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The sponge-like structures of metal—organic frameworks (MOFs) are ideal platforms for various applications
due to their structural diversity and adjustability, which allow for targeted design and synthesis. In recent
years, substantial advances in the field of MOFs have been achieved, especially those containing
aromatic ligands. Although there are several publications related to aliphatic ligands, the aliphatic MOFs
developed are rather limited. Herein, a novel cerium-based flexible MOF (Ce-MOF-EGTA) constructed
from an aliphatic tetratopic EGTA linker is reported. The framework exhibits high crystallinity, permanent
porosity, and thermal stability up to 360 °C, as confirmed by FT-IR, EDX, elemental mapping, FESEM,
XRD, TGA/DTA, and BET/BJH analyses. The presented flexible MOF is highly crystalline in nature and is
stable up to 360 °C. Owing to the combination of intrinsic framework flexibility and accessible Ce Lewis
acid sites, Ce-MOF-EGTA functions as an efficient heterogeneous catalyst for the synthesis of 6H-
chromeno [4,3-b]quinolin-6-ones and 1,2,4-triazolo[4,3-alpyrimidines, providing high yields under mild
conditions with short reaction times. The catalyst demonstrates excellent stability and reusability over
five consecutive cycles, with negligible cerium leaching and preservation of the original framework
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Introduction

MOFs are self-assembled materials formed by covalent bonds
between metal ions or clusters and organic linkers. MOFs have
attracted much attention from researchers over the past few
decades due to their properties, such as various synthesis
methods, high porosity, high surface area, spatially separated
catalytic active sites, adjustable pore size and void volume,
ordered crystalline shapes, structural, high thermal and
chemical stabilities, and so on.**®

MOFs have wide applications in various fields such as cata-
lysts, photocatalysis, photo-luminescence, sorption and sepa-
ration, water remediation, drug storage and delivery, imaging,
and sensors.”"> The catalytic behavior of MOFs arises from both
their metal centers and organic linkers. Broadly, three different
types of active sites in MOFs act as reaction chambers:

(i) coordinatively unsaturated metal centers that coordinate
with the substrate and catalyze the reaction,

(i) the second type of site involves encapsulation or incor-
poration of active catalytic species inside the pores of MOF for
synergistically enhanced catalysis, and
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(iii) Functionalized ligands present in the framework to
initiate the reaction.™

In general, most MOFs are based on aromatic carboxyl-
ates'»" and N-donor ligands,'® which possess their structural
rigidity and, therefore, allow a more straightforward design and
predictable functionalization of the polymeric lattice, but an
important advantage of MOFs is the variety of metal ions and
organic ligands used in them.

According to the theories of Susumu Kitagawa and the type
of ligand used in the synthesis of the MOFs based on the
intactness of the framework upon interaction with the guest
molecule, there are four types of MOFs (Fig. 1):

(i) in which the framework collapses upon desorption of the
guest molecule, (ii) the framework remains intact during the
removal of a guest molecule, (iii) a flexible type framework
adjusts its shape by changing pore volume on guest uptake and
restores its size upon guest removal, and (iv) structures that are
associated with post-synthetic modifications.'”**

Many MOFs have been built based on aromatic or rigid
ligands, such as 2-amino-terephthalic acid, benzene dicarbox-
ylic acid, 1,3,5-benzene-tricarboxylic acid, 2-methylimidazole,
biphenyl-4,4’-dicarboxylic  acid, 2-(5-pyridin-4-yl-2H-[1,2,4]
triazol-3-yl)-pyrimidine and so on."*

The synthesis of MOFs using aliphatic ligands is an
emerging field that has attracted the attention of researchers

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Types of MOFs based on Susumu Kitagawa's theory.

due to its features, such as increased structural freedom, non-
polar core, low light absorption, high hydrophobicity, control-
lable dynamics, and application in medicine. It has many
applications in gas absorption, heterogeneous catalysis, and
proton conduction.”*® The presence of a saturated hydro-
carbon core is a promising trend for the synthesis of biocom-
patible and biostable MOFs compared to MOFs with aromatic
ligands.

The use of aliphatic ligands results in flexible frameworks,
which are capable of responding to external stimuli such as
temperature, pressure, light, electric field, inclusion of chem-
icals, etc., but they are also crystalline and can reversibly change
their channels while maintaining their topology. These FL-
MOFs are often associated with reversible transformations
between two or more states related to expansion and contrac-
tion. This phenomenon is often known as the breathing
effect,>*® sponge-like effect,**** or accordion effect.**

So far, various MOFs have been constructed using aliphatic
ligands such as cyclohexane-1,2,4,5-tetracarboxylic acid, alkane
dioic acids, glutamic acid, mesaconic acid, 1,4-cyclohexane
dicarboxylic acid, and 1,4-diazabicyclo[2,2,2]octane (DABCO)
(Fig. 2).>

Chromeno[4,3-b]quinolines consist of two fused chromene
and quinoline rings, which have wide applications in various
fields such as biology, medicine, physics, and electronics.***®

Triazolopyrimidines are also an attractive class of N-hetero-
cycles because these compounds are widely used in the phar-
maceutical and agricultural industries and have significant
potential in a wide range of biological activities, such as anti-
bacterial, antifungal, antiviral, anticancer, anti-inflammatory,
analgesic, and central nervous system activators.*’~>

O O

HO OH

HO
O (0]

Fig. 2 Some aliphatic or alicyclic ligands.
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In this work, a new FL-MOF (Ce-MOF-EGTA) was synthesized
from the reaction of Ce(v) ammonium nitrate {CAN =
(NH,),[Ce(NO3)e]} with an aliphatic ligand, namely ethylene
glycol-bis(B-aminoethyl  ether)-N,N,N',N'-tetraacetic acid
(EGTA), also known as egtazic acid. EGTA is an aminopoly-
carboxylic tetratopic acid ligand, which can bind to metal ions
as a chelating agent. Then, the catalytic potential of Ce-MOF-
EGTA was explored as a heterogeneous catalyst for the
synthesis of benzochromenoquinolines 1(a-g) and tri-
azolopyrimidines 2(a-g). The Ce-MOF-EGTA was synthesized in
a simple, one-step method and showed high catalyst activity.
Compared to other catalysts used in the synthesis of
benzochromenoquinolines and triazolopyrimidines, Ce-MOF-
EGTA produced products with higher yields and a more
convenient purification method.

Experimental
General

All the commercial reagents were provided by the foreign
chemical companies and used as received. The reaction
progression and purity of the prepared compounds were
monitored by thin-layer chromatography (TLC) performed with
silica gel 60 F 254 plates. Fourier transform infrared (FT-IR)
spectra were recorded on a PerkinElmer Spectrum Version
10.02.00 employing KBr pellets. The "H NMR (250 and 400 MHz)
and ®C NMR (62.5 and 125 MHz) spectra were taken on
a Bruker spectrometer (6 in ppm) using DMSO-d¢ as a solvent
with chemical shifts measured relative to TMS as the internal
standard. Melting points were taken with a BUCHI 510 melting
point apparatus. Elemental analysis was performed using
a MIRA II analyzer. The field-emission scanning electron
microscopy (FESEM) images were recorded using a MIRA III
analyzer. The X-ray diffraction (XRD) measurements were
carried out with an XRD Philips PW1730. Thermo-gravimetric
differential thermal analysis (TGA-DTA) was done using an
SDT-Q600 device.

General strategy for the synthesis of Ce-MOF-EGTA

Ce-MOF-EGTA was synthesized according to the previously
established solvothermal procedure by Wang and Li.>* Briefly,
CAN (0.0437 mmol) and EGTA (0.0368 mmol) were stirred in
a mixed solvent (DMF/HCOOH, 1 : 2, 7.5 mL) for 10 min at room
temperature. The mixture was then placed in a Teflon reactor
and placed in an oven at 120 °C for 72 h. The mixture was then
slowly cooled to room temperature, centrifuged, washed with
DMF and dichloromethane, and dried in vacuo at 100 °C for
24 h. The obtained white Ce-MOF-EGTA was then characterized

0 0 N. HO 0 0] 0) 0
H >—< OH
Ol HO (CHy O [}] 0 OH HO)K/\NHHLOH 1o Y
2

CH; O
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by FT-IR, EDX, Elemental mapping, XRD, FESEM, TGA/DTA,
and BET/BJH analyses (Fig. 3).

General procedure for the synthesis of 1(a-g) and 2(a-g) by Ce-
MOF-EGTA

For the synthesis of 1(a-g), 4-hydroxycumarine (0.1621 g, 1.0
mmol), 1-naphthylamine (0.1431 g, 1.0 mmol), aromatic alde-
hydes (1 mmol), and Ce-MOF-EGTA (20 mg) were mixed and
stirred at 80 °C under solvent-free conditions. The progress of
the reaction was pursued using TLC (n-hexane/EtOAc, 7 : 3). At
the end, the resultant solid was dissolved in DMF (10 mL) and
centrifuged to separate the catalyst. Then, the crude product
was then purified using ethanol and acetone and characterized
by FT-IR, NMR, and melting point analysis. Also, for the
synthesis of 2(a-g), 3-amino-1,2,4-triazole (84 mg, 1.0 mmol),
malononitrile (66 mg, 1.0 mmol), aromatic aldehydes (1.0
mmol), and Ce-MOF-EGTA (20 mg) were mixed at 110 °C under
solvent-free conditions for appropriate times, and the reaction
progress was monitored by TLC (n-hexane/EtOAc, 5:5). After
completion of the reaction, the solid was dissolved in DMF (10
mL) and centrifuged to separate the catalyst. The product was
purified using ethanol and ethyl acetate, and characterized by
FT-IR, NMR, and melting point analyses.

Results and discussion
Characterization of Ce-MOF-EGTA

The novel MOF was characterized by several techniques,
including FT-IR, XRD, EDX, elemental mapping, FESEM, TGA/
DTA, and BET/BJH.

Characterization by FT-IR spectroscopy

The FT-IR spectra of EGTA and Ce-MOF-EGTA are demonstrated
in Fig. 4. The FT-IR spectrum of the EGTA ligand shows the
peaks at 3436, 1739, 1134, and 1100 cm ', which are related to
the O-H, C=0, C-N, and C-O. The FT-IR spectrum of Ce-MOF-
EGTA shows distinct absorption bands at 2912, 1601, 1574,
1428, 1404, 1357 and 778 ecm ™ * for C-H, C=0, CH,, C-N, C-O,
C-C and Ce-O, respectively, as well as a sharp decrease in O-H
absorption, carbonyl peak shift and the presence of a new peak
at 778 cm ™' corresponding to Ce-O, confirms the successful
synthesis of the catalyst.

CAN
0.024 g

e

Fig. 3 Synthesis of Ce-MOF-EGTA.
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Fig. 4 The FT-IR spectra of the EGTA ligand, and Ce-MOF-EGTA.

Characterization by EDX and elemental mapping analysis

The existence of Ce, O, C, and N elements in the chemical
composition of Ce-MOF-EGTA was confirmed by EDX analysis.
In addition, EDX mappings represent the homogeneous distri-
bution of all elements in the framework (Fig. 5).

Characterization by the FESEM analysis

The morphology of the synthesized framework was examined
using field emission scanning electron microscopy (FESEM).
The particle size distribution histogram was also examined.
FESEM images showed rod-like particles with a uniform size
and homogeneous particle distribution for Ce-MOF-EGTA. As
can be observed, the size of the rod-like particles is approxi-
mately 0.345-0.770 pm (Fig. 6).

Characterization by XRD analysis

The XRD analysis confirms the highly crystalline nature of the
newly synthesized framework and EGTA ligand (Fig. 7) with the
characteristic peaks observed at 20 = 18.7, 25.8, 31.2, 35.8, 43.5,
47.1, 50, 53.6, 56.5, 59.7, 62.1 and 65.1. For comparison, the free
EGTA ligand shows peaks at 26 = 13.7, 15.5, 16.4, 17.1, 20.4,
21.1, 23.5, 24.8, 27.1, 27.8, 28.6, 3., 31.4, 32.1, 34.7 and 41.8,
confirming its incorporation into the MOF framework.

2.5 mL DMF
5 mL HCOOH

A

0.014 ¢ O
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120°C, 72 h
Ce-MOF-EGTA
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Fig. 5 EDX (A) and elemental mapping (B) analysis.

Characterization by BET/BJH

The specific surface area of Ce-MOF-EGTA was characterized
using the N, adsorption-desorption analysis. The results are
presented in Fig. 8, and the corresponding detailed parameters
are listed in Table 1.

As observed from the BET analysis results, the surface area,
pore volume (Vy,), and total pore volume (cm?® g™ ') of Ce-MOF-
EGTA are 5.1 m®> ¢~ ', 1.18 cm® ¢, and 0.014 cm® g™, respec-
tively (Fig. 8a). Additionally, the obtained BJH adsorption
indicated that the pore size of Ce-MOF-EGTA is approximately
1.22 nm (Fig. 8b).

The BET surface areas and gas uptake capacities of most FL-
MOFs are relatively low compared with the estimations by
computational studies. This phenomenon can be reasonably
explained by channel collapse (or partial collapse) upon solvent
removal or channel blockage on account of partial solvent
retention. On the one hand, FL-MOFs have been found partic-
ularly susceptible to incomplete activation or loss of porosity
owing to the flexibility of the bridging organic linkers, which
can hardly sustain the frameworks.* In general, as the length of
the linking chain increases, the surface area and pore volume of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the framework decrease.”” Despite the low BET values, the
catalytic activity of Ce-MOF-EGTA can be affected by external
surfaces and partially open pores. In addition, the measured
mean pore diameter in the mesoporous range suggests that the
framework still contains open channels sufficient for substrate
diffusion.

Characterization by TGA-DTA

Thermogravimetric analysis (TGA-DTA) was conducted under
an air flow and a temperature increase rate of 10 °C min~" to
investigate the thermal behavior of the Ce-MOF-EGTA. The TGA-
DTA curves of Ce-MOF-EGTA exhibit a two-step weight loss
upon heating in the temperature range of 25 to 800 °C under
airflow conditions (Fig. 9).

The first weight loss between 50 and 110 °C is attributed to
the loss of solvent molecules from the pores and also to mole-
cules coordinated within the cage of the MOF. The second
weight loss, occurring at 320 to 360 °C, is probably due to the
collapse of the MOF structure and the loss of the organic
linkers. Moreover, approximately 60% of the initial mass
remains at 800 °C.

RSC Adv, 2026, 16, 10436-10450 | 10439
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Fig. 7 The XRD pattern of Ce-MOF-EGTA.

Catalytic studies

Optimization of the reaction conditions. After characterizing
the FL-MOF catalyst, its catalytic activity was evaluated in the
synthesis of 1(a-g) and 2(a-g). Here, you can see the effect of
catalyst amount, temperature, reaction time, and solvent.

10440 | RSC Adv, 2026, 16, 10436-10450

(A) FESEM image of Ce-MOF-EGTA, and (B) particle size distribution histogram of Ce-MOF-EGTA.

Optimization of the reaction conditions for the synthesis of
1(a-g) and 2(a-g). For the synthesis of 1(a-g), synthesis of 1b (7-
(2-methoxyphenyl)-7,14-dihydro-6 H-benzo[#]chromeno[4,3-5]
quinolin-6-one) by Ce-MOF-EGTA from the reaction of 4-
hydroxycoumarin, 1-naphthylamine, and 2-methoxy-
benzaldehyde was chosen as a model reaction. The best
condition was found to be the 1:1:1 molar ratio of starting
materials with 20 mg of Ce-MOF-EGTA at 80 °C in solvent-free
conditions (entry 2, Table 2).

With increasing the reaction time and catalyst amount,
lower yields were observed, which is likely due to the increase
the side reactions. In general, the polar solvents showed more
efficacy than non-polar solvents; however, they gave lower yields
compared to the solvent-free conditions.

In addition, to confirm the role of Ce-MOF-EGTA in the
synthesis of 1(a-g), three separate similar reactions were carried
out in the presence of CAN, EGTA, and a mixture of CAN + EGTA
as catalysts, and it was observed that the corresponding yields of
1b decreased to 58%, 47%, and 62%, respectively.

For the synthesis of 2(a-g), synthesis of 2b (5-amino-7-(2-
methoxyphenyl)-7,8-dihydro-[1,2,4]triazolo[4,3-a] pyrimidine-6-
carbonitrile) by Ce-MOF-EGTA from the reaction of 3-amino-
1,2,4-triazole, malononitrile, and 2-methoxy benzaldehyde
was chosen as a model reaction. The best condition was found
to be the 1:1:1 molar ratio of starting materials with 20 mg of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The obtained results from the BET measurements

Entry Parameter Ce-MOF-EGTA
1 as (cm® g™ 5.15

2 Vim (cm® g7 1.18

3 Total pore volume (cm® g ™) 0.014

4 Mean pore diameter (nm) 11.27
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Fig. 9 TGA/DTA curve of Ce-MOF-EGTA.

Ce-MOF-EGTA at 110 °C in solvent-free conditions (entry 2,
Table 3).

With increasing the reaction time and catalyst amount,
lower yields were observed, which is likely due to the increase in
the side reactions. In general, the polar solvents showed more
efficacy than non-polar solvents; however, they gave lower yields
compared to the solvent-free conditions.

In addition, to confirm the role of Ce-MOF-EGTA in the
synthesis of 2(a-g), three separate similar reactions were carried
out in the presence of CAN, EGTA, and a mixture of CAN + EGTA
as catalysts, and it was observed that the corresponding yields of
2b decreased to 61%, 53%, and 75%, respectively.
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Synthesis of 1(a-g) (Table 4) and 2(a-g) (Table 4). Based on
the results obtained from the model reaction (1b), diverse 1(a-g)
were synthesized.

Based on the results obtained from the model reaction (2b),
diverse 2(a-g) were synthesized.

Spectral data for 1(a-g) and 2(a-g)

7-(Naphthalen-1-yl)-7,14-dihydro-6H-benzo[hjchromenof4,3-b]
quinolin-6-one (1a). Cream solid, M.P. >300 °C, IR (KBr, cm '):
3369 (NH), 3040 (C-H aromatic), 1663 (C=0), 1621 (NH bend),
1473 (C=C aromatic) and 1267 (C-0). 'H NMR (250 MHz,
DMSO-dg) 6 = 9.46 (s, 1H, NH), 8.78 (d, J = 8.6 Hz, 1H, H
aromatic), 8.61 (t, J = 10.1 Hz, 2H, H aromatic), 7.87 (d, J =
8.0 Hz, 1H, H aromatic), 7.76 (d, J = 7.8 Hz, 1H, H aromatic),
7.61 (q,J = 7.5 Hz, 4H, H aromatic), 7.51 (d, J = 7.4 Hz, 3H, H
aromatic), 7.38 (d, J = 8.6 Hz, 4H, H aromatic), 7.15 (d, J =
8.3 Hz, 1H, H aromatic), 6.25 (s, 1H, H aliphatic). ">C NMR (62.5
MHz, DMSO-d) 6 = 152.7 (C=O0), 145.5, 144.5, 133.8, 133.0,
132.3, 130.8, 129.8, 128.6, 126.8, 126.4, 124.5, 124.1, 123.3,
122.4,121.8,117.2,114.0, 100.1 (C aromatic), 37.0 (C aliphatic).

7-(2-Methoxyphenyl)-7,14-dihydro-6H-benzo[h]chromenof4,3-b]
quinolin-6-one (1b). Yellow solid, M.P. >300 °C, IR (KBr, cm™):
3343 (NH), 3060 (C-H aromatic), 1665(C=0), 1621(NH bend),
1471(C=C aromatic) and 1241(C-O). 'H NMR (250 MHz,
DMSO-dg) 6 = 9.37 (s, 1H, NH), 8.57 (t, ] = 7.7 Hz,2H, H
aromatic), 7.80 (d,J = 8.0 Hz, 1H, H aromatic), 7.60 (dd, J = 13.8,
7.7 Hz, 2H, H aromatic), 7.49 (dt, J = 8.4, 4.3 Hz, 3H, H
aromatic), 7.37 (d, J = 8.4 Hz, 2H, H aromatic), 7.08 (t, ] =
8.7 Hz, 2H, H aromatic), 6.94 (d, J = 8.0 Hz, 1H, H aromatic),
6.74 (t, ] = 7.3 Hz, 1H, H aromatic), 5.76 (d, J = 2.6 Hz, 1H, H
aliphatic) 3.83 (s, 3H, OCH;). 1*C NMR (62.5 MHz, DMSO-d) 6 =
160.7 (C=0), 156.1, 152.8, 145.2, 136.0, 132.9, 132.2, 130.2,
129.0, 128.5, 128.2, 127.3, 126.3, 124.1, 123.2, 122.2, 121.4,
121.2, 117.1, 114.1, 112.1, 98.5 (C aromatic), 56.2 (OCH,), 35.6
(C aliphatic).

7-(4-Isopropylphenyl)-7,14-dihydro-6H-benzo[hJchromeno[4,3-b]
quinolin-6-one (1c). Yellow solid, M.P. 305-307 °C, IR
(KBr, cm™'): 3463 (NH), 3044 (C-H aromatic), 2954 (C-H

RSC Adv, 2026, 16, 10436-10450 | 10441
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Table 2 Screening the reaction parameters for the synthesis of 1b by Ce-MOF-EGTA
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80 °C

NH, CHO
0._0 H;CO
OO Ce-MOF-EGTA
+ + _
= Solvent-free
OH

Entry Condition Catal. amount (mg)
1 Solvent-free, 70 °C 20
2 Solvent-free, 80°C 20
3 Solvent-free, 100 °C 20
4 Solvent-free, 110 °C 20
5 Solvent-free, 80 °C 10
6 Solvent-free, 80 °C 30
7 Solvent-free, 80 °C 20
8 Solvent-free, 80 °C 20
9 Solvent-free, 80 °C —
10 DMF, 80 °C 20
11 EtOH, reflux 20
12 CH,CN, reflux 20
13 THEF, reflux 20
14 Toluene, reflux 20
15 n-Hexane, reflux 20
16 H,0, reflux 20

Time (min)
10
10
10
10
10
10
20
30
30
10
10
10
10
10
10
10

Yield (%)
86
97
83
75
80
78
70
65
12
63
75
68
45
23
15
20

aliphatic), 1702 (C=0), 1639 (NH bend), 1473 (C=C aromatic) 6H, isopropyl). "*C NMR (62.5 MHz, DMSO-d¢) 6 = 160.9 (C=0),
and 1267 (C-0). 'H NMR (250 MHz, DMSO-d) 6 = 9.49 (s, 1H, 156.7, 154.1, 152.7, 147.6, 147.0, 144.9, 139.4, 134.9, 132.3,
NH), 8.59 (dd, J = 16.6, 8.2 Hz, 2H, H aromatic), 7.85 (d, ] = 130.5, 128.6, 127.6, 126.8, 126.6, 124.4, 123.9, 121.7, 117.2 (C

8.0 Hz, 2H, H aromatic), 7.57 (ddt, ] = 25.4, 18.9, 8.3 Hz, 6H, H aromatic), 33.4 (C aliphatic), 24.2 (isopropyl).

aromatic), 7.36 (t, / = 7.9 Hz, 2H, H aromatic), 7.18 (d, | = 7-(3-Hydroxyphenyl)-7,14-dihydro-6H-benzo[hJchromeno[4,3-b]

7.8 Hz, 2H, H aromatic), 7.05 (d, J = 7.6 Hz, 2H, H aromatic), quinolin-6-one (1d). Yellow solid, M.P.

336-339

°Cc, IR

5.32 (s, 1H, H aliphatic), 2.73 (s, 1H, -CH,-), 1.08 (d,/ = 6.9 Hz, (KBr, cm"): 3442 (NH), 3275 (OH), 3066 (C-H aromatic), 2903

Table 3 Optimization of the reaction parameters for the synthesis of 2b by Ce-MOF-EGTA

NH, CHO N N
N_\< CN OCH;  CeMOFEGTA T |
( N+ —_— N._N  OCH;
N CN Solvent-free <\ T//
H 110 °C N-N
Entry Condition Catal. amount (mg) Time (min) Yield (%)
1 Solvent-free, 90 °C 20 30 79
2 Solvent-free, 110°C 20 30 98
3 Solvent-free, 130 °C 20 30 85
4 Solvent-free, 110 °C 10 30 75
5 Solvent-free, 110 °C 30 30 68
6 Solvent-free, 110 °C 20 20 82
7 Solvent-free, 110 °C 20 40 77
8 Solvent-free, 110 °C 20 60 65
9 Solvent-free, 110 °C — 60 Trace
10 DMF, 110 °C 20 30 63
11 EtOH, reflux 20 30 70
12 CH;CN, reflux 20 30 55
13 THF, reflux 20 30 60
14 Toluene, reflux 20 30 57
15 n-Hexane, reflux 20 30 50
16 H,0, reflux 20 30 70

10442 | RSC Adv, 2026, 16, 10436-10450
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NH, CHO
0._0 | N
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R
OH

(C-H aliphatic), 1661 (C=0), 1472 (C=C aromatic) and 1268
(C-0). *H NMR (250 MHz, DMSO-dg) 6 = 9.45 (s, 1H, NH), 9.21
(s, 1H, OH), 8.61 (d, J = 8.4 Hz,1H, H aromatic), 8.56 (d, J =
8.0 Hz, 1H, H aromatic), 7.85 (d, J = 8.0 Hz, 1H, H aromatic),
7.68-7.56 (m, 2H, H aromatic), 7.53 (d, J = 7.3 Hz, 2H, H
aromatic), 7.37 (q, J = 11.0 Hz, 3H, H aromatic), 6.98 (t, ] =
7.8 Hz, 1H, H aromatic), 6.74 (d, J = 7.6 Hz, 1H, H aromatic),
6.66 (s,1H, H aromatic), 6.49 (d, J = 5.7 Hz, 1H, H aromatic),
5.26 (s, 1H, H aliphatic). *C NMR (62.5 MHz, DMSO-d¢) § =
161.0 (C=0), 157.8, 152.7, 148.6, 144.3, 133.1, 132.3, 130.5,
129.7, 128.6, 127.8, 126.5, 126.4, 124.4, 124.2, 123.9, 123.2,

Fig. 10 Plausible mechanism for the synthesis of 1(a—g) by Ce-MOF-

© 2026 The Author(s). Published by the Royal Society of Chemistry

Ce-MOF-EGTA
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Solvent-free
80 °C

122.3,121.0, 118.5, 117.2, 114.7, 114.1, 113.9, 99.1 (C aromatic),
41.9 (C aliphatic).
7-(2,3-Dihydroxyphenyl)-7,14-dihydro-6H-benzo[h]chromeno
[4,3-b]Jquinolin-6-one (1e). Cream solid, M.P. 280-283 °C, IR
(KBr, cm™"): 3417 (NH), 2924 (C-H aromatic), 1647 (C=0), 1472
(C=C aromatic) and 1266 (C-O). "H NMR (250 MHz, DMSO-d,)
6=9.28(d,J = 13.8 Hz, 2H, OH), 8.64-8.47 (m, 3H, H aromatic),
7.80 (d, J = 7.8 Hz, 1H, NH), 7.70-7.33 (m, 7H, H aromatic),
6.59-6.32 (m, 3H, H aromatic), 5.78 (s,1H, H aliphatic).
7-(2-Chlorophenyl)-7,14-dihydro-6H-benzo[h]chromeno[4,3-b]
quinolin-6-one (1f). Cream solid, M.P. 335-337 °C, IR
(KBr, cm™"): 3327 (NH), 3065 (C-H aromatic), 1663 (C=0), 1619

EGTA.
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Fig. 11 Plausible mechanism for the synthesis of 2(a—g) by Ce-MOF-EGTA. Generally, the high catalytic efficiency observed for Ce-MOF-EGTA
highlights the functional importance of its flexible framework. In this MOF, the aliphatic tetratopic EGTA ligand coordinates to Ce centers through
its four binding sites, forming a stable yet flexible network. This coordination arrangement allows the ligand to adopt different conformations,
creating an adaptive pore environment that facilitates substrate diffusion and proper alignment of reactants near the Lewis acidic Ce sites. The
flexible nature of the ligand framework enables the MOF to accommodate substrates of varying sizes and shapes, consistent with a breathing or
conformational flexibility observed in other flexible MOFs.%55¢

(NH bend), 1471 (C=C aromatic) and 1272 (C-O). '"H NMR (250 aromatic), 7.37 (d, J = 8.1 Hz, 2H, H aromatic), 7.29 (d, J =
MHz, DMSO-dg) 6 = 9.38 (s, 1H, NH), 8.57 (dd,J = 13.2, 8.3 Hz, 8.6 Hz,1H, H aromatic), 7.16-7.10 (m, 2H, H aromatic), 5.88 (s,
2H, H aromatic), 7.81 (d, /= 8.1 Hz, 1H, H aromatic), 7.65 (d,J= 1H, H aliphatic).

8.6 Hz, 2H, H aromatic), 7.51 (dd, J = 11.7, 7.8 Hz, 4H, H

100 05
90
90 [ 86

80

60

Yield
3

Run

Fig. 12 Recyclability of the Ce-MOF-EGTA catalyst.
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Fig. 13 The FT-IR spectra of fresh Ce-MOF-EGTA and used Ce-MOF-
EGTA.
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Fig. 14 The XRD pattern of the used and fresh Ce-MOF-EGTA.

7-(4-Methoxyphenyl)-7,14-dihydro-6H-benzo[h]chromeno[4,3-b]
quinolin-6-one (1g). Yellow solid, M.P. 330-333 °C, IR
(KBr, cm™"): 3295 (NH), 2992 (C-H aromatic), 1665 (C=0), 1622

Fig. 15 FESEM images of Ce-MOF-EGTA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(NH bend), 1400 (C=C aromatic) and 1246 (C-O). '"H NMR (250
MHz, DMSO-d¢) 6 = 9.44 (s, 1H, NH), 8.58 (dd, J = 18.4,
8.2 Hz,2H, H aromatic), 7.84 (d, J = 7.9 Hz, 1H, H aromatic),
7.69-7.28 (m, 7H, H aromatic), 7.17 (d, J = 8.2 Hz, 2H, H
aromatic), 6.74 (d, J = 8.2 Hz, 2H, H aromatic), 5.29 (s,1H, H
aliphatic), 3.61 (s, 3H, OCHz).
5-Amino-7-phenyl-7,8-dihydro-[1,2,4]triazolo[4,3-a]pyrimidine-
6-carbonitrile (2a). Yellow solid, M.P. 259-262 °C, IR
(KBr, cm ™ 1): 3357 (NH,), 3267 (NH), 3183 (C-H aromatic), 2190
(C=N), 1531 (C=N) and 1367 (C=C aromatic). "H NMR (300
MHz, DMSO-d¢) 6 = 8.80 (s, 1H, NH), 7.74 (s, 1H, H aromatic),
7.48-7.35 (m, 2H, NH,), 7.32 (ddd, J = 8.2, 6.6, 1.6 Hz, 3H, H
aromatic), 7.24 (s, 2H, H aromatic), 5.37 (d, J = 2.0 Hz, 1H, H
aliphatic). *C NMR (75 MHz, DMSO-d¢) 6 = 160.5, 158.3, 157.6,
156.4, 154.8, 154.5, 152.4, 147.5, 143.7, 135.7, 131.0, 130.2,
129.2, 128.5, 128.3, 126.5 (C aromatic), 119.5 (CN), 56.5 (C
aliphatic).
5-Amino-7-(2-methoxyphenyl)-7,8-dihydro-[1,2,4Jtriazolo[4,3-a]
pyrimidine-6-carbonitrile (2b). Yellow solid, M.P. 252-255 °C, IR
(KBr, cm™'): 3456 (NH,), 3360 (NH), 3265 (C-H aromatic), 3008
(C-H aliphatic), 2189 (C=N), 1630 (C=N) and 1485 (C=C
aromatic), 1236 (C-0). 'H NMR (500 MHz,DMSO-d) 6 = 8.41 (d,
J = 2.5 Hz, 1H, NH), 7.66 (s, 1H, H aromatic), 7.30-7.26 (m, 1H,
H aromatic), 7.10 (dd, J = 7.5, 1.7 Hz, 1H, H aromatic), 7.06 (s,
2H, NH,), 7.02 (d,J = 8.2 Hz, 1H, H aromatic), 6.91 (t,/ = 7.4 Hz,
1H, H aromatic), 5.45 (d, J = 2.5 Hz, 1H, H aliphatic), 3.68 (s, 3H,
OCH3;). *C NMR (125 MHz, DMSO-dg) 6 = 157.1, 154.7, 152.0,
147.8,131.0, 129.8, 127.5, 120.8, 119.4 (C aromatic), 112.0 (CN),
55.9 (C aliphatic), 55.5 (OCH3).
5-Amino-7-(3,4-dimethoxyphenyl)-7,8-dihydro-[1,2,4triazolo
[4,3-aJpyrimidine-6-carbonitrile (2¢). Yellow solid, M.P. 284-288 °
C, IR (KBr, cm™'): 3323 (NH,), 3196 (C-H aromatic), 2963 (C-H
aliphatic), 2219 (C=N), 1682 (C=N) and 1466 (C=C aromatic).
'H NMR (500 MHz, DMSO-d¢) 6 = 8.96 (s, 2H, NH,), 8.36-8.33
(m, 1H, H aromatic), 7.24 (d, J = 15.8 Hz, 2H, H aromatic), 6.89
(s, 1H, H aromatic), 3.61 (s, 3H, OCH3), 3.10 (s, 3H, OCH3;). **C
NMR (125 MHz, DMSO-dg) 6 = 164.1, 156.4, 155.5, 152.1, 151.4,
148.7, 129.5, 122.5, 116.4, 112.6, 111.6 (C aromatic),75.5 (CN),
56.1 (OCH3).
5-Amino-7-(4-chlorophenyl)-{1,2,4triazolo[4, 3-aJpyrimidine-6-
carbonitrile (2d). White solid, M.P. 295-300 °C, IR (KBr, cm ™ *):
3351 (NH,), 3056 (C-H aromatic), 2197 (C=N), 1661 (C=N),
1593 (NH, in plan bend), 1485 (C=C aromatic) and 1157 (C-N).

500’ nm
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Table 4 Synthesis of 1(a—g) and 2(a—g) by Ce-MOF-EGTA

M.P. (°C) =>350 (no clear melt) M.P. (°C) =>300 (decompose) M.P. (°C) = 305-307 M.P. (°C) = 336-339
Time (min) = 12 Time (min) = 10 Time (min) = 12 Time (min) = 10
Yield (%) =91 Yield (%) =97 Yield (%) = 93 Yield (%) = 95
aTON = 0.155 x 10* TON =0.165 x 10* TON = 0.158 x 10* TON =0.162 x 10*
bTOF = 0.778 x 10*h™! TOF = 0.995 x 10*h! TOF =0.795 x 10*h’! TOF = 0.975 x 10*h’!

OMe

M.P. (°C) = 280-283 M.P. (°C) = 335-337 M.P. (°C) = 330-333
Time (min) = 12 Time (min) = 15 Time (min) = 12
Yield (%) =82 Yield (%) = 90 Yield (%) = 88
TON = 0.140 x 10* TON =0.153 x 10* TON = 0.150 x 10*
TOF =0.701 x 10*h’! TOF =0.615 x 10*h’! TOF =0.752 x 10*h’!
CN CN N OMe N cl
HNQ 2 HNQ 2 H,N H,N

/I OMe /I

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

N _NH N._NH OMe No _N No _N
N N I N
N=N = 2a N=N  2p N-N 2¢ N-N 2d
M.P. (°C) = 260-265 M.P. (°C) = 252-255 M.P. (°C) = 284-288 M.P. (°C) = 295-300
Time (min) =25 Time (min) = 30 Time (min) = 30 Time (min) = 35
Yield (%) =86 Yield (%) = 98 Yield (%) =92 Yield (%) = 93
: TON = 0.147 x 10* TON =0.168 x 10* TON = 0.157 x 10* TON = 0.159 x 10*
TOF =0.353 x 10*h’! TOF =0.335 x 10*h"! TOF =0.315 x 10*h’! TOF =0.273 x 10* 1!

CN K N (7 CN Me
H,N _ H,N /I N H,N i
N _N N _NH
I I

N _NH
LT
N-N

2e 2f 2g
M.P. (°C) = 280-285 M.P. (°C) =>300 (decmpose) M.P. (°C) = 270-275
Time (min) = 35 Time (min) = 35 Time (min) = 30
Yield (%) = 89 Yield (%) = 85 Yield (%) =91
TON =0.152 x 10* TON = 0.145 x 10* TON = 0.156 x 10*
TOF =0.261 x 10*h’! TOF =0.249 x 10*h’! TOF =0.311 x 10*h’!

@ TON (turnover number) = Moles of desired product formed/moles of catalyst. ” TOF (turnover frequency) = Turnover number (TON)/minutes.

"H NMR (250 MHz, DMSO-d) § = 9.30 (s, 2H, NH,), 8.61 (s, 1H, 5-Amino-7-(4-fluorophenyl)-7,8-dihydro-[1,2,4Jtriazolo[4,3-a]

H aromatic), 7.85 (d, J = 8.2 Hz, 2H, H aromatic), 7.64 (d, ] = pyrimidine-6-carbonitrile (2e). White solid, M.P. 280-285 °C, IR
8.4 Hz, 2H, H aromatic). ">C NMR (62.5 MHz, DMSO-de) 6 = (KBr, cm ™ *): 3351 (NH,), 3238 (NH), 3114 (C-H aromatic), 2195
156.4, 151.9, 136.2, 131.0, 128.9 (C aromatic), 115.9 (CN). (C=N), 1661 (C=N) and 1485 (C=C aromatic). "H NMR (300

10446 | RSC Adv, 2026, 16, 10436-10450 © 2026 The Author(s). Published by the Royal Society of Chemistry
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CHO
R
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R\ LN
H

MHz, DMSO-dg) 6 = 8.97 (s, 1H, NH), 8.30-8.27 (m, 2H, NH,),
7.77 (s, 1H, H aromatic), 7.60 (d, J = 8.8 Hz, 2H, H aromatic),
7.38 (s, 2H, H aromatic), 5.60 (s, 1H, H aliphatic).

5-Amino-7-(pyridin-3-yl)-[1,2,4]triazolo[4, 3-aJpyrimidine-6-
carbonitrile (2f). Light brown solid, M.P. > 300 °C, IR
(KBr, cm™'): 3434 (NH,), 2928 (C-H aromatic), 2190 (C=N),
1684 (C=N), 1537 (C=C aromatic) and 1580 (NH, in plane
bend). 'H NMR (250 MHz, DMSO-dg) 6 = 9.37 (s, 2H, NH,), 8.97
(s, 1H, H aromatic), 8.67 (d, J = 27.8 Hz, 2H, H aromatic), 8.21
(d,J = 7.8 Hz, 1H, H aromatic), 7.60 (s, 1H, H aromatic).

5-Amino-7-(p-tolyl)-7,8-dihydro-[1,2,4]triazolo[4, 3-apyrimidine-
6-carbonitrile (2g). White solid, M.P. 270-275 °C, IR (KBr, cm ™ ):
3349 (NH,), 3263 (NH), 3187 (C-H aromatic), 3118 (C-H
aliphatic), 2194 (C=N), 1661 (C=N) and 1530 (C=C aromatic).
'H NMR (250 MHz, DMSO-d¢) 6 = 9.21 (s, 1H, NH), 8.63 (d, ] =
32.0 Hz, 2H, NH,), 7.75-7.64 (m, 1H, H aromatic), 7.15 (s, 5H, H
aromatic), 5.25 (s, 1H, H aromatic), 2.26 (d, / = 30.9 Hz, 3H,
CH,).

Proposed mechanism for the synthesis of 1(a-g) and 2(a-g).
Proposed mechanism for the synthesis of 1(a-g) is shown in
Fig. 10. The Ce-MOF-EGTA catalyst facilitates the reaction by
providing accessible Ce Lewis acid sites, which coordinate to
the carbonyl group of the aldehyde, increasing its electrophi-
licity. The condensation between 4-hydroxycoumarine and the
activated aldehyde gives the intermediate A, which subse-
quently loses H,O, to afford the intermediate B. Afterward,
a nucleophilic attack of 1-naphthylamine to the activated
intermediate B gives the intermediate C, which readily
undergoes a subsequent intramolecular cyclization to produce
the intermediate D. Finally, the dehydration of intermediate D
affords the target molecule 1(a-g). Additionally, the flexible
framework of the EGTA ligand facilitate substrate diffusion and
proper orientation, enhancing the reaction efficiency and
contributing to the observed high yields under mild conditions.

The proposed mechanism for the synthesis of 2(a-g) is
shown in Fig. 11. The aldehyde is activated by the Ce Lewis acid
sites of Ce-MOF-EGTA, which increases its electrophilicity and
facilitates the initial condensation with malononitrile to form
the benzylidene intermediate A. Intermediate A then undergoes
a Michael addition with 3-amino-1,2,4-triazole, generating
intermediate B. Subsequent intramolecular cyclization of
intermediate B affords the expected cyclic products. Anomeric-
based oxidation or air-oxidation leads to hydride transfer,
controlling the ring aromaticity. In this reaction as well, the
structural arrangement of the ligand can assist in aligning the
reactants within the framework.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Reusability of the Ce-MOF-EGTA. In a separate study, we
studied the easy recyclability of this catalyst for the synthesis of
target molecule 7-(2-methoxyphenyl)-7,14-dihydro-6 H-benzo[/]
chromeno[4,3-b]quinolin-6-one 1b and 5-amino-7-(2-methoxy-
phenyl)-7,8-dihydro-[1,2,4]triazolo[4,3-a]pyrimidine-6-
carbonitrile 2b under optimal reaction conditions. At the end of
each run, the solid was dissolved in 10 mL of DMF and centri-
fuged to separate the Ce-MOF-EGTA catalyst. The separated
catalyst was washed with DMF and EtOH, dried, and reused for
the next run. The results indicated that Ce-MOF-EGTA could be
reused 5 times without any considerable decrease in the reac-
tion yield (Fig. 12).

Moreover, the used catalyst was evaluated after the fifth
catalytic cycle by the FT-IR, XRD, and FESEM techniques. As
shown in Fig. 13, the IR index peaks of the synthesized frame-
work were preserved in the recycled catalyst, which indicates the
stability of the recycled catalyst.

On the other hand, the XRD spectrum of the used Ce-MOF-
EGTA catalyst shows that the crystalline phase is preserved
(Fig. 14).

In addition, the SEM images reveal that the catalyst's struc-
ture remains intact (Fig. 15).

According to the structural analysis (FT-IR, XRD and SEM),
the recovered catalyst retains its original structure, indicating
negligible Ce leaching. Moreover, a hot filtration test was per-
formed: the catalyst was removed from the reaction mixture
midway, and the reaction continued without noticeable change
in rate or yield, suggesting minimal Ce leaching. We have not
performed ICP or EDX analysis to quantitatively measure
leaching; however, based on the hot filtration test, any leaching
is expected to be very low.

Conclusion

A novel cerium-based flexible MOF (Ce-MOF-EGTA) constructed
from an aliphatic tetratopic ligand was developed as an efficient
and reusable heterogeneous catalyst. EGTA introduces intrinsic
conformational flexibility due to its aliphatic backbone and
chelating ether groups, leading to an adaptive framework.
Moreover, Ce provides accessible Lewis acid sites, which are
rarely explored in flexible MOFs for catalytic applications. Its
intrinsic framework flexibility combined with accessible Ce
Lewis acid sites enables high-yield synthesis of biologically
relevant heterocycles under mild and green conditions. The
catalyst retains its structure and activity over multiple cycles,
demonstrating excellent stability and recyclability. This study

RSC Adv, 2026, 16, 10436-10450 | 10447
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highlights the potential of aliphatic-ligand-based flexible MOFs
for sustainable and adaptive catalytic applications, opening
avenues for future design of functional MOFs.
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