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derivatives via a cooperative vinylogous anomeric-
based oxidation
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The post-synthesis of metal-organic frameworks (MOFs) plays a valuable role in enhancing their properties
and functionalities. Herein a pillared layer mixed ligand metal-organic framework, derived (DMOFs) from 2-
aminoterephthalic acid (BDC-NH,) as an O-donor and 1,4-diazabicyclo[2.2.2]octane (DABCO) as a N-
donor linker based on Zr as a metal, which is functionalized with Cu(OAc), as a high-efficiency
heterogonous catalyst for the synthesis of pyrazolo[3,4-b]pyridine derivatives. This presented work
emphasizes the importance of the designability of an MOF and its multiple applications in organic
chemistry, especially the synthesis of biologically active candidate compounds while considering the

rsc.li/rsc-advances green chemistry principles.

Introduction

In recent decades, the design, synthesis and applications of
porous catalyst such as metal-organic frameworks (MOFs) have
been a major subject of research. This class of crystalline hybrid
materials, composed of metal centers and various organic
ligands, offers unique chemical versatility, a customizable
framework, and exceptionally large and permanent internal
porosity.® The MOFs possess a high surface area, significant
porosity, and the ability to chemically adjust through the
modification of organic ligands, enhancing their efficacy as
adsorbents, gas separation, catalysts, drug delivery and energy
storage. The selection of an appropriate synthetic route plays
a crucial role in designing MOFs with specific sizes, morphol-
ogies, and nanostructures. This necessity has spurred the
development of new methods over the years. Recent advance-
ments in MOF nanostructures have been propelled by the
introduction of innovative synthetic approaches that enable
precise control over size, morphology, and nanostructure.”™ A
new class of metal-organic frameworks (MOFs), which are
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composed of an acidic ligand with DABCO, is called DMOFs as
pillared MOFs.”*** Among MOFs, Zr-based metal-organic
frameworks are applied as catalysts for the preparation of bio-
logically active candidates such as pyrazolo[3, 4-b]pyridines,
picolinates, (mono, bis, tris and tetrakis) pyrido[2,3-d]pyrimi-
dines, dihydrobenzo[g]pyrimido[4,5-b]quinoline derivatives
and dicyanomethylene pyridine derivatives.'”'* Heterogeneous
catalysts are essential in numerous chemical transformations,
providing benefits like easy separation, reusability, and
improved catalytic efficiency. Post-synthesis modifications
further enhance their catalytic performance and broaden their
functional diversity."** The structure-activity relationship is
pivotal in utilizing metal-organic frameworks (MOFs) across
diverse catalytic applications, including photocatalysis,
electrocatalysis, material oxidation, biomass conversion, and
acid-base catalysis. Very recently, the strategies to design and
process MOFs for specific applications have been comprehen-
sively reviewed.? The focal point of the mentioned review is the
rationalization and identification of the design factors that lead
to the production of optimal compositions, resultant perfor-
mance parameters, structures and nanostructures.
Biologically-inspired structures like pyridine as a N-hetero-
cyclic building block in organic chemistry, commonly found in
various pharmaceuticals, agrochemicals, and industrial
chemicals.*® The unique structure of pyridine imparts several
interesting biological properties to this heterocyclic system
(Scheme 1). Pyridine derivatives have been extensively studied
for their pharmacological activities, including anti-
inflammatory, anti-cancer, anti-bacterial, and anti-viral
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Scheme 1 Structure of medicinal compounds containing nicotinoni-
trile, phenyl-propanenitrile and pyrazolo-pyridines.

properties.”””** The presence of the nitrogen atom in the pyri-
dine ring allows for the formation of hydrogen bonds with
biological targets, enhancing their binding affinity and biolog-
ical activity.**** Additionally, pyrazolo[3,4-b]pyridine rings have
been shown to a broad spectrum of biological and pharma-
ceutical activities.>>*® Consequently, addressing these chal-
lenges and limitations necessitates the creation of a novel and
efficient reaction that offers high catalytic efficiency, reduced
reaction times, and straightforward workup procedures for
synthesizing pyrazolo[3,4-b]pyridines under neutral, mild, and
practical conditions, which is of significant interest.

The concept of anomeric effects as a subset of the stereo-
electronic effects introducing the electron sharing from donor
to acceptor atoms.*”
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Scheme 2 Various kinds of stereoelectronic and anomeric effects.
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Electrons are transferred from a lone pair of heteroatoms (X
=N, O, etc.) to the anti-bonding orbital of the C-Y bond (nx —
o*q_y), leading to various reported anomeric effects. Recently,
we have comprehensively reviewed the crucial role of the
anomeric effect in chemical processes, especially in organic
reactions (Scheme 2).>** The oxidation-reduction properties of
sensitive biological compounds like NADPH and NADP' rely on
the concept of the anomeric effect, highlighting its significance
(Scheme 1s in SI). In recent years, our research group has
explored the role of the anomeric effect in the in situ oxidation
of organic compounds without the need for any oxidant.***
Cooperative and vinylogous anomeric-based oxidation (CVABO)
have been mini-reviewed.*>**

The presented work provides a comprehensive overview of
the application of DMOF-Zr as a heterogeneous catalyst for
thecatalytic preparation of a wide range of pyrazolo|[3,4-b]pyri-
dine derivatives. The attention of the current study will be
focused on the structural features providing the best catalytic
performance of DMOF-Zr and the mechanisms of their catalytic
action.

Experimental

General procedure for the synthesis of Zr-DMOF-N/
Py@Cu(OAc),

First, a solution was prepared by sonicating and dissolving
ZrCl, (0.6 mmol, 0.14 g) in dry DMF (40 mL) referred to as
solution 1. Concurrently, solution 2 was created by dissolving
BDC-NH, (0.3 mmol, 0.054 g), and DABCO (0.3 mmol, 0.033 g)
in dry DMF (20 mL). The two solutions were then combined and
stirred with acetic acid (10 mL) at room temperature for 15 min.
The resulting mixture was transferred into a Teflon-lined bomb
(100 mL) and placed in an oven at 120 °C for 24 hours.*>*®

After this period, the colloidal particles were isolated by
centrifugation and washed with DMF and EtOH. Subsequently,
a mixture of Zr-DMOF-NH, (0.5 g), nicotinaldehyde (2 mmol,
0.187 mL) and CH;CN (50 mL) was added to another Teflon-
lined bomb (100 mL) for 72 h.*” The solid product was then
separated by centrifuge, washed with ethanol, and dried in
a vacuum oven at 60 °C for 12 h. In the final step, a mixture of
Zr-DMOF-N/Py (0.5 g) and Cu(OAc), (0.2 mmol, 0.036 g) was
stirred in ethanol (20 mL) at room temperature for 2 h.*® The
particles were again separated by centrifugation and washed
with EtOH (3 x 10 mL). Finally, the pure Zr-DMOF-N/
Py@Cu(OAc), was dried under vacuum at 80 °C, as illustrated in
Scheme 4.

General procedure for the synthesis of pyrazolo[3,4-b]
pyridines using Zr-DMOF-N/Py@Cu(OAc), as a catalyst

In a 10 mL round-bottomed flask, a mixture consisting of
aromatic aldehydes (1 mmol), 3-methyl-1-phenyl-1H-pyrazol-5-
amine (1 mmol, 0.173 g), 3-(4-chlorophenyl)-3-
oxopropanenitrile (1 mmol, 0.179 g), and Zr-DMOF-N/
Py@Cu(OAc), (20 mg) as catalyst were stirred at 110 °C under
solvent free conditions. The reaction progress was monitored
using TLC with a solvent system of n-hexane/ethyl acetate 6 : 4.

RSC Adv, 2025, 15, 31674-31682 | 31675
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Scheme 3 Catalytic application of Zr-DMOF-N/Py@Cu(OAc);, for the
preparation of pyrazolo[3,4-blpyridine derivatives.

Cu(OAc), EtOH/2h

L

Scheme 4 Synthesis of Zr-DMOF-N/Py@Cu(OAc), as a heteroge-
neous and porous catalyst.

Upon completion of the reaction, hot acetone was added to the
mixture, and the catalyst was separated using centrifuged
1000 rpm (twice). The resulting solid precipitate was washed
with EtOH to yield the desired pure pyrazolo[3,4-b]pyridine
derivatives (see Scheme 3).

Results and discussions

The study presented involves the post-functionalization of
target pillared layer mixed ligand metal-organic framework
(DMOF-Zr) to synthesize a mesoporous catalyst, Zr-DMOF-N/
Py@Cu(OAc),, which was characterized using various tech-
niques. This catalyst was used for the synthesis of pyrazolo[3,4-
blpyridine derivatives. The stereochemistry and mechanism of
these derivatives were also investigated. Some derivatives were
noted in the study of the reaction mechanism to remain at the
dihydropyran formation stage and not further on to the
aromatization of the ring, while others continued to yield
aromatic products and their corresponding pyridine rings. The
aromatization and formation of the pyridine ring was estab-
lished through a mechanism known as cooperative vinylogous
anomeric-based oxidation. Anomeric concepts have recently
been reviewed in the literature.***>*
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The FT-IR spectrum analysis provides valuable information
about the functional groups present in the catalysts Cu(OAc),,
Zr-DMOF-NH,, Zr-DMOF-N/Py, and Zr-DMOF-N/Py@Cu(OAc),.
The two peaks at 3448 and 3364 cm ™' of NH, functional groups
represent the synthesis of UiO-66-NH,.** The clear presence of
pyridine peaks in the final catalyst structure confirms the
successful incorporation of this building block. The peak at
1626 cm ' is related to the C=N double bond in Zr-DMOF-N/Py
due to the reaction with Cu(OAc), shifted to a higher frequency
at about 1655 cm ™ in the catalyst. Also, the absorption peaks at
2856 and 2928 cm ' are related to aromatic C-H and C=C
stretch bands. Overall, the observed changes in the analyses of
the catalysts throughout the synthesis steps suggest that the
synthesis has proceeded as intended, leading to the formation
of the desired catalyst structures (Fig. 1).

Zr-DMOF-N/Py@Cu(OAc),
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Fig.1 FT-IR spectra of different stages of the synthesis of the catalyst.
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Fig. 2 XRD pattern of different stages of the synthesis of the catalyst
with UiO-66 (CCDC: 2054314) and Cu(OAc), (COD:2211473).
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In another investigation, we conducted a comparison of the
crystal patterns of Zr-DMOF-NH, and Zr-DMOF-N/Py@Cu(OAc),
using XRD analysis (Fig. 2). Initially, the original crystal struc-
ture was compared with the simulated UiO-66 structure,*® and
they appeared very similar. However, a peak at 2¢ = 12 was
observed, likely to indicate a slight structural change due to the
presence of DABCO. Furthermore, the peak observed at 26 < 10
suggests that the crystal plates of the various phases demon-
strate adequate stability. This study confirms the successful
synthesis of pillared layer mixed-ligand metal-organic frame-
work functionalized with Cu(OAc), while maintaining the
integrity of the crystal structure.

The morphology of (a) Zr-DMOF-NH, and (b) Zr-DMOF-N/
Py@Cu(OAc), as a porous catalyst was studied by SEM tech-
nique (Fig. 3). According to Fig. 3, it can be concluded that Cu
particle has been successfully added to the primary pillared
layer mixed ligand metal-organic framework. Therefore,
placing the Cu particle on Zr-UiO-66-NH, does not change its
morphology, which indicates that the structure of the pillared
layer mixed ligand metal-organic framework remains stable.

N,-adsorption/desorption isotherms for both samples were
measured and plotted in Fig. 4a. It is clear that the adsorbed N,
decreased after modification of Zr-DMOF-NH,, to Zr-DMOF-N/
Py@Cu(OAc),. The calculated surface area based on BET equa-
tion and also total pore volume for Zr-DMOF-NH, are 760.35 m>
g ' and 0.65 cm® g~! and for Zr-DMOF-N/Py@Cu(OAc), are
501.13 m* ¢~ ' and 0.466 cm® g, respectively. Meanwhile, the
pore size distribution of the samples calculated based on the
BJH method is shown in Fig. 4b. These plots show that Zr-
DMOF-NH, have both micropores and mesopores, but after
modification the Zr-DMOF-N/Py@Cu(OAc), sample has only

500 nm (a)
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Fig. 3 SEM image of (a) Zr-DMOF-NH, and (b) Zr-DMOF-N/
Py@Cu(OAc), as a porous catalyst.
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Fig. 4 (a) N, adsorption—desorption isotherms and (b) pore size
distribution of Zr-DMOF-NH; and Zr-DMOF-N/Py@Cu(OAc),.

micropores. The average pore diameter for Zr-DMOF-NH, and
Zr-DMOF-N/Py@Cu(OAc), are 3.42 nm and 2.07 nm,
respectively.
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Fig.5 Energy-dispersive X-ray spectroscopy (EDX) for Zr-DMOF-NH,
and Zr-DMOF-N/Py@Cu(OAc),.
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Zr-DMOF-N/Py@Cu(OAc),

Zr-DMOF-NH,

Fig. 6 Elemental mapping analysis of Zr-DMOF-NH, and Zr-DMOF-
N/Py@Cu(OAC),.

The atoms constituting the Zr-DMOF-NH, and Zr-DMOF-N/
Py@Cu(OAc), structure were identified using energy-dispersive
X-ray spectroscopy (EDX) and elemental mapping analysis.
The analysis confirmed the presence of carbon, nitrogen,
copper, zirconium and oxygen in the functionalized metal-
organic framework, as well as carbon, nitrogen, zirconium and
oxygen atoms in the base metal-organic framework structure
(Fig. 5).

Additionally, elemental mapping demonstrated and vali-
dated the uniform distribution of elements within the Zr-
DMOF-NH, and Zr-DMOF-N/Py@Cu(OAc), structures (Fig. 6).

In another analysis, the stability of Zr-DMOF-N/
Py@Cu(OAc), was evaluated using thermogravimetric analysis
(TGA) analysis (see Fig. 7). The first weight loss occurs below
100 °C, which is associated with the release of organic solvents
used during the catalyst synthesis. The second weight loss at
approximately 300 °C likely corresponds to the detachment
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Fig. 7 TG/STA analysis of Zr-DMOF-N/Py@Cu(OAc),.
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Cu(OAc), from the catalyst's surface. The third weight loss
observed around 400 °C is probably linked to the removal of
imidazole from the catalyst structure. Based on these results,
the designed catalyst demonstrated good catalytic properties
and can be utilized effectively at temperatures up to 300 °C.
After the synthesis and characterization of Zr-DMOF-N/
Py@Cu(OAc), as a catalyst, it was used for the synthesis of
pyrazolo[3,4-b]pyridine derivatives. The catalytic performance
of Zr-DMOF-N/Py@Cu(OAc), was well determined based on the
results obtained. The reaction involving 3-methyl-1-phenyl-1H-
pyrazol-5-amine (1 mmol, 0.173 g), 4-chlorobenzaldehyde
(1.0 mmol, 0.141 g) and 3-(4-chlorophenyl)-3-oxopropanenitrile
(1 mmol, 0.179 g) were tested as a model reaction. The model
reaction was evaluated at different amounts of catalyst and
temperatures (Table 1, entries 1-11). Also, the model reaction
was investigated using various solvents such as n-hexane,
EtOAc, EtOH, H,0, MeOH, CH,;CN, EtOH: H,O (5 mL) and
solvent-free were used in the presence of 20 mg of Zr-DMOF-N/
Py@Cu(OAc), under reflux conditions (Table 1, entries 12-18).
However, the results of the reaction did not show any
improvement. The optimal reaction conditions for the synthesis
of 4,6-bis(4-chlorophenyl)-3-methyl-1-phenyl-1H-pyrazolo[3,4-5]
pyridine was achieved using Zr-DMOF-N/Py@Cu(OAc), (20 mg)
under solvent-free conditions at 110 °C (Table 1, entry 2).
Following the optimization of the reaction conditions, the
efficiency and applicability of Zr-DMOF-N/Py@Cu(OAc), were
evaluated through the reaction of 3-methyl-1-phenyl-1H-
pyrazol-5-amine (1 mmol), 3-(4-chlorophenyl)-3-
oxopropanenitrile (1 mmol) and various aromatic aldehyde

Table 1 Optimization of some reaction’'s parameters for the synthesis
of pyrazolo[3,4-b]pyridine using Zr-DMOF-N/Py@Cu(OAc),

<] o "
e
% CN  Optimization reaction CN
—_— ]
cl hY] N/
P ®
Cl

MeWNH/

Entry Cat. (mg) Temp. (°C) Solvent Time (h)  Yield (%)
1 25 110 — 2 82

2 20 110 — 2 88

3 15 110 — 2 76

4 10 110 — 2 55

5 5 110 — 2 42

6 — 110 — 2 Trace
7 20 r.t. — 2 Trace
8 20 50 — 2 40

9 20 70 — 2 60

10 20 90 — 2 65

11 20 120 — 2 88

12 20 Reflux n-Hexane 6 0

13 20 Reflux EtOAc 6 0

14 20 Reflux EtOH 8 55

15 20 Reflux H,0 6 0

16 20 Reflux MeOH 8 63

17 20 Reflux CH;CN 8 55

18 20 Reflux EtOH: H,0O 7 30

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesis of pyrazolo[3,4-blpyridine derivatives using Zr-DMOF-N/Py@Cu(OAc);, *°

H-1 H-2
Time (min): 120 Time (min): 140
Yield: 88% m.p: 24324817

Time (min): 130
Yield: 76% m.p: 192-194

Time (min): 110
Yield: $5% m.p: 212214141
"

H-9 H-10

Time (min): 120
Yield: 85% m.p: 188-191

Time (min): 110
Yield: 76% m.p: 259-263

OH

Yield: 64% m.p: 217-220

Yield: 77% m.p: 234-239

Yield: 74% m.p: 194-198

Yield: 74% m.p: 265-267

H-3 H4
Time (min): 160 Time (min): 130
Yield: 8% m.p: 167-170

.\Ie\.\,.!\Ie

H-8
Time (min): 160
Yield: 80% m.p: 267-269

Time (min): 100

H-11 H12
Time (min): 140 Time (min): 130
Yield: 80% m.p: 189-194

H-13 H-14

Time (min): 100
Yield: 85% m.p: 271273

Time (min): 180
Yield: 76% m.p: 246-249

both electron-withdrawing and electron-releasing using Zr-
DMOF-N/Py@Cu(OAc), (20 mg) as a catalyst at 110 °C under the
solvent-free condition. The results obtained are summarized in
Table 2.

As indicated in Table 2, all synthesized derivatives were
produced under environmentally friendly and mild conditions,

Yield: 74% m.p: 212217

H-15 H-16
Time (min): 130 Time (min): 180
Yield: 80% m.p: 237-241

demonstrating the effective catalytic performance of Zr-DMOF-
N/Py@Cu(OAc),. A wide range of aldehydes, including various
aromatic aldehydes with electron-donating, electron-
withdrawing and halogens substituents, yielded the desired
pyrazolo[3,4-b]pyridine derivatives in high to excellent yields

Table 3 Comparison of the various catalysts in the synthesis of pyrazolo[3,4-blpyridine derivatives

Entry Catalyst Amount of catalysts (mg) Time (min) Yield (%)
1 SSA 20 180 40
2 CQDs-N(CH,PO;H,),/SBA-15 (ref. 51) 20 120 42
3 N(Et), 20 mol% 180 70
4 p-TSA 20 mol% 180 57
5 [Zr-UiO-66-CO,H]Br (ref. 52) 20 120 61
6 Fe;0,@Si0,@tosyl-carboxamide (ref. 42) 20 120 75
7 MIL-88B(Fe,/Co)-N(CH,PO;H,), (ref. 53) 20 120 50
8 Cu(OAc), 20 mol% 120 80
9 Zr-DMOF-NH, 20 120 52
10 Zr-DMOF-NH,/Py 20 120 63
1 Zr-DMOF-NH,/Py@Cu(OAc), 20 120 88
12 MIL-88B(Fe,/Co)-Bnta-[CH,CO,H]Br (ref. 25) 20 120 66
13 Poly(acetic acid) 20 180 51
14 Pipyridine 20 mol% 180 72
15 KOH 20 mol% 180 57
16 ZrCly 20 mol% 210 62

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(88%) within relatively short reaction times (120 min.) (see
Table 2).

In order to evaluate the efficiency of Zr-DMOF-N/
Py@Cu(OAc), as a pillared layer mixed ligand metal-organic
framework based on Zr-catalyst, various organic and inorganic
catalysts as well as Zr-DMOF-N/Py@Cu(OAc), were studied in
the reaction of 3-methyl-1-phenyl-1H-pyrazol-5-amine (1 mmol,
0.173 g), 4-chlorobenzaldehyde (1.0 mmol, 0.141 g) and 3-oxo-3-
phenylpropanenitrile (1 mmol, 0.179 g). The results obtained
are shown in Table 3.

In the suggested mechanism, Zr-DMOF-N/Py@Cu(OAc),
activates the carbonyl part of aldehyde structure. Also, 3-ox0-3-
phenylpropanenitrile converts to the enol form with the assis-
tance of Zr-DMOF-N/Py@Cu(OAc),. Next, during the attack of
the enol form of 3-oxo-3-phenylpropanenitrile to the activated
aldehyde via Knoevenagel condensation is formed intermediate
(I). In the next step, intermediate (I) reacts with 3-methyl-1-
phenyl-1H-pyrazol-5-amine as a Michael acceptor to produce
intermediate (II). Intermediate (III) is formed from cyclization
and tautomerization intermediate (II). Subsequently, interme-
diate (III) is converted to 1,4-dihydropyridines as intermediate
(IV) by the elimination of one molecule of H,O. Finally, inter-
mediate (IV) forms a pyridine structure via a CVABO mecha-
nism, which leads to the release of one hydrogen molecule (-H,)
and/or hydrogen peroxide (-H,0,)*****® (Scheme 5).

The utilization of Zr-DMOF-N/Py@Cu(OAc), as a pillared
layer mixed ligand metal-organic framework based on Zr-
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Fig. 8 (a) FT-IR and (b) XRD analysis of fresh and reused Zr-DMOF-N/
Py@Cu(OAc),. (c) Recyclability of Zr-DMOF-N/Py@Cu(OAc), as cata-
lyst in the synthesis of pyrazolo[3,4-b]pyridine derivatives.

catalyst shows the best results in terms of efficiency for the
synthesis of pyrazolo[3,4-b]pyridine derivatives. Additionally,
the recyclability of the catalyst was also investigated in the
model reaction, demonstrating that the catalyst can be recycled
and reused 5 times without significant change in efficiency. To

Anomeric based oxidation

Scheme 5 Suggested mechanism for the synthesis of pyrazolo[3,4-b]pyridine derivatives.
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conduct further examination, the recycled catalyst underwent
FT-IR and XRD analysis. The FT-IR analysis indicated that the
peaks remained unchanged, but there was a slight broadening
in the 2600 to 3500 cm ' regions due to impurities and
hydrogen bond formation. Additionally, the XRD analysis
revealed that the spectra of the recycled and fresh catalysts were
entirely similar, suggesting that the crystal planes and structure
remained stable. To further explore this, a leaching test was
conducted to examine the chemical stability of the catalyst. To
do this, the model reaction was carried out using the catalyst of
interest, and then the catalyst was separated from the reaction
mixture for ICP-OES analysis. The findings revealed that 5 ppm
Zr and 11.6 ppm Cu from Zr-DMOF-N/Py@Cu(OAc), was
detected. According to the results, Zr-DMOF-N/Py@Cu(OAc), is
the best catalyst for the synthesis of pyrazolo[3,4-b]pyridine
derivatives (Fig. 8).

Conclusions

In this study, we designed and synthesized a pillared layer
mixed ligand metal-organic framework using zirconium (Zr) as
a metal component. The resulting framework, termed DMOF-Zr
was synthesized with Cu(OAc), through a post-modification
approach. The incorporation of both Zr metals and Cu(OAc),
within the catalyst structure enhances its catalytic activity. The
synthesized Zr-DMOF-N/Py@Cu(OAc), was well characterized
by various analytical techniques. This catalyst was evaluated for
its effectiveness in synthesizing pyrazolo[3,4-b]pyridine deriva-
tives, which are promising candidates for biological and phar-
maceutical applications, via a cooperative vinylogous anomeric-
based oxidation process. Key advantages of this research
include the synthesis in mild and green conditions, recycling
and reusability of catalyst and high yield of desired products.
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