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Today, the development of porous catalysts for catalytic purposes is being targeted. Herein, this goal was
pursued by using the porous substrate of the metal-organic frameworks (MOFs). First, MIL-88B(Fe,/Co)-
TPA-Cu(OAc); as a new catalyst containing copper complex based on Fe and Co-based bimetallic-MOFs
was synthesized by using back-to-back solvothermal and reflux methods. The structure of the catalyst
was investigated and proved using different methods such as FT-IR, XRD, SEM, EDX, Elemental mapping,
XPS, BET/BJH and TGA/DTG. The catalytic activity of the target structure was studied in the preparation
of new phenylnicotinonitriles. The results of various investigations showed that MIL-88B(Fe,/Co)-TPA-
Cu(OAc), has good activity in the synthesis of phenylnicotinonitriles and performs these reactions in

green and mild conditions. The last step of synthesis has proceeded via a cooperative vinylogous
Received 9th June 2025 ic based oxidation. The structure of the synthesized g identified and confirmed
Accepted 18th July 2025 anomeric based oxidation. The structure of the synthesized compounds was identified and confirme
using melting point, FT-IR, *H-NMR and **C-NMR techniques. The recyclability of the catalyst was also

DOI: 10.1039/d5ra04067a investigated and good results were obtained. The mentioned properties of this prepared catalyst make it
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1. Introduction

The modification of heterogeneous catalysts with metals has
become important in many chemical reactions. Meanwhile, Cu
metal has been used more because it is easier to access
economically and environmentally. Also, Cu metal has shown
a good catalytic application for various purposes. Copper
complex is widely used as a catalyst in many organic reactions
such as oxidation, Sonogashira coupling and catalytic organic
reactions.”” Porous organic polymers (POPs), covalent organic
frameworks (COFs) and metal-organic frameworks (MOFs) are
three groups of heterogeneous catalysts that are used as
substrates for the post-modification.®* In recent years, our
research group has been introduced various functionalized
catalysts using the post-modification method on carbon
quantum dots (CQDs),* mesopores silica,” MOFs’™ and
organic materials such as uric acid," melamine* and
glycoluril.®*** Recently we have comprehensively reviewed
a new perspective on the design and synthesis of the
heterocyclic-linked COFs.* To the best of our knowledge, the
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catalytic application of metal-organic frameworks, especially
bimetallic-MOFs, has been identified as an important group of
porous compounds. In recent years, with the advancement of
science and technology, the design of efficient nanoreactors
with unique properties has been received more attention.
Porous materials have become very important because they are
the basis of many researches.”'* Metal-organic frameworks
(MOFs) as a distinctive category of porous materials are a type of
extended crystalline materials made by bonding metals with
organic ligands. This category of porous materials is very
important because it is adjustable and by changing the
designed ligands or using different metals, many MOFs can be
synthesized."* In addition, the functionalization of MOFs can
occur via post-modification methodologies. Very recently, the
disciplines of designing and processing MOFs for specific
applications have been comprehensively reviewed.* Compared
to other porous materials that exist in different forms, MOFs
have unique properties such as higher surface area, larger
pores, and fine-tuning of the structure at the molecular level.>
This type of diversity has caused these porous compounds to be
used in various fields such as heterogeneous catalysts, photo-
catalysts, adsorption and absorption, gas storage, optoelec-
tronic materials, separation, molecular sensing and
identification, drug delivery, etc.>** One of the most important
uses of MOFs is their catalytic utilities and/or applications.?® In
recent years, the design of MOF using mixed metals has also
attracted a lot of attention.” In this type of structure, due to the
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presence of more than one metal, the creation of defects and
synergistic effect between two metals in bimetallic-cMOFs can
lead to increased their catalytic activity.*® The choice of metals
in these structures is very important because they must be
harmonious. In this context, Fe and Co metals had been shown
their importance and characteristics.> The simultaneous pres-
ence of these two metals in their structure increases the stability
of the bimetallic-MOFs and affects their morphology.*®
Heterocycles are an important group of organic compounds
that form the basis of many biologically active molecules,
pharmaceutical, health and environmental compounds.*
Phthalimide, indole, pyridine and nicotinonitriles are among
the most prominent heterocyclic nuclei that have various
properties such as anti-tumor, anti-viral, anti-inflammatory,
and antifungal properties that have the ability to expand
widely and have various applications in the fields of medicine,
cosmetics health and agriculture. Materials with these cores are
used in many products such as adhesives, food flavors, phar-
maceuticals, dyes, insecticides, vitamins, and herbicides.?**
Fig. 1 shows a number of medicinal substances with pyridine,
indole, phthalimide and nicotinonitriles building blocks,
whose properties have been proven.**?® Anomeric effect (AE) as
a fundamental subset of stereoelectronic interactions has
a great educational and research applications.**** This concept
had been introduced in 1955 by J. T. Edward in his studies on
the carbohydrate chemistry.** The reported theory for the
development of anomeric effect (AE) concept had been
proposed that sharing the lone pair's electrons of heteroatoms
(X: N, O) to the anti-bonding orbital C-Y (nx—og_y) and
weakened it (Fig. 2). Stereoelectronic effects have also a major
role in the oxidation-reduction of susceptible biological
compounds such as NADPH/NADP" (Fig. 3).*° Recently, we and
our coworkers have reviewed the role of the above-mentioned
fundamental concepts comprehensively.****

Since that modifying the bimetallic-MOFs with Cu metal can
be an attractive idea that has been addressed in this research. In
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Fig. 1 Some structure of medicinal compounds containing pyridine,
indole, phthalimide and nicotinonitriles moieties.
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Fig. 2 The geminal versus vinylogous anomeric effect in organic
synthesis.
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Fig. 3 The structures of NADPH/NADP*.

continuation of our previous research in the design of targeted
catalysts,®***® in this research, the aim is to design a new
bimetallic-cMOFs based on Fe and Co, which are in good
compatibility with each other. Next, the main goal is to put Cu
on it to create a copper complex on bimetallic-MOFs to convert
this structure into a suitable heterogeneous porous catalyst.
Catalyst MIL-88B(Fe,/Co)-TPA-Cu(OAc) as an efficient porous
catalyst will be used in the synthesis of a new class of phenyl-
nicotinonitriles to determine its catalytic ability. Synthesized
phenylnicotinonitriles can be suitable candidates for medical
and environmental uses due to the presence of biological nuclei
such as pyridine, indole, phthalimide and nicotinonitriles

(Fig. 4).
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Fig. 4 Target synthesized molecules with pyridine, indole, phthali-
mide and nicotinonitriles moieties.
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2. Experimental section
2.1 Materials and methods

All materials and solvents used in this work such as FeCl;-6H,0
(Merck, 99%), Co(NOs);-6H,0 (Merck, 99%), 2-amino tereph-
thalic acid (NH,-BDC, Merck, 95%), tert-butyl nitrite ((CHz)s-
CONO, Merck, 95%), trimethylsilyl azide (TMS-N3, Merck, 95%),
4-hydroxy acetophenone (Merck, 99%), potassium carbonate
(Merck, 99/5%), propargyl bromide (Merck, 80%), indole
(Merck, 99%), phthalimide (Merck, 99%), aldehyde derivatives,
acetic anhydride (Merck, 98.5%), 1,3-dibromopropane (Merck,
99%), 1,4-dibromobutane (Merck, 98.5%), ammonium acetate
(Merck, 99%), 2-aminopyridine (Merck, 99%), EtOH (Merck,
99%), copper(u) acetate (Merck, 98%), cyanoacetic acid (Merck,
98%), dry-tetrahydrofuran (Merck, 99.5%) and N,N-dime-
thylformamide (DMF, Merck, 99%) were obtained from
commercial sources without further purification. The required
raw materials were synthesized according to our recently re-
ported educational synthetic methodology.**

2.2 Instrumentation

The X-ray Powder Diffraction (XRD) technique with a model
device PHILIPS PW1730 (Netherlands), was used to characterize
the crystal plates of the presented catalyst. The FT-IR technique
model device (PerkinElmer Spectrum Version 10.02.00) was used
to identify the functional groups of the different stages of the
catalyst. Moreover, the morphology of the different stages of
catalyst was characterized using a scanning electron microscope
(SEM) technique as well as energy-dispersive spectroscopy (EDS)
and elemental mapping was carried out by the model ZEISS
Sigma VP (German) and SEM quanta 200-EDAX silicon drift 2017.
Analysis XPS was performed with BESTEC model EA 10 (German)
device. In addition, the thermal and chemical stability of the
catalyst was determined using a thermogravimetry/differential
thermal analysis (TGA/DTA) technique (BAHR STA 503). Finally,
the Brunauer-Emmett-Teller (BET, BELSORP-mini-II) Barrett—
Joyner-Halenda (BJH) technique with a model device BELSORP-
mini-II was utilized to determine the surface area and pore size
of the synthesized catalyst.

2.3 Preparation of MIL-88B(Fe,/Co)-NH,

MIL-88B(Fe,/Co)-NH, as bimetalliccMOFs was synthesized
according to the previously reported method.** First, BDC-
NH, (2 mmol, 0.362 g) was dissolved in 7.5 mL of DMF.
Simultaneously, FeCl;-6H,0 (1.33 mmol, 0.359 g) and
Co(NO3)3-6H,0 (0.66 mmol, 0.192 g) were dissolved in 7.5 mL of
DMF. The final mixture obtained by mixing two solutions was
stirred for 60 minutes at 25 °C. Then the contents were trans-
ferred to a 60 mL autoclave and placed at 120 °C. After 24 h, the
precipitate was washed several times with DMF and EtOH and
then dried at 100 °C for 12 h (Scheme 1).

2.4 Preparation of MIL-88B(Fe,/C0)-N;

To perform the next step, 0.1 g of bimetallic-MOFs was placed
into a 10 mL round bottom flask in 2 mL of THF at 0-5 °C. Tert-
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Scheme 1 Preparation of MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an
efficient porous catalyst containing copper complex based on Fe and
Co-based bimetallic-MOFs.

butyl nitrite (0.570 mL, 4.82 mmol) was added to it. After
15 min, trimethylsilyl azide (0.439 mL, 3.82 mmol) was added
dropwise to the contents of the flask. The obtained reaction
mixture was stirred at 0-5 °C for 20 minutes. Then the reaction
mixture was stirred at 25 °C for 6 h. After completion of the
reaction, the reaction mixture was washed several times with
THF. The obtained MIL-88B(Fe,/Co)-N; was dried at 80 °C
(Scheme 1).

2.5 Preparation of MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an
efficient porous catalyst

To perform the next step, using 2-aminopyridine and propargyl
bromide, the precursor of the ligand was synthesized according
to the previously reported method.*® After, 0.1 g MIL-88B(Fe,/
Co)-N; was poured into 2 mL of DMF solvent in a 10 mL round-
bottom flask, and 0.1 g of N-ethynylpyridin-2-amine, 0.2 mL of
triethylamine, and of Cul (0.1 g) were added to it. The resulting
mixture was stirred at 60 °C for 48 h. After the reaction was
completed, the reaction mixture was washed several times with
DMF. The obtained MIL-88B(Fe,/Co)-TPA (TPA: triazole pyri-
dine amine) was dried at 80 °C. In the following, a mixture of
MIL-88B(Fe,/Co)-TPA (0.5 g) and Cu(OAc), (0.1 mmol, 0.018 g)
were stirred in EtOH (20 mL) as a solvent in 25 °C for 2 h. Then,
MIL-88B(Fe,/Co)-TPA-Cu(OAc), was dried at 60 °C to create
a copper complex based on bimetallic-MOFs as a desired porous
catalyst (Scheme 1).

2.6 Catalytic reaction

2.6.1 Synthesis of raw materials. The synthesis of raw
materials was carried out according to the following method:
first, in a 50 mL round bottom flask, phthalamide (10 mmol,
1.47 g) with 3-carbon or 4-carbon dibromo compounds (23
mmol) and K,CO; (15 mmol, 2.07 g) were mixed in 20 mL of
DMF as a solvent for 24 h at room temperature. After the reac-
tion was completed, the reaction mixture was decanted with
EtOAc and H,O solvents. The organic layer was separated and
dried by adding anhydrous sodium sulfate. After drying the
solution its organic solvent was evaporated. The compound A
was obtained. Next, in a 25 mL round bottom flask, 4-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydroxyacetophenone (2 mmol, 0.27 g) with compounds A (3
mmol) and K,COj; (4 mmol, 0.55 g) in 10 mL of DMF as a solvent
was stirred at room temperature for 24 h. After the reaction was
completed, the reaction mixture was decanted with EtOAc and
H,O solvents. The organic layer was separated and dried by
adding anhydrous sodium sulfate. After drying the solution its
organic solvent was evaporated. Finaly compounds B and C as
raw materials were obtained.**

2.6.2 Synthesis of new phenylnicotinonitriles using MIL-
88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous catalyst. The
catalytic application of MIL-88B(Fe,/Co)-TPA-Cu(OAc), in the
synthesis of a new class of phenylnicotinonitriles was investi-
gated through a multi-component reaction. For this purpose, in
a 10 mL round-bottom flask, 1 mmol of compounds B or C as
raw materials (0.32 g or 0.334 g), 1 mmol (0.184 g) of 3-(1H-
indol-3-yl)-3-oxopropanenitrile (synthesized according to the
previously reported method***®), ammonium acetate (1.5 mmol,
0.115 g), various aldehyde derivatives (1 mmol), and 20 mg of
MIL-88B(Fe,/Co)-TPA-Cu(OAc), as catalyst were stirred under
solvent-free conditions at 110 °C. The progress of the reaction
was checked out by using the TLC technique. After the
completion of the reaction, 5 mL of DMF was added to the
reaction mixture for the trituration and isolating of the used
catalyst. The catalyst was separated by centrifugation. Next,
5 mL of H,O was added to the resulting solution and the ob-
tained precipitate was washed using EtOH for purification
(Scheme 2). The structures of the synthesized products were
evaluated and confirmed by melting point, FT-IR, 'H-NMR and
BC-NMR techniques (see in SI).

3. Results and discussion

Recently, the focus of our research group has been focused on
the development of tasked-specific porous catalysts and their
functionalization via post-modification methodologies.**>°
Therefore, in this research, we decided to design, synthesize

K;CO;, DMF

24h,25C

K,CO3, DMF
24h,25°C

Solvent-Free |
110 °C

Scheme 2 Preparation of a new class of phenylnicotinonitriles using
MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous catalyst con-
taining copper complex based on Fe and Co-based bimetallic-MOFs.
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and apply MIL-88B(Fe,/Co)-TPA-Cu(OAc), as a new catalyst
containing copper complex based on Fe and Co-based
bimetallic-MOFs. The catalytic application of MIL-88B(Fe,/Co)-
TPA-Cu(OAc), in the synthesis of a new class of phenyl-
nicotinonitriles containing biological moiety during the multi-
component reaction was investigated (Schemes 1 and 2). For
the last step of the mechanism in the synthetic methodology
a cooperative vinylogous anomeric based oxidation in the
formation of pyridine rings was proposed.*>”*

3.1 Catalyst preparation strategy

In this research, the post-modification method was used to
design, synthesize and functionalize the targeted catalyst. For
this purpose, bimetallic-MOFs, by using Fe and Co metals were
selected and synthesized as a catalytic bed. Next, the NH,
groups of the synthesized structure were converted to the N;
group through a diazonium salt intermediate. In the next step,
the synthesized compound N-ethynylpyridin-2-amine was
added to it, so that the structure is ready for the complexation
via the addition of copper acetate. In the last step, copper
acetate was added to create the final porous catalyst containing
copper (Scheme 1). The structure of the catalyst and the initial
stages of its synthesis have been evaluated using various tech-
niques such as FT-IR, XRD, SEM, EDX, XPS, elemental mapping,
BET/BJH and TGA/DTG.

After designing and synthesizing MIL-88B(Fe,/Co)-TPA-
Cu(OAc), as an efficient porous catalyst containing copper
complex based on Fe and Co-based bimetallic-MOFs, it was
used in the synthesis of a new class of phenylnicotinonitriles
containing biological section, which are an important category
of organic compounds (Scheme 2). Synthesis of products with
reasonable yield and short reaction time were the goals ach-
ieved by the desired catalyst. The structures of the synthesized
products were evaluated and confirmed by melting point, FT-IR,
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Fig.5 FT-IR spectra of different stages synthesis of MIL-88B(Fe,/Co)-
TPA-Cu(OAc), as an efficient porous catalyst containing copper
complex based on Fe and Co-based bimetallic-MOFs.
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"H-NMR and '*C-NMR techniques (see SI and spectral data
section).

Various techniques were used to prove the structure of the
prepared catalyst. FT-IR technique according to the results of
Fig. 5 was used to identify functional groups in the structure of
different stages of catalyst synthesis. The presence of the
carbonyl group in the structure of MIL-88B(Fe,/Co)-NH, was
proved by observing the peak of 1659 cm™" that this group is
involved with the metals. The NH, group was well observed in
the 3472 and 3350 cm ™" regions. Also, the two peaks in the 550~
775 cm ! regions show the presence of Fe-O and Co-O bonds.
The results are consistent with the previously reported data.>**>
In the next step, the removal of the amine group and the
addition of the peak at the 2123 cm™' region confirm the
presence of the N; group. Removal of the azide group proves the
formation of the triazole ring and the addition of copper acetate
in later stages according to the spectra in Fig. 5. The results
clearly show that the desired functional groups are well estab-
lished in the structure of each step of the catalyst synthesis.

The morphology of each structure is proved by using the
scanning electron microscope (SEM) technique. The
morphology of the MIL-88B(Fe,/Co)-NH, has appeared as
a spindle-shaped structure according to the images in Fig. 6.
This spindle-shaped morphology did not disappear and
remained constant after various stages of functionalization and
synthesis of the final catalyst, which indicates its proper
stability.

X-ray powder diffraction analysis (XRD) is one of the best
analyses to check the growth of crystal plates of the compounds.
The XRD technique was used to investigate the growth pattern
of crystal plates of the structure MIL-88B(Fe,/Co)-TPA-Cu(OAc),
as an efficient porous catalyst (Fig. 7). The crystal sheet pattern
of the MIL-88B(Fe,/Co)-NH,, structure agrees with the previous
reports,®®** and it also bears a good resemblance to its simu-
lated counterpart.®® This pattern has remained well fixed in the
later stages and the main peaks indicating the formation of
MOF have appeared in all stages. The stability of the crystal
plates of each structure shows its stability, which is well
observed in the structure of the catalyst in question.

In another study, the presence of constituent elements of
each structure was investigated using energy dispersive X-ray
(EDX) analysis. The results can be seen in Fig. 8. The

Fig. 6 Scanning electron microscope (SEM) images of (a) MIL-
88B(Fe,/Co)-NH; and (b) MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an effi-
cient porous catalyst containing copper complex based on Fe and Co-
based bimetallic-MOFs.
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Fig. 7 Comparison of XRD patterns of different stages of synthesis
MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous catalyst con-
taining copper complex based on Fe and Co-based bimetallic-MOFs.

elements iron, cobalt, nitrogen, oxygen and carbon are shown
in Fig. 8a and agree on the structure of MIL-88B(Fe,/Co)-NH,. In
the structure of MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient
porous catalyst, in addition to the mentioned elements, the
presence of copper element can also be seen in Fig. 8b. Also, the
uniform dispersion of elements in the final catalyst has been
proven according to Fig. 8c and d. This issue is determined
according to the elemental mapping analysis, which confirms
the results of the EDX analysis.

In another search, the textural properties of MIL-88B(Fe,/
Co)-TPA-Cu(OAc), as an efficient porous catalyst were studied by
N, adsorption-desorption isotherms (Fig. 9a). Based on the
obtained results, the area was calculated based on the BET
equation and the total pore volume was 11.798 m> g ' and
0.0979 cm® g " respectively. The pore size distribution of MIL-

(a) B2 (b) =t

Fig. 8 Energy-dispersive X-ray spectroscopy (a) MIL-88B(Fe,/Co)-
NH, (b) MIL-88B(Fe,/Co)-TPA-Cu(OAc), and (c and d) elemental
mapping analysis of MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient
porous catalyst containing copper complex based on Fe and Co-
based bimetallic-MOFs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) N, adsorption—desorption isotherms and (b) the pore size

distribution of MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous
catalyst containing copper complex based on Fe and Co-based
bimetallic-MOFs.

88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous catalyst based
on the BJH method is shown in (Fig. 9b). The mean pore
diameter for the catalyst is 7.99 nm. The presence of a suitable
surface area as well as the size of catalyst cavities can be a major
reason for the synthesis of new phenylnicotinonitriles with high
efficiency.

The proof of the thermal stability of each structure is using
thermal gravimetric (TGA) and derivative thermal gravimetric
(DTG) analysis. This analysis was taken from the structure of
MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous catalyst
and the results are shown in Fig. 10. According to the obtained
results, several failures can be seen in the diagram, which can
be due to the separation of different parts from the catalyst. The
main failure is observed at the temperature of 280 °C, which
shows that the catalyst can be used for catalyst purposes up to
this temperature.

X-ray photoelectron spectroscopy (XPS) was used to confirm
the chemical composition of MIL-88B(Fe,/Co)-TPA-Cu(OAc), as
an efficient porous catalyst. The XPS survey spectra showed the
presence of copper, iron, cobalt, oxygen, carbon, and nitrogen
in the synthesized catalyst and peaks corresponding to Cu 2p,
Fe 2p, Co 2p, O 1s, C 1s; and N 1s were detected (Fig. 11a-survey
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Fig. 10 Thermal gravimetric (TGA) and derivative thermal gravimetric
(DTG) analysis of MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient
porous catalyst containing copper complex based on Fe and Co-
based bimetallic-MOFs.
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spectrum). The high-resolution XPS spectrum of Cu(2p) shows
two peaks at the binding energy of 936.2 and 956.7 eV, which
belong to Cu 2ps;, and Cu 2py),, respectively (Fig. 11b). The
high-resolution XPS spectrum of Fe(2p) shows two peaks at the
binding energy of 712.1 and 724.3 eV, which belong to Fe 2ps,,
and Fe 2py,, respectively (Fig. 11c). The high-resolution XPS
spectrum of Co(2p) shows two peaks at the binding energy of
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Fig. 12 Optimization some of the reaction's parameters using MIL-
88B(Fe,/Co)-TPA-Cu(OAc); as an efficient porous catalyst containing
copper complex based on Fe and Co-based bimetallic-MOFs: (a)
solvent (b) temperature and (c) amount of catalyst.
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Table 1 Synthesis of a new class of phenylnicotinonitriles using MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous catalyst containing

copper complex based on Fe and Co-based bimetallic-
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534.3 eV, which are related to O=C, O-C and O-C=O0 species
(Fig. 11e). The O-metal species overlapped in these regions. The

1s showed three peaks in the regions of 531.2, 532.3 and high-resolution XPS spectrum of C 1s showed four peaks in the
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regions of 284.2, 285.3, 286.7 and 288.6 eV, which are related to
C-C/C=C, C-N/C-0, C=N and C=0/0-C=0 species (Fig. 11f).
The high-resolution XPS spectrum of N1s showed three broad
peaks in the regions of 399.5, 400.2 and 402.5 eV, which are
related to N=C, N=N, N-N and N-C species (Fig. 11g).>*° The
N-Cu species overlapped in these regions. The results obtained
confirm the structure well.

After confirming the structure of the catalyst using different
techniques, the proof of its catalytic activity in the synthesis of
a new class phenylnicotinonitriles was investigated. To opti-
mize the reaction conditions, the reaction between 4-chlor-
obenzaldehyde (1 mmol, 0.140 g), 2-(4-(4-acetylphenoxy)propyl)
isoindoline-1,3-dione (1 mmol, 0.337 g) and 3-(1H-indol-3-yl)-3-
oxopropanenitrile (1 mmol, 0.184 g) was chosen as the model

View Article Online

RSC Advances

reaction. This reaction was investigated within the different
solvents and also solvent-free conditions. According to the ob-
tained results the solvent-free condition was chosen for the
abovementioned reaction (Fig. 12a). Then, the model reaction
was evaluated under different temperatures and amounts of
catalyst (Fig. 12b and c). After checking various reaction
conditions, the solvent-free at the 110 °C and amount of 20 mg
of catalyst are the best choice. Thus, these conditions were
chosen as optimal reaction conditions so that other derivatives
can be synthesized under these conditions.

After determining the optimal conditions, application of the
MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient porous catalyst
for the synthesis of a new class of phenylnicotinonitriles was
investigated. In order to achieve this goal, in optimal

Scheme 3 The proposed mechanism for the synthesis of new phenylnicotinonitriles using MIL-88B(Fe,/Co)-TPA-Cu(OAc), as an efficient
porous catalyst containing copper complex based on Fe and Co-based bimetallic-MOFs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesis of new phenylnicotinonitriles in the presence of various catalysts

Entry Catalyst Amount of catalyst Time (min.) Yield (%)
1 MIL-88B(Fe,/Co)-TPA-Cu(OAc), (this work) 20 mg 30 94

2 MIL-88B(Fe,/Co)-TPA (this work) 20 mg 30 55

3 MIL-88B(Fe,/Co)-NH, (this work) 20 mg 30 40

4 Cu(OAc), 20 (mol%) 120 55

5 MOF(Fe)-TUR 20 mg 40 Trace
6 p-TSA 20 (mol%) 30 70

7 Zr-Ui0-66-PDC(CH,),-SO; (ref. 69) 20 mg 50 35

8 SSA”° 20 mg 45 40

9 H,S0, 20 (mol%) 60 —

10 N(Et), 20 (mol%) 30 50

11 CQDs-N(CH,PO;3H,), (ref. 4) 20 mg 55 60

12 MIL(100)(Cr)/NHEtN(CH,PO,H,), (ref. 71) 20 mg 30 60

13 [PVI-SO;H]CI"? 20 mg 70 —

14 UiO-66-NH,/melamine/[N(CH,PO3H,),] (ref. 73) 20 mg 40 30

15 Pipyridine 20 (mol%) 30 Trace
16 CQD-N(H,PO5),/SBA15 (ref. 5) 20 mg 35 60

conditions, various benzaldehyde derivatives and compounds B
and C (see in Scheme 2) were used for the synthesis of a wide
range of the desired compounds. The results are shown in Table
1. According to the obtained results, the catalyst has shown this
performance well and all the compounds have been synthesized
in mild and green conditions. The structures of the synthesized
products were evaluated and confirmed by melting point, FT-IR,
'H-NMR and C-NMR techniques (see in SI and spectral data
section).

The proposed mechanism for the synthesis of new phenyl-
nicotinonitriles is shown in Scheme 3. In the first step, the
intermediate I is introduced via a reaction between the activated
ketone and the in situ generated ammonia from ammonium
acetate by losing the H,O molecule. The intermediate I is con-
verted to the Y-conjugated intermediate A through
a tautomerization.*** On the other hand, 3-(1H-indol-3-yl)-3-
oxopropanenitrile is converted into an enolate form using
a catalyst and reacts with aldehyde activated by the catalyst to
create intermediate B by losing the H,O molecule. Intermediate
A reacts with intermediate B during nucleophilic attack and
Michael addition to form intermediate (II). Intermediate (II) is
converted to the intermediate (III) through a tautomerization.
This intermediate is converted to intermediate C through
intramolecular cyclization and the removal of one molecule of

a) b)
[ Time (min.), 136 Recycled catalyst
B Yield (%) i
. 9 93 190
100 N 8 g 8
80 7P 70 :\5\
55 50 = Fresh catalyst
60 wofl T ¥
30 30 mn
40 - -
20
Freh 1 2 3 4 5 & 7 4000 3500 3000 2500 2000 1500 1000 500
Run Cl“-]
Fig. 13 (a) Reusability of MIL-88B(Fe,/Co)-TPA-Cu (OAc); as an effi-

cient porous catalyst containing copper complex based on Fe and Co-
based bimetallic-MOFs. (b) FT-IR for the recycled and fresh catalyst.

27790 | RSC Adv,, 2025, 15, 27782-27794

H,O0. Finally, the intermediate (III) converts to its corresponding
derivative via a cooperative vinylogous anomeric based oxida-
tion and releases one molecule of hydrogen (-H,) and/or
hydrogen peroxide (-H,0,) molecules.®**® The different cate-
gories of anomeric based oxidation have been mini-revied.””*
The term cooperative is used when more than one lone pair of
electrons and other donors are sharing into an anti-bonding
orbital of one acceptor bond (ny— og_y). The simultaneous
cooperative sharing of electrons from donors into the anti-
bonding orbitals of the C-H bond is a major driving force for
hydride releasing (ny— 6g_y)-

Catalyst efficiency becomes more important when compared
to other catalysts. In this direction, to further investigate the
efficiency of the desired catalyst, the model reaction was
investigated under optimal conditions with other organic,
inorganic, heterogeneous and homogeneous catalysts. The
results of these tests are shown in Table 2. The results show that
this reaction in the presence of MIL-88B(Fe,/Co)-TPA-Cu(OAc),
as a catalyst has better conditions in terms of reaction time and
product yield. Recycling and reusability of a catalyst can be
economically and environmentally important. This property of
MIL-88B(Fe,/Co)-TPA-Cu(OAc), as a presented catalyst was also
investigated. The obtained results are collected in Fig. 13a. The
results show that the catalyst can be reused up to 7 times with
little change in product yield. To prove the stability of the
catalyst, the FT-IR spectrum was taken from the recycled cata-
lyst and compared to the freshly prepared catalyst, it is shown in
Fig. 13b. According to this spectrum, the functional groups of
the catalyst are well preserved after reuse and recycling.

4. Conclusion

In summary, the copper complex based on Fe and Co-based
bimetallic-MOFs was designed and synthesized. In this porous
catalyst, copper was fixed as a new porous complex on the
surface of bimetallic metal-organic frameworks. The structure
of the synthesized catalyst was identified and confirmed using
FT-IR, XRD, SEM, EDX, Elemental mapping, XPS, BET/BJH and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TGA/DTG techniques. The catalytic activity of MIL-88B(Fe,/Co)-
TPA-Cu(OAc), was evaluated in the synthesis of new phenyl-
nicotinonitriles. It seems that these compounds have biological
and medicinal applications due to the presence of biological
cores such as indole, phthalimide, pyridine, etc. The structure
of the synthesized products was investigated with their melting
points, FT-IR, 'H-NMR and '*C-NMR techniques. In the
proposed mechanism, it was observed that the cycle of pyridine
proceeds through a cooperative vinylogous anomeric based
oxidation. The stability and appropriate morphology of the
presented catalyst can create a new approach in the preparation
of porous and heterogeneous catalysts. High product efficiency
and mild green conditions are other characteristics of products
synthesized using this porous catalyst. Also, the results showed
that the catalyst had good recyclability, which is very important
in the synthesis of heterogeneous catalysts.
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