
[Short title + Author Name - P&H title] 17 (2024) 105908

Available online 15 July 2024
1878-5352/© 2024 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original article

Magnetic covalent organic framework with ionic tags as an efficient
catalyst in the preparation of 2,3-disubstituted thiazolidine-4-ones and
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A B S T R A C T

The functionalization of magnetic nanoparticles with covalent organic frameworks (COFs) will endow them
inspiring characteristics. Herein, a new magnetic covalent organic framework (MCOF) decorated with tri-
fluoroacetate as ionic sections (Fe3O4@COF-TFA) was designed and constructed. To confirm the successful
synthesis of this hybrid material, several techniques including Fourier-transform infrared spectroscopy (FT-IR),
thermogravimetric analysis (TGA), derivative thermogravimetry (DTG), field-emission scanning electron mi-
croscopy (FE-SEM), energy-dispersive X-ray spectroscopy (EDS), elemental mapping, transmission electron mi-
croscopy (TEM), vibrating-sample magnetometer (VSM) and X-ray diffraction analysis (XRD) were applied. TG/
DTG analyses show that Fe3O4@COF-TFA has an excellent thermal stability up to 450 ℃. The FE-SEM analysis
revealed that catalyst has the island-like morphology and according to TEM analysis, it has spherical geometry
with nanometer scale particle size. Also, surface area of Fe3O4@COF and Fe3O4@COF-TFA are 74 and 12 m2.g− 1,
respectively. Fe3O4@COF-TFA was applied as a recoverable heterogeneous catalyst for construction of 2,3-disub-
stituted thiazolidine-4-ones and N‑amino-2-pyridones via a multi-component synthetic strategy. It is worth
mentioning that synthesized derivatives have a good yield and short reaction times.

1. Introduction

Since the emergence of COFs as strong covalently linked two- and
three-dimensional organic structures, these versatile materials have
attracted considerable interest (Waller et al., 2015; Kandambeth et al.,
2018). These reticular, sustainable as well as environmentally gentle
materials possess unique properties such as high thermal and chemical
stability, regulatable physicochemical characteristics, metal-free and
flexible scaffolds, extremely low density, high surface area, tolerable
charge-carrier mobility, and large pore sizes (Bayatani et al., 2023; Tan
et al., 2023; Geng et al., 2020). COFs have been profoundly deliberated
in electronics (Yang and Börjesson, 2022), energy storage (Cao et al.,
2019), solar cells (Wu et al., 2018), gas capture and separation (Abdoli,
2023), water treatment (Wang et al., 2020), self-healing materials
(Zhang et al., 2022), catalysis (Yusran et al., 2020) and drug delivery
(Bai et al., 2016). In recent years, COFs have been enormously applied in
many catalytic transformations (Guo and Jiang, 2020; Yarie, 2021;
Torabi, 2021). These materials due to intrinsic catalytic activities, well-
defined active sites, designability and excellent stability have a robust

partnership in catalytic and photocatalytic processes (Yang et al., 2020),
CO2 fixation utility (Yang et al., 2020), multi-component reactions (Yao
et al., 2021), electrocatalytic processes (Chen et al., 2022) and coupling
reactions (Qiu et al., 2020). Due to the easy post-modification of COFs by
active metallic groups, acidic or basic moieties and ionic sections, it is
possible to design robust catalytic systems in a targeted approach (Gao
et al., 2019; Segura et al., 2019). Also, to address the limitations of COFs
and improve their catalytic activity, these compounds can be designed
as hybrid composites by incorporation of magnetic nanoparticles, gra-
phene oxides, carbon nanotubes, MXenes and MOFs (Zhuang and Wang,
2021; Zhao et al., 2021; Wang et al., 2022; Cai et al., 2019).

In the last years, the development, and applications of magnetic
nanoparticles (MNPs) have been the subject of intensive research by
many industrial and academic researchers. They havemotivated them to
focus on synthetic routes and extraordinary as well as vast applications
of MNPs (Ma et al., 2021; Mokhtary, 2016). The lucrative utilities of
MNPs in medicine, biosensing, agriculture, drug delivery and catalytic
processes is undeniable (Zandipak and Sobhanardakani, 2018; Sobha-
nardakani et al., 2018). MNPs due to their high thermal and chemical
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stability, ease of separation and reuse, high specific surface area, cheap
and accessible as well as environmentally friendly nature are constantly
gaining much attention (Gloag et al., 2019). Due to the excellent per-
formance of MNPs, these compounds have found their position as an
integral part of new sciences and appear as hybrid systems with other
useful chemical compounds such as MOFs, COFs, DESs, etc. (Zhao et al.,
2019; Torabi et al., 2022; Torabi et al., 2020; Zhuang et al., 2020; Govan
and Gun’ko, 2014). Hence, these materials have represented good cat-
alytic applications in many organic reactions such as multi-component
(Torabi et al., 2021), oxidation/reduction (Payra et al., 2017),
coupling (Shaikh and Zahir, 2022), asymmetric synthesis (Primitivo
et al., 2021) and protection processes (Khaef et al., 2020).

Recently, the incorporation of MNPs within the COFs to achieve
unique heterogeneous catalytic systems has received the attention of

chemists and their emphasis. (Sharma et al., 2020). On the other hand,
modification of heterogeneous catalysts by ionic liquids can enhance
their catalytic utilities (Ghasemi et al., 2020). Due to the fruitful per-
formance of ionic liquids in catalytic transformations, there are several
reports regarding MNPs, or COFs decorated by ionic liquid. Therefore,
the functionalization of MNPs-COF hybrids by ionic sections deserves
more attention because it can open a new window to the world of
catalysis (Anizadeh et al., 2022; Chen et al., 2021; Alishahi et al., 2023).

According to the literatures, 2-pyridone containing heterocycles
have a brilliant background in many areas such as functional materials,
organic dyes, agricultural compounds, versatile synthons, biological
compounds, and pharmaceutical molecules (Zarei et al., 2023; Tavassoli
et al., 2023; Fujii et al., 2013). Also, 2-pyridones are widely found in
natural products such as amrinone, milrinone, and ciclopirox

Scheme 1. Synthesis of Fe3O4@COF and Fe3O4@COF-TFA.

Scheme 2. General route for the catalytic preparation of thiazolidine-4-ones and N‑amino-2-pyridones.
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Fig. 1. (a) FT-IR spectrum of 2,6-diaminopyridine, (b) FT-IR spectrum of Fe3O4@COF, (c) FT-IR spectrum of Fe3O4@COF-TFA.

Fig. 2. EDS spectra of (a) Fe3O4@COF and (b) Fe3O4@COF-TFA.

Fig. 3. Elemental distribution of Fe3O4@COF.
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(Hernández et al., 2013; Fossa et al., 2003). In addition, N‑amino-2-
pyridones as one of the most important families of 2-pyridone, have
been widely studied by chemists. Fabulous medicinal properties such as
antimicrobial (Ahadi et al., 2021), anticancer (Amer et al., 2021),
anticoagulant (Babaee et al., 2020), anti-HIV (Zhang et al., 2022) anti-
malarial (Sangwan et al., 2022), anticonvulsant (Keshk et al., 2021),
antimalarial (Hurtado-Rodríguez et al., 2022), and antihypertensive
(Hernández, xxxx) have been reported for N‑amino-2-pyridone bearing
molecules.

Due to their fundamental and superior applications in vast domains
of chemistry such as natural products, agricultural chemistry,

pharmaceuticals, and functional materials, thiazolidine-4-one scaffolds
have gained significant importance (Tawfeek et al., 2022). However, the
most important uses of thiazolidine-4-ones is their exceptional and
innumerable pharmaceutical and medicinal utilities such as anticancer
(Ansari et al., 2020), antioxidant (Jaiswal et al., 2019), anti-
infammatory (Jaiswal et al., 2019), cardiovascular (Jaiswal et al.,
2019), antimicrobial (Jaiswal et al., 2019) and anti-HIV (Jaiswal et al.,
2019). Furthermore, these compounds are well-known in hybrid drugs
which are as good as marketed drugs (Khan et al., 2022).

In continuous of our research on MCOFs (Alishahi et al., 2023), we
designed and synthesized a new pyridine-based MCOF decorated with

Fig. 4. Elemental distribution of Fe3O4@COF-TFA.

Fig. 5. FESEM images of Fe3O4@COF (a, b), Fe3O4@COF-TFA (c, d) and TEM images of Fe3O4@COF (e, f) and Fe3O4@COF-TFA (g, h).
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trifluoroacetate as ionic sections namely Fe3O4@COF-TFA. After the
characterization of Fe3O4@COF-TFA, its catalytic behavior was tested
for the preparation of 2,3-disubstituted thiazolidine-4-ones and
N‑amino-2-pyridones via a multi-component strategy (Baharfar et al.,
2019) (Scheme 1; 2).

2. Results and discussion

Magnetic catalysts and catalytic systems are currently attracting
great attention from researchers and industries. In continuous of our
previous research on MCOFs (Alishahi et al., 2023), Fe3O4@COF-TFA
was designed, constructed and applied as a catalyst for the multi-
component synthesis of thiazolidine-4-ones and N‑amino-2-pyridones.
At first, various characterization techniques were used to approve the
structure, morphology, and physical properties of Fe3O4@COF-TFA. In
continued its application in the synthesis of thiazolidine-4-ones and
N‑amino-2-pyridones was explored.

2.1. Characterization

Several characteristic techniques supported the proposed chemical
structure of Fe3O4@COF-TFA. The FT-IR spectrum of tri(4-formyl phe-
noxy) cyanurate (TFPC) illustrates stretching vibrations characteristic of
C=O at 1701 cm− 1 and the breathing mode of the triazine ring is
observed at 808 cm− 1 (See ESI). Also, the FT-IR spectrum of 2,6-diami-
nopyridine shows the typical peaks of NH2 about at 3372 and 3392 cm− 1

and C=N bond (pyridine ring) at 1627 cm− 1 (Fig. 1a). The disappear-
ance of C=O in FT-IR of TFPC and NH2 signals of 2,6-diaminopyridine as
well as the appearance of a new signal about 1631 cm− 1 (imine func-
tional group) verified the successful synthesis of Fe3O4@COF (Fig. 1b).
Also, according to the FT-IR spectrum of Fe3O4@COF-TFA (Fig. 1c), the
existence of broader peaks compared to the previous step confirmed the
successful addition of TFA to Fe3O4@COF. Of note, the new peak at
1643 cm− 1 can be related to the carbonyl functional group of TFA.

EDS spectra of Fe3O4@COF and Fe3O4@COF-TFA samples were

Fig. 6. Nitrogen adsorption/desorption isotherms of (a) Fe3O4@COF and (b) Fe3O4@COF-TFA.

Fig. 7. Pore size distribution curves of Fe3O4@COF (a) and Fe3O4@COF-TFA (b).
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illustrated in Fig. 2a-b, which is well in accordance with our expecta-
tions. It is worth mentioning that C, N, Fe, and O signals for Fe3O4@COF
and C, N, Fe, O and F signals for Fe3O4@COF-TFA can be seen in EDS
results which appearance of F signal, in turn, confirms the chemical
structure of Fe3O4@COF-TFA. In addition, the uniform distribution of
elements in elemental mapping analysis confirmed the EDS results
(Figs. 3, 4).

FE-SEM and TEM analysis were used to investigate the morphology
of the prepared MCOFs. According to FE-SEM images, the island-like
morphologies were illustrated for both Fe3O4@COF (Fig. 5a-b) and
Fe3O4@COF-TFA (Fig. 5c-d). Some parts have filamentous morphologies
which confirmed the construction of polymeric scaffolds at the surface
of Fe3O4. Nevertheless, the relatively porous structure for Fe3O4@COF
and Fe3O4@COF-TFA was revealed by these images. TEM analysis was
applied as proof of FE-SEM images. Accordingly, TEM images show the

spherical geometry for the structure of Fe3O4@COF (Fig. 5e-f) and
Fe3O4@COF-TFA (Fig. 5g-h) and the organic layers are well represented
at the surface of Fe3O4. In addition, TEM images revealed that the size of
the magnetic nanoparticles in both Fe3O4@COF and Fe3O4@COF-TFA
are in nanometer scale (Fig. 5e-h).

Nitrogen adsorption/desorption isotherms of Fe3O4@COF and
Fe3O4@COF-TFA are depicted in Fig. 6. According to these diagrams,
the mesoporous structure of the prepared compounds is approved. In
addition, the BET surface area of Fe3O4@COF and Fe3O4@COF-TFA are
74 and 12 m2.g− 1, respectively. This reduction in the amount of surface
area can be attributed to the post-synthetic modification of Fe3O4@COF
by trifluoroacetic acid. In addition, The BJH analysis was used to
determine the pore size distribution and the results show the pore size
distribution for Fe3O4@COF and Fe3O4@COF-TFA mainly lies between
2 to 20 nm and 2 to 60 nm respectively (Fig. 7).

Fig. 8. VSM curves of (a) Fe3O4@COF and (b) Fe3O4@COF-TFA.

Fig. 9. TGA/DTG curves of Fe3O4@COF-TFA.
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In another study, the magnetic properties of the prepared MCOFs
were measured by using VSM analysis. Both Fe3O4@COF and Fe3O4@-
COF-TFA have a remarkable magnetization value which are about 50
and 40 emu/g, respectively which guarantees their recovering feasibility
by using a suitable external magnet. Nevertheless, the magnetic value of
Fe3O4 is about 70 emu/g (Alishahi et al., 2023) which shows the
reduction in the magnetic value of Fe3O4@COF in comparison to Fe3O4
confirmed the successful addition of organic layers to Fe3O4 nano-
particles. Also, the diminishing of the magnetic value for Fe3O4@COF-

TFA is due to the addition of TFA to the supported organic layers on
Fe3O4@COF (Fig. 8).

The study of the thermal stability of MCOFs is imperative. Bearing
this idea in mind, TG/DTG analysis was used for the evaluation of the
thermal stability of Fe3O4@COF-TFA. The analysis was performed from
an ambient temperature up to 600 ℃ under an inert atmosphere. Ac-
cording to TG/DTG curves (Fig. 9), Fe3O4@COF-TFA has excellent
thermal stability up to about 450℃ and gradual weight loss up to 165℃
is because of the evaporation of trapped solvents from the pores and

Fig. 10. XRD pattern of Fe3O4@COF and Fe3O4@COF-TFA.

Table 1
Optimizing of the reaction conditions for the synthesis of 1fa.

Entry Solvent Catalyst loading (mg) Temperature (oC) Time (min.) Yieldb (%) TON TOF (min− 1)

1 – – 90 30 – – –
2 – – 90 60 15 – –
3 – 5 90 30 45 9000 300
4 – 10 90 30 93 9300 310
5 – 20 90 30 92 4600 153.3
6 – 10 110 30 95 9500 316.6
7 – 10 75 30 80 8000 266.6
8 – 10 50 40 60 4000 100
9 – 10 25 90 – 0 0
10 H2O 10 Reflux 30 _ 0 0
11 CH3OH 10 Reflux 30 45 4500 150
12 C2H5OH 10 Reflux 30 30 3000 100
13 CH2Cl2 10 Reflux 30 40 4000 133.3
14 EtOAc 10 Reflux 30 52 5200 173.3
15 n-hexane 10 Reflux 30 – − −

16 CHCl3 10 Reflux 30 – − −

a Reaction conditions: 4-chlorobenzaldehyde (1 mmol, 0.14 g), 2-aminobenzothiazole (1 mmol, 0.150), thioglycolic acid (1 mmol, 0.092); b Isolated yield.
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surface of Fe3O4@COF-TFA. The weight loss up to about 40 % before
600℃ confirmed the presence of acceptable amounts of organic layers
on the surface of Fe3O4. According to XRD analysis, although the both
Fe3O4@COF and Fe3O4@COF-TFA has an amorphous structure, but the
diagnostic signals related to Fe3O4 by cubic lattice are at 30◦, 35◦, 43◦,
53◦,57◦ and 62◦ confirmed the preservation of the crystalline structure
of Fe3O4 (Fig. 10).

The predictable catalytic potential of Fe3O4@COF-TFA, encouraged
us to use it as a heterogeneous catalyst for the construction of the 2,3-
disubstituted thiazolidine-4-ones and N‑amino-2-pyridones via multi-
component synthetic route. Hence, we focused on finding the optimal
reaction conditions. For this goal, the synthesis of molecule 1f was used
as a model reaction among 2,3-disubstituted thiazolidine-4-ones and
several influential parameters such as temperature, solvent and the
amounts of the catalyst were explored. Themodel reaction does not have
good progress in the absence of catalyst and only a negligible amount of
product was obtained after 60 min. In the following, three amounts of
catalyst including 5, 10 and 20 mg were used and according to the re-
sults, 10 mg Fe3O4@COF-TFA was selected as the best amount of cata-
lyst. About optimization of temperature, the model reaction has
admirable results at 90℃ compared to lower temperatures. In addition,
the role of solvent was markedly studied, and the model reaction was
carried out in different polar (protic and aprotic) and nonpolar solvents
including H2O, MeOH, EtOH, CH2Cl2, EtOAc, CHCl3, and n-hexane.
Nevertheless, the presence of the solvent did not impressive effect on the
progress of reaction and solvent-free conditions were selected as the best
conditions. More details can be seen in Table 1. Regarding the synthesis
of N‑amino-2-pyridones, molecule 2f was selected as a model com-
pound. Unlike the previous reaction, performing the model reaction in
the presence of protic solvents such as EtOH and MeOH is more efficient
than in solvent-free conditions. Anyway, considering the yield of desired
product and green chemistry principles, the best results were obtained
by using 10 mg Fe3O4@COF-TFA as a catalyst in refluxing EtOH
(Table 2).

To account for the optimum reaction conditions for the synthesis of
2,3-disubstituted thiazolidine-4-ones and N‑amino-2-pyridones, the
scope and limitations of the reactions were investigated upon using
different substituted aryl-aldehydes. Therefore, an assortment of aro-
matic aldehydes with electron-poor and electron-rich aryl groups and,
benzaldehyde was used for the synthesis of the desired molecules. It is
worth mentioning that all the achieved molecules have good yields and
short reaction times (Table 3, 4). Also, the melting points of the previ-
ously reported molecules are embedded in related tables (Kalhor and
Banibairami, 2020; Mahapartra and Patanik, 1984; Dolganov et al.,
2022).

Also, in a comparative study, we discussed the catalytic activity and
efficiency of Fe3O4@COF-TFA with some of the previously reported
procedures for the preparation of 1b and 2a compounds. We found that
the Fe3O4@COF-TFA shows a good and acceptable catalytic perfor-
mance under mild reaction conditions with short reaction time and high
yield of product. The recycling and reusing ability of Fe3O4@COF-TFA is
another benefit of this system which this point is not observed in most of
the previously reported catalysts (Table 5, 6).

To investigate the key role of the components of this hybrid catalytic
system, the 1f molecule was prepared in the presence of Fe3O4,
Fe3O4@COF, and TFA compared to Fe3O4@COF-TFA. The results
showed that each of these catalysts can have a catalytic role to some
extent. The free hydroxy groups of Fe3O4 have inherent catalytic activity
and high specific surface of COF increased the number of effective in-
teractions. Therefore, their synergistic effects with TFA can improve the
catalytic potential of Fe3O4@COF-TFA (Table 7).

Also, we suggested a plausible mechanistic route for the synthesis of
2,3-disubstituted thiazolidine-4-ones by using Fe3O4@COF-TFA as a
heterogeneous catalyst (Scheme 3). In this mechanism, firstly, the
carbonyl group of aryl aldehyde is activated by the catalyst and sub-
jected to a nucleophilic attack reacted from 2-aminobenzothiazole to
achieve the intermediate a. Then, the reaction of intermediate a with
thioglycolic acid leads to the formation of intermediate b. In the next

Table 2
Optimizing of the reaction conditions for the synthesis of 2fa.

Entry Solvent Temperature (◦C) Catalyst loading (mg) Time (min.) Yield (%) b TON TOF (min− 1)

1 − 70 10 60 50 5000 83.3
2 − 80 10 60 58 5800 96.6
3 − 90 10 60 62 6200 103.3
4 − 100 10 60 54 5400 90
5 EtOH 70 10 60 70 7000 116.6
6 EtOH Reflux 10 60 90 9000 150
7 EtOH Reflux − 60 50 − −

8 EtOH Reflux 20 60 92 4600 76.6
9 EtOH Reflux 15 60 75 5000 83.3
10 MeOH Reflux 10 60 65 6500 108.3
11 n-Hexane Reflux 10 60 30 3000 50
12 EtOAc Reflux 10 60 40 4000 66.6
13 H2O Reflux 10 60 − 0 0
14 C2H5OH Reflux 10 30 trace 0 0

a 4-chlorobenzaldehyde (1 mmol, 0.14 g), ethyl cyanoacetate (1 mmol, 0.113 g), malononitrile (1 mmol, 0.066 g) and hydrazine monohydrate (1 mmol, 0.050 g).
b Isolated Yields,

E. Abdoli et al.
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Table 3
Synthesis of 2,3-disubstituted thiazolidine-4-one derivatives in the presence of Fe3O4@COF-TFA as a catalyst. a.

a Reaction conditions: Aldehyde (1 mmol), 2-aminobenzothiazole (1 mmol, 0.150 g) and thioglycolic acid (1 mmol, 0.092 g), Solvent-free, 90 ◦C, catalyst = 10 mg,
reported yields are referred to isolated yields.

E. Abdoli et al.
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step, via a nucleophilic intermolecular cyclization as well as the removal
of H2O, the target product is synthesized.

Moreover, we suggested a plausible mechanism for synthesized N-
amino-2-pyridones. At first, aryl aldehyde is activated by an acidic
section of the catalyst and reacts with activated malononitrile which

leads to Knoevenagel adduct a. Also, hydrazine hydrate reacts by ethyl
cyanoacetate, and intermediate b is produced. In the next step, due to
the reaction of intermediate b by intermediate a, intermediate c is
performed. Continuously, intermediate f is performed via intermolecular

Table 4
Synthesis of N‑amino-2-pyridones in the presence of Fe3O4@COF-TFA as catalyst. a.

a Reaction conditions: Aldehyde (1 mmol), ethyl cyanoacetate (1 mmol, 0.113 g), malononitrile (1 mmol, 0.066 g) and hydrazine monohydrate (1 mmol, 0.050 g),
EtOH (10 mL), reflux, catalyst = 10 mg, reported yields are referred to isolated yields.

Table 5
Comparative study of catalytic performance of Fe3O4@COF-TFA and some of the
recent reported papers upon the preparation of 1ba.

Entry Catalyst Time Yield
(%)

1 Fe3O4@COF-TFA (10 mg), solvent-free, 90℃ [this
work]

30
min.

80

2 1,4‑diethyl‑1,4‑diazabicyclo[2,2,2]octane‑1,4‑diium
perchlorate (2 mol %), H2O, reflux (Pinate and
Makone, 2023)

70
min.

88

3 zinc(II) chloride, benzene, reflux (Srivastava et al.,
2008)

15 h 72

4 Fe3O4@SiO2@(CH2)3–urea–benzoic acid, solvent-
free, 80℃ (Fazl et al., 2022)

15
min.

85

5 HClO4 immobilized on silica, toluene, 100℃ (Kumar
et al., 2013)

6 h 70

Table 6
Comparison of catalytic activity of Fe3O4@COF-TFA and some of recent reported
papers upon the preparation of 2aa.

Entry Catalyst Time Yield
(%)

1 Fe3O4@COF-TFA (10 mg), EtOH, reflux [this
work]

60
min.

90

2 Piperidine (2 mol%), H2O, 20℃ (Hosseini and Bayat,
2018)

12 h 90

3 Potassium fluoride impregnated over alumina EOH/
H2O, 20℃ (Kshiar et al., 2018)

20
min

87

4 Cobalt sulfide (0.4 mol%), EtOH, reflux (Safaei-
Ghomi et al., 2019)

35
min.

88

5 Zinc(II) oxide (8 mol%), EtOH, reflux (Safaei-Ghomi
et al., 2014)

40
min.

91

6 Piperidine, EtOH, 80℃ (Ranjbar-Karimi et al., 2018) 50
min.

50

E. Abdoli et al.
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cyclization reaction as well as two tautomerization processes. Finally,
the target product is achieved via a cooperative vinylogous anomeric-
based oxidation (Alabugin et al., 2021) (Scheme 4).

With this in mind that recovering and reusing ionic catalysts is
convenient, one of our goals for the design of Fe3O4@COF-TFA is its easy
recovering and reusing capability. Hence, we delve to the recovery test
of Fe3O4@COF-TFA towards the preparation of desired molecule 1f
under optimal reaction conditions. After completing each run of the
model reaction, Fe3O4@COF-TFA was separated from the mixture of the
reaction by using an external magnet and washed with EtOH three
times, desiccated, and used in the next run. The results prove that this
catalyst can be recovered and reused up to 5 times (Fig. 11). In addition,
FESEM and FT-IR analyses were carried out from the recovered catalyst
which exhibits that the catalyst has good stability, and its morphology
has not changed after running the reaction (ESI).

3. Experimental section

3.1. Synthesis of Fe3O4@COF-TFA

At first, required chemical compounds including Fe3O4 (Torabi et al.,

2021) and TFPC (Torabi et al., 2023) were synthesized based on the
previously reported methods. The desired products were synthesized
according to our recently reported educational synthetic organic method
(Zolfigol et al., 2024). In the next step, TFPC (1 mmol, 0.441 g), 2,6-dia-
minopyridine (1.5 mmol, 0.163 g), Fe3O4 (1 g) and dimethyl sulfoxide
(50 mL) were added into a 100 mL flask and sonicated at room tem-
perature for 30 min. After that, 2 mL of acetic acid as a catalyst was
added to the flask and heated at 120℃ for 5 h. Then, bulky precipitate
was separated by using an external magnet and was washed several
times with THF, DCM and MeOH. Then, the precipitate was dried at 100
℃ for 12 h. In the next step, Fe3O4@COF (1 g) was treated with TFA (0.2
mL) in toluene at 60℃ for 12 h and finally washed by EtOH (3× 20 mL)
and dried at 80℃.

3.2. Preparation of 2,3-disubstituted thiazolidine-4-one derivatives by
using Fe3O4@COF-TFA as a catalyst

Aryl aldehyde derivatives (1 mmol), 2-aminobenzothiazole (1 mmol,
0.150 g), thioglycolic acid (1 mmol, 0.092 g) and Fe3O4@COF@TFA
(0.01 g) were added to the round bottom flask under solvent-free con-
ditions and heated at 90℃. The progress of the reaction was monitored
by using TLC technique. By completing of reaction, the organic com-
pounds were dissolved in DCM (20 mL) while the catalyst is insoluble
and was separated by using an external magnet. After that, the DCMwas
removed and the remained solid was washed by EtOH to yield pure
products. Finally, the products were desiccated at 80℃.

3.3. Preparation of N-amino-2-pyridones derivatives by using
Fe3O4@COF-TFA as a catalyst

In a 10 mL round-bottomed flask, aryl aldehyde (1 mmol), ethyl
cyanoacetate (1 mmol, 0.113 g), malononitrile (1 mmol, 0.066 g) and
hydrazine monohydrate (1 mmol, 0.050 g), Fe3O4@COF-TFA (0.01 g)
and EtOH (10 mL) were added, and the mixture of reaction was vigor-
ously stirred under reflux conditions. The progress of reactions was
checked out by TLC techniques. After completing of reaction, the cata-
lyst was separated from the mixture of the reaction. Then, the solvent
was removed and the remained solid was washed by cold EtOH to yield
pure products. Finally, the products were desiccated at 80℃.

3.4. Spectral data

3.4.1. 3-(Benzo[d]thiazol-2-yl)-2-phenylthiazolidine-4-one (1b)
M.p. = 168–170 ◦C, 1H NMR (301 MHz, DMSOd6) δppm 8.06 (d, J=6

Hz, 1H, Aromatic), 7.76 (d, J=3 Hz, 1H, Aromatic), 7.67 (d, J=9 Hz, 1H,
Aromatic), 7.46 – 7.34 (m, 5H, Aromatic), 7.21 (d, J=9 Hz, 1H, Aro-
matic), 6.95 (s, 1H, CH), 4.25 (d, J=15 Hz, 1H, CH), 4.10 (d, J=15 Hz,
1H, CH). 13C NMR (76 MHz, DMSOd6) δppm 172.2, 156.4, 148.0, 137.2,
133.8, 132.5, 130.1, 128.4, 126.9, 125.0, 122.5, 121.9, 60.4, 32.2.

3.4.2. 3-(Benzo[d]thiazol-2-yl)-2-(4-methoxyphenyl)thiazolidine-4-one
(1c)

M.p. = 159–161 ◦C, FT-IR (KBr, υ, cm− 1): 3063, 1697, 1505, 1441,
1375, 758. 1H NMR (301 MHz, DMSOd6) δppm 8.04 (d, J=9 Hz, 1H,
Aromatic), 7.70 (d, J=9 Hz, 1H, Aromatic), 7.46–7.33 (m, 4H, Aro-
matic), 6.91 – 6.88 (m, 3H, Aromatic and CH), 4.33 (d, J=15 Hz, 1H,
CH), 4.05 (d, J=15 Hz, 1H, CH), 3.72 (s, 3H, CH3). 13C NMR (76 MHz,
DMSOd6) δppm 172.2, 159.4, 156.4, 148.2, 133.5, 131.8, 127.5, 126.8,
124.9, 122.4, 121.8, 63.1, 55.6, 32.4.

3.4.3. 3-(Benzo[d]thiazol-2-yl)-2-(2-hydroxyphenyl)thiazolidine-4-one
(1e)

M.p. = 246–249 ◦C, 1H NMR (301 MHz, DMSOd6) δppm 10.17 (s, 1H,
OH), 8.04 (s, 1H, Aromatic), 7.68 (s, 1H, Aromatic), 7.38 – 7.35 (m, 2H,
Aromatic), 7.12 (s, 1H, Aromatic), 6.95–6.88 (m, 3H, Aromatic), 6.71 (s,
1H, CH), 4.15 (d, J=15 Hz, 1H, CH), 4.3 (d, J=15 Hz, 1H, CH). 13C NMR

Table 7
Exploration of the catalytic activity of Fe3O4@COF-TFA compared to Fe3O4,
Fe3O4@COF, and TFA upon the preparation of 1fa.

Entry Catalyst Load of catalyst Yield (%)

1 Fe3O4@COF-TFA 10 mg 93
2 Fe3O4 10 mg 25
3 Fe3O4@COF 10 mg 44
4 TFA 10 mol% 50

a Reaction conditions: 4-Chloro-benzaldehyde (1 mmol, 0.141 g), 2-amino-
benzothiazole (1 mmol, 0.150 g) and thioglycolic acid (1 mmol, 0.092 g),
Solvent-free, 90 ◦C, 30 min.

Scheme 3. The suggested mechanistic route for the synthesis of 2,3-disubsti-
tuted thiazolidine-4-ones by using Fe3O4@COF-TFA as a catalyst.
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(76 MHz, DMSOd6) δppm 172.2, 156.4, 148.0, 137.2, 133.8, 132.5,
131.8, 130.1, 128.4, 127.4, 126.9, 125.0, 122.5, 121.9, 60.4, 32.2.

3.4.4. 3-(Benzo[d]thiazol-2-yl)-2-(2,4-dichlorophenyl)thiazolidine-4-one
(1 g)

M.p. = 220–222 ◦C, FT-IR (KBr, υ, cm− 1): 2986, 1702, 1508, 1470,
1369, 751. 1H NMR (301 MHz, DMSOd6) δppm 8.03 (d, J=9 Hz, 1H,
Aromatic), 7.68 (d, J=9 Hz, 1H, Aromatic), 7.42 – 7.24 (m, 5H, Aro-
matic), 6.94 (s, 1H, CH), 4.31 (d, J=15 Hz, 1H, CH), 4.05 (d, J=15 Hz,
1H, CH). 13C NMR (76 MHz, DMSOd6) δppm 172.2, 156.5, 148.1, 141.6,
131.8, 129.2, 128.5, 126.9, 125.9, 124.9, 122.4, 121.8, 63.2, 32.4.

3.4.5. 3-(Benzo[d]thiazol-2-yl)-2-(4-bromophenyl)thiazolidine-4-one (1
h)

M.p. = 197–200 ◦C, FT-IR (KBr, υ, cm− 1): 2970, 1703, 1508, 1444,
1374, 1444, 761. 1H NMR (301 MHz, DMSOd6) δppm 8.05 (d, J=9 Hz,
1H, Aromatic), 7.68 (d, J=9 Hz, 1H, Aromatic), 7.56–7.33 (m, 6H, Ar-
omatic), 6.94 (s, 1H, CH), 4.33 (d, J=15 Hz, 1H, CH), 4.06 (d, J=15 Hz,
1H). 13C NMR (76 MHz, DMSOd6) δppm 172.2, 156.5, 148.1, 141.6,
131.8, 129.2, 128.5, 126.8, 125.9, 124.9, 122.4, 121.8, 63.2, 32.4.

3.4.6. 1,6-Diamino-2-oxo-4-phenyl-1,2-dihydropyridine-3,5-dicarbonitrile
(2a)

M.p. = > 300 ◦C, FT-IR (KBr, υ, cm− 1): 3455, 3402, 3307, 3253,
2222, 2208, 1643, 1611, 1464. 1H NMR (301 MHz, DMSOd6) δppm 8.51
(s, 2H, NH2), 7.86–7.42 (m, 5H, Aromatic), 5.70 (s, 2H, NH2). 13C NMR
(76 MHz, DMSOd6) δppm 160.1, 159.8, 157.2, 135.1, 130.7, 129.1,
128.5, 116.9, 116.0, 86.9, 74.9, 40.8, 40.5, 40.2, 39.9, 39.7, 39.4, 39.1.

3.4.7. 1,6-Diamino-2-oxo-4-(p-tolyl)-1,2-dihydropyridine-3,5-
dicarbonitrile (2b)

M.p. = > 300 ◦C, FT-IR (KBr, υ, cm− 1): 3446, 3399, 3307, 3245,

2219, 2206, 1642, 1618, 1599, 1525. 1H NMR (301 MHz, DMSOd6) δppm
8.48 (s, 2H, NH2), 7.51–7.18 (m, 4H, Aromatic), 5.68 (s, 2H, NH2), 2.41
(s, 3H, CH3). 13C NMR (76 MHz, DMSOd6) δppm 160.1, 159.8, 157.2,
140.6, 132.1, 129.6, 128.5, 117.0, 116.1, 86.8, 74.8, 40.8, 40.5, 40.3,
40.0, 39.7, 39.4, 39.1, 21.5.

3.4.8. 1,6-diamino-4-(2,4-dichlorophenyl)-2-oxo-1,2-dihydropyridine-
3,5-dicarbonitrile (2 g)

M.p.=> 300 ◦C, FT-IR (KBr, υ, cm− 1): 3412, 3291, 31943081, 2224,
1671, 1674, 1608, 1568. 1H NMR (301 MHz, DMSOd6) δppm 8.67 (s, 2H,
NH2), 7.93 (d, J=2.0 Hz, 1H, Aromatic), 7.69–7.66 (m, 1H, Aromatic),
7.59–7.57 (m, 1H, Aromatic), 5.72 (s, 2H, NH2). 13C NMR (76 MHz,
DMSOd6) δppm 159.4, 157.0, 156.8, 136.1, 133.2, 132.4, 131.7, 130.0,
128.6, 116.0, 115.1, 87.5, 75.3, 40.8, 40.5, 40.3, 40.0, 39.7, 39.4, 39.2.

3.4.9. 1,6-diamino-4-(naphthalen-1-yl)-2-oxo-1,2-dihydropyridine-3,5-
dicarbonitrile (2i)

M.p. = > 300 ◦C, FT-IR (KBr, υ, cm− 1): 3400, 3325, 3274, 3217,
2217, 1638, 1589, 1523, 1474, 779. 1H NMR (301 MHz, DMSOd6) δppm
8.56 (s, 2H, NH2), 8.13–8.07 (m, 2H, Aromatic), 7.75–7.55 (m, 5H,
Aromatic), 5.72 (s, 2H, NH2). 13C NMR (76 MHz, DMSOd6) δppm 159.7,
159.4, 157.1, 133.5, 133.0, 130.4, 129.9, 129.0, 127.8, 127.1, 126.4,
125.9, 124.9, 116.5, 115.6, 88.5, 76.4, 40.8, 40.6, 40.3, 40.0, 39.7, 39.4,
39.2.

4. Conclusion

In summary, an ionic containing magnetic COF was successfully
synthesized by constructing imine-linked COF on the surface of Fe3O4
and post-synthetic acidification approach by using TFA. The obtained
Fe3O4@COF-TFA was precisely characterized by FT-IR, TGA/DTG,
FESEM, EDS, elemental mapping, TEM, VSM and XRD analysis.

Scheme 4. The suggested plausible mechanism for the preparation of N–amino-2-pyridones by using Fe3O4@COF-TFA as a catalyst.
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Fe3O4@COF-TFA due to its porosity and catalytic active sites, exhibit
excellent catalytic performance in the multi-component synthesis of 2,3-
disubstituted thiazolidine-4-one and N–amino-2-pyridone derivatives.
The objected multi-component reactions were performed under mild
conditions with selectivity and high yield of products. N–amino-2-pyr-
idones derivatives were synthesized in EtOH as a green solvent. On the
other hand, the recovery and reusability of catalyst as a critical point of
ionic catalytic systems were investigated. Accordingly, Fe3O4@COF-
TFA was recovered and reused up to 5 times in the synthesis of 1f.
Therefore, this work demonstrates a new approach to the development
of COF-based catalysts for many catalytic transformations.
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