intermediate (II), which then
further undergoes intramolecular cyclization to form III.
Finally intermediate III is rapidly oxidized in the presence of
ambient oxygen, catalysed by the exposed Cu®** sites, thus
resulting in the desired quinazoline product (4).**

The catalytic performance observed in the formation of qui-
nazoline was compared with those in previously reported
works (Table S4, SI). The earlier reports revealed the use of
high temperature and bases, yet the product yield was less,
while it was observed that our suggested catalytic system pro-
ceeded without the aid of a base and at lower temperature pro-
ducing good to excellent yields and hence was advantageous.

In order to investigate the effectiveness of the catalyst and
access its sustainability, a recyclability test was carried out. For
the reusability of the as-synthesized catalyst for 1,4-di-
substituted 1,2,3-triazole synthesis, benzyl azide and phenyl-
acetylene were chosen as model substrates. For 2-substituted
quinazoline synthesis, 2-aminobenzylamine and benzaldehyde
were chosen to examine recyclability. Following the reactions,
the catalyst was removed from the reaction vessel via centrifu-
gation, washed with ethanol, dried and then used for four con-
secutive cycles following the same procedure. In both the
organic transformations the CuBDC-O catalyst delivers signifi-
cantly higher yields and faster reaction rates than other
reported MOF and oxide catalysts, attributed to its optimized
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Fig. 7 A proposed mechanism for the synthesis of a quinazoline derivative.

surface area and accessible Cu sites. This performance
enhancement demonstrates the functional advantage of mor-
phology-controlled MOF design. It was seen that the catalytic
activity of the catalyst persisted for both the reactions even
after several cycles, thus proving to be efficient from an econ-
omic perspective (Fig. S3, SI).

Conclusion

In conclusion, we were successful in providing an integrated
study of morphology, surface area, and particle size-dependent
catalytic behavior of CuBDC MOFs, which has not been sys-
tematically addressed in prior literature. A clear correlation
between the morphology, surface exposure and catalytic
activity is established. We have successfully synthesized two
CuBDC MOFs with different sizes and morphological attri-
butes just by changing the method of synthesis. Additional
CuBDC samples were also prepared to understand the struc-
tural effect of the synthesized MOFs. The formation of the
CuBDC MOFs was confirmed through collective results of
various characterization techniques including XRD, FTIR, XPS,
and SEM. It was observed that the change in the morphologi-
cal property altered the catalytic performance, with CuBDC-O
being the potent candidate for the AAC reaction and for the
synthesis of 2-substituted quinazolines with excellent yields up
to 98% and 99%, respectively. The synthesised CuBDC-O
showed good functional group tolerance and was efficient for a
wide range of substrates. Therefore, this study uniquely decou-
ples the effects of particle size and morphology on catalytic
performance, offering a new understanding of structure—func-
tion relationships in MOFs and paving a way for unfolding
new horizons in organic scaffolds.
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