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KEYWORDS Abstract This study was conducted to synthesize and characterize a new polymer/metal-organic
IRMOF-3; framework (MOF) stabilizer via the reaction between a sulfonamide-triazine-based porous organic
Polymer/metal-organic polymer (poly(sulfonamide-triazine)) (PSTA) and an amino-functionalized zinc metal-organic
framework; framework (IRMOF-3). Next, the prepared nanocomposites (IRMOF-3/PSTA/Cu) were modified
Nano porousmaterials; using copper iodide nanoparticles (Cul NPs). The composites were characterized by FT-IR, XRD,
Benzo[b]furan; EDX, N, adsorption—desorption, TGA, SEM, TEM, and XPS analysis. Finally, the application of
Copper iodide; the prepared nanocomposites was investigated through the one-pot synthesis of 2,3-disubstituted
Three-component coupling benzo[b]furans. To this end, alkyne, salicylaldehydes, and amines were subjected to a three-

component domino reaction. All products were obtained in high turnover frequency (TOF) up
to 142.42, suggesting this catalyst’s high selectivity and activity in the mentioned domino reactions.
The synthesized nanocatalyst is reusable up to seven times with no considerable catalytic efficiency
loss. Overall, the high yields of products, nanocatalyst’s facile recovery, short reaction time, and

wide substrate scopes make this procedure eco-friendly, practical, and economically justified.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction these reactions, three or more components are mixed through
a single chemical step to synthesize products with considerable
Multicomponent domino reactions are efficient tools for syn- portions of each component (Mohammadi and Ghorbani-

thesizing large and complex molecules (Sun et al. 2021 Choghamarani, 2022; Shabanloo et al., 2020; Ghorbani-
Erfaninia et al., 2018; Kazemi and Mohammadi, 2020). In Vaghei et al., 2018). This reaction occurs through a powerful,
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economically justified, and facile procedure (Jamshidi et al.,
2018; Tayebee et al., 2019; Koosha et al., 2023; Ghobakhloo
et al., 2022). Multicomponent domino reactions have been
the subject of intense research in the synthetic organic chem-
istry community. Accordingly, they have been utilized to pre-
pare various biological and pharmacological products (Wang
et al., 2022; Alavinia et al., 2023; Bahiraei et al., 2021; Solgi
et al., 2022).

Benzofurans are specific heterocyclic pharmacophores with
diverse medicinal chemistry and several interesting pharmaco-
logical and therapeutic characteristics (Dwarakanath and
Gaonkar, 2022). They are also used as the core moieties for
preparing many well-known drugs with antifungal, anti-
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inflammatory, antitumor, and many other pharmaceutical
and bioorganic features. For instance, obovaten is an active
antitumor agent, and XH-14 is the first reported potent nonnu-
cleoside adenosine A; agonist (Scheme 1) (Nair and Baire,
2021; Morgan et al., 2021). The main techniques to prepare
benzo[b]furans include coupling the o-iodophenols and aryl
acetylenes, intramolecular cyclization of substituted allyl-aryl
ethers, dehydrative annulation of phenols containing appropri-
ate ortho vinylic substituents, dehydrative cyclization of a-
(phenoxy)-alkyl ketones, (Kazemi and Mohammadi, 2020;
Kazemi and Mohammadi, 2020)-sigmatropic rearrangement
of various arenes, reactions of 2-hydroxybenzaldehydes, ami-
nes, and alkynes using different catalysts, and Sonogashira
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Scheme 3  Synthesis of 2,3-disubstituted benzo[b]furans using IRMOF-3/PSTA/Cu.
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Fig. 1 FT-IR spectra of IRMOF-3 (a), SiO,/PSTA (b), porous PSTA (c), IRMOF-3/PSTA (d), and IRMOF-3/PSTA/Cu (e).
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Fig. 2 XRD pattern of porous PSTA (a) and IRMOF-3/PSTA/Cu (b).
cross-coupling reaction of 2-iodonitrophenol acetates (Morgan tages and opens a new horizon in synthesizing 2,3-

et al., 2021; Deng and Meng, 2020; Lavanya et al., 2020; Gong disubstituted benzo[b]furans (Chiummiento et al., 2020). Nev-
et al., 2022). In this respect, each technique has specific advan- ertheless, such catalytic systems have shortcomings such as the
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Fig. 3 SEM images of IRMOF-3 (a), porous PSTA (b), IRMOF-3/PSTA (c), and IRMOF-3/PSTA/Cu NCs (d).

long reaction time, tedious workup, difficult reusability and
recovery of metal catalysts, and not being eco-friendly.

Recently, several studies have been conducted on nanocom-
posite materials because of the unique surface properties of
these heterogeneous catalysts in different organic reactions
(Mohammadi et al., 2021; Liu et al., 2022; Liu et al., 2022).
Therefore, researchers endeavor to refine these materials
toward reaching sustainable development (Zolfigol et al.,
2003; Rahimzadeh et al., 2022). Conventional porous polymers
have found multiple industrial uses regarding their facile pro-
cessability and low cost (Esen and Kumru, 2022; Zhang et al.,
2022; Mohamed et al., 2022). Nonetheless, their performance
is restrained in terms of reusability due to selectivity and per-
meability issues (Zhang et al., 2022; Daliran et al., 2022). In
this respect, incorporating inorganic components into the
polymer is among the efficient methods to deal with this limi-
tation (Luo et al., 2021). Recently, carbon nanotube, zeolite,
graphene, metal-organic frameworks (MOF), and covalent
organic frameworks (COF) have been reported as the inor-
ganic materials suitable for this purpose (Daliran et al.,
2022; Ramish et al., 2022; Ghorbani-Choghamarani et al.,
2021).

Metal-organic framework materials contain inorganic
metal centers (or clusters) coordinated with organic linkers
(Koolivand et al., 2022; Behera et al., 2022). These materials
have tunable surface functionalities, large surface areas, pore

channels with regular geometry, and controllable porosity
and pore size (Xiao et al., 2022). Because of their inherent
advantages, MOFs have been widely used in constructing bio-
medicine, chemical sensing, and heterogeneous catalysts (Rego
etal., 2022; Peng et al., 2022). In this regard, MOF is a promis-
ing inorganic compound incorporated in a polymer matrix to
synthesize a polymer/MOF nanocomposite (Tombesi and
Pettinari, 2021; Guo et al., 2022). However, this system offers
low compatibility between the polymer and MOF, leading to a
defective structure and irregular morphology (McDonald
et al., 2015; Fu et al., 2022). In this respect, the choice of poly-
mer and MOF matrix pair is essential in polymer/MOF con-
struction regarding its role in their performance and
morphology.

Isoreticular metal-organic framework-3 (IR-MOF-3) is an
important MOF with a cubic framework (Karami and
Khodaei, 2022). The structure has free —NH, functional
groups non-attached to tetragonal ZnO,4 as nodes. Such a fea-
ture allows for modifying IR-MOF-3 with various organic and
organometallic compounds (Scheme 2) (Mozaffari et al.,
2022). The hybridization of MOF with other functional sub-
stances is a fascinating research field to produce novel materi-
als with better properties than the individual components
(Zolfigol et al., 2003; Ghorbani-Choghamarani et al., 2021).

Mesoporous polysulfonamides are among other highly
interesting compounds for preparing heterogeneous catalysis



Cul nanoparticles-immobilized on a hybrid material

-
Det: inBoa
BI: 7.00

Date(m/dly): 08/16/17

View field: 2.08 ym | Date(m/dly): 08/16/17

TESCAN SEM MAG: 200 kx Det: InBeam
WD: 5.04 mm BI: 7.00
View fiold: 1.04 ym _ Date(m/dly): 08/16/17

Fig. 4 FESEM images of Cul nanoparticles.

(Alavinia and Ghorbani-Vaghei, 2020). Mesoporous polysul-
fonamides have good chemical stability, great surface area,
and a low skeleton density (Alavinia and Ghorbani-Vaghei,
2020; Alavinia et al., 2020; Zhu et al., 2021). In this regard,
a careful selection of monomers and templates is essential in
these materials’ electronic, chemical, and topological features
(Rieger et al., 2018; Hwang et al., 2022; Imai et al., 1977). Also,
the silica template technique has been used to prepare a novel
porous sulfonamide-triazine-based polymer support (PSTA)
(Scheme 2).

Regarding the mentioned points, the present article intro-
duces a new nanocomposite material consisting of IRMOF-3
and PSTA, offering advantages of both materials. Combining
these two agents can improve the binding sites, thermal stabil-
ity, and loading level of metal of the produced support. Cul
NPs were then successfully decorated on prepared support
(IRMOF-3/PSTA/Cu). Eventually, the nanocatalyst was
incorporated successfully in a three-component reaction to
prepare the new 2,3-disubstituted benzo[b]furans through mild
reaction conditions (Scheme 3).

2. Experimental section

2.1. Materials and methods

Chemicals were purchased from Sigma-Aldrich and Merck in
high purity. All the materials were of commercial reagent
grade and were used without further purification. In addition,
flash-column chromatography was performed by using Merck
silica gel 60 with freshly distilled solvents. All melting points
were uncorrected and determined in a capillary tube on a Boe-
tius melting point microscope. Moreover, 1H NMR and "*C
NMR spectra were obtained on Bruker 400 MHZ spectrome-

ter with CDCl; as solvent using tetramethylsilane (TMS) as an
internal standard. X-ray diffraction (XRD) data were collected
using a Rigaku model Ultima-IV diffractometer and Cu-Ko
radiation (1.5405 A) at 40 kV and 25 mA over a 20 range of
20° to 90°. Scanning electron microscopy (SEM) samples were
created by pouring ethanolic solutions onto alumina stubs and
coating them with gold using an automatic gold coater (Quo-
rum, QI50T E). The energy-dispersive X-ray spectra (EDS)
used for the elemental analysis and mapping were obtained
using an Oxford Instruments INCA attachment on a Lyra 3
SEM (dual beam) from TESCAN. TEM images were obtained
using a JEM2100F transmission electron microscope from
JEOL. The TEM samples were prepared by dropping them
from an ethanolic suspension onto a copper grid and allowing
them to dry at room temperature. Inductively coupled plasma
optical emission spectrometry was used to determine the
amount of Ir nanoparticles in the catalyst (ICP-OES; Plasma-
Quant PO 9000 — Analytik Jena). The catalyst samples were
initially digested in a dilute mixture of HNO3 and HCI. Ir cal-
ibration curves were produced using standard solutions (ICP
Element Standard solutions, Merck). An X-ray photoelectron
spectroscope (XPS) was used to measure the surface composi-
tion and oxidation states. To this end, an X-ray monochroma-
tor with an Al-K micro-focusing microprobe (ESCALAB
250Xi XPS, Thermo Scientific, USA) was used. Base pressure
was applied to calibrate the binding energy scale.

2.2. Synthesis of IRMOF-3

Zn(NO3),-6H,O (1.895 g) and 2-aminoterephthalic acid
(0.370 g) were dissolved in DMF solvent by sonication
(50 mL). After ensuring the container was sealed and imperme-
able, the solution was heated at 100 °C (in an oven) for 1 day.
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Fig. 5 The particle size distributions of IRMOF-3/PSTA/Cu

NCs (a), Cul NPs (b), and IRMOF-3 ().

To remove DMF guest molecules from IRMOF-3, the pre-
pared crystals were isolated, washed with DMF and chloro-
form three times, and soaked in chloroform for 1 day.
Finally, they were dried at 50 °C under reduced pressure
(Nabipour et al., 2021).

2.3. Synthesis of porous PSTA

SiO,/PSTA NPs were synthesized through in-situ polymeriza-
tion of 1,3,5-triazine-2,4,6-triamine (0.7 mol) and benzene-
1,3-sulfonyl chloride (1 mol) in the presence of acetonitrile
(30 mL) and SiO;, NPs (0.1 g). The reaction mixture was stirred

for 6 h under reflux conditions. Afterward, the nanocompos-
ites were washed using ethanol and water. In the next step, it
was filtered and vacuum dried at room temperature (RT). Fur-
thermore, the silica template was removed by etching the SiO,
NPs with an aqueous HF solution. HF solution (10 mL, 10 wt
%), deionized water (10 mL), and SiO,/PSTA NPs (0.5 g) were
added to a 5 mL flask. Then, the mixture was stirred for 6 h at
room temperature. Eventually, the produced porous polymer
was washed using water and then dried at 50 C.

2.4. Synthesis of porous IRMOF-3/PSTA

A novel IRMOF-3/PSTA nanocomposite was synthesized by
reacting IRMOF-3 with porous PSTA. To this end, 18 mg of
IRMOF-3 was dispersed in N, N-dimethylformamide (5 mL),
followed by adding PSTA (12 mg in 5 mL DMF) to the mix-
ture dropwise. Afterward, the mixture was stirred and heated
overnight at 50 “C. Finally, the solid was dried at 110 C for
24 h to remove residual solvent and yield the IRMOF-3/PSTA.

2.5. Synthesis of IRMOF-3/PSTA|Cu nanocomposite

About 0.1 g of the prepared IRMOF-3/PSTA support was
added to an ethanol solution of Cul NPs (0.05 g in 20 mL), fol-
lowed by stirring the mixture for 12 h. The IRMOF-3/PSTA/
Cu nanocomposites were then isolated, washed with ethanol
(2 x 25 mL) and water (2 x 25 mL), and dried at 50 C.

2.6. General procedure for the preparation of benzo[b |furan
derivative using IRMOF-3/PSTA/Cu

A mixture of phenylacetylene (0.17 mL, 1.5 mmol), IRMOF-3/
PSTA/Cu (0.01 g,0.88 mol%), K,CO3 (0.138 g, 1.0 mmol), mor-
pholine (0.087 mL, 1.0 mmol), and salicylaldehyde (0.20 mL,
2.0 mmol) in DMF (2 mL) at 100 °C was stirred by a magnetic
stirrer. The reaction progress was continuously monitored by
thin-layer chromatography (TLC). After completing the reac-
tion, the mixture was cooled to room temperature and then cen-
trifuged to separate the catalyst. Afterward, the obtained solid
was recrystallized from ethyl acetate to give the pure product.

3. Results and discussion
3.1. Characterization of IRMOF-3/PSTA/Cu nanocomposite

3.1.1. FT-IR studies

A prominent peak appeared at 3000-4000 cm ! corresponds to
the amino group of the stretching vibration. The sharp bands
from 1682 to 1344 cm ! signify C—C stretching vibrations of a
benzene ring and symmetric and asymmetric modes of the
dicarboxylate groups. Furthermore, the peaks at 1101 and
830 cm ! correspond to aromatic C—H bending vibrations.
The absorption peak at 681 cm™' is due to the metal-oxygen
bond of Zn—O (Fig. 1a). Regarding the SiO,/PSTA sample,
the weak peak at 812 cm ™! and the sharp and broad absorp-
tion peaks at 1099 cm ! are attributed to symmetric and asym-
metric Si-O-Si bond stretches, respectively. Vibrational bands
observed at 1160 and 1338 cm ! represent the sulfone bridge
presence in the catalyst. Absorption peaks at 1660, 1680, and
1645 cm ™' also relate to the melamine presence in the studied
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Fig. 6 DLS result of IRMOF-3/PSTA/Cu nanocatalyst.

Fig. 7 TEM image of IRMOF-3/PSTA/Cu nanocomposite.

structure (Fig. 1b). Because of the template’s selective removal,
SiO, NPs peak was not observed in the porous PSTA (Fig. lc).
After the hybridization of IRMOF-3 with porous PSTA, the
characteristic absorption bands (as previously described) were
observed (Fig. 1d). Adding Cul NPs to the structure of
IRMOF-3/PSTA significantly changed the FTIR spectra
(1685 vs. 1665 cm ~!). Moreover, the bands at 3344 cm ™! and
3248 cm ™! correspond to the NH, stretching vibrations that
shifted to a lower wavenumber than 3355 cm™' and

3257 cm ™! due to the NH, stretching vibrations on IRMOF-
3/PSTA/Cu (Fig. le).

3.1.2. XRD analysis

XRD measurements were performed to evaluate the prepared
porous IRMOF-3/PSTA/Cu and PSTA in terms of their crys-
talline structure (Fig. 2). The XRD pattern of the prepared
porous PSTA revealed a high degree of crystallization and
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characteristic peaks of sulfonamide and triazine at
20 = 17.34°, 24.04°, and 29.99° (Fina et al., 2015). Further-
more, no SiO, NP peaks were observed in the XRD spectra
of porous PSTA (Fig. 2a). As can be seen from the XRD pat-
tern of the final catalyst (Fig. 2b), the XRD pattern of the syn-
thesized IRMOF-3/PSTA/Cu catalyst has all characteristic
peaks of IRMOF-3 (20 = 25.54°, 42.24°, and 49.89°) (Luan
et al., 2015), porous PSTA (20 = 18.19°, 23.94° 29.99°),
and Cul NPs (20 = 29.54°, 61.29°) (Alavinia et al., 2020). This
result suggests the successful hybridization and presence of
inorganic and organic phases in the nanocomposite matrix.
As can be seen, the peak intensity of PSTA decreases at
20 = 18.19°, 23.94°, and 29.99°. This alteration is due to the

interactions between the PSTA and IRMOF-3. Also, the size
of the IRMOF-3/PSTA/Cu nanocomposite crystals was calcu-
lated to be 35.6 nm using the Scherer equation, indicating the
IR-MOF-3's preserved crystalline structure.

3.1.3. FESEM analysis

FESEM was performed to investigate the size and surface
morphology of IRMOF-3, porous PSTA, IRMOF-3/PSTA,
and IRMOF-3/PSTA/Cu (Fig. 3). A well-distributed, nearly
cubic, and uniform nanostructure with a grain size of 30—
50 nm was observed in the synthesized IRMOF-3 (Fig. 3a).
In addition, FESEM images of PSTA (Fig. 3b) were captured
for SiO,/PSTA nanocomposites using selective removal of the
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Fig. 10 TGA curve of IRMOF-3/PSTA/Cu.

silica template. As can be seen, the prepared sample has a 3D
porous, regular network with numerous spherical nanopores.
The FESEM image of IRMOF-3/PSTA indicates the spherical
structure of PSTA developed on IRMOF-3's surface. More-
over, they exhibited a complex and porous nature (Fig. 3c).
In Fig. 3d, spherical Cul particle distribution on IRMOF-3/
PSTA is evident in the FESEM images of the prepared
nanocatalysts.

The morphology and particle size of Cul nanoparticles
were investigated using an SEM image of Cul nanoparticles
presented in Fig. 4. These results show that spherical Cul
nanoparticles were obtained with an average diameter of 10—
30 nm (Fig. 4a-f).

Moreover, the size distribution histogram of IRMOF-3/
PSTA/Cu NCs (Fig. 5a), Cul NPs (Fig. 5b), and IRMOF-3
(Fig. 5¢) confirm that their average size diameter is less than
50 nm.

3.1.3.1. Dynamic light scattering (DLS). Based on the results
of DLS (Fig. 6), the particle size in nanometers for IRMOF-
3/PSTA/Cu NCs was equal to 50 nm. Generally, nanoparticle
sizes obtained from DLS analyses are greater than other anal-
yses such as SEM and XRD. This phenomenon is attributed to
the effect of coating and stabilizer substances that stack on the
surface of nanoparticles (Emami et al., 2023).

The size distribution of IRMOF-3/PSTA/Cu was investi-
gated using transmission electron microscopy (TEM). The
TEM images of IRMOF-3/PSTA/Cu show a nanocomposite
structure (Fig. 7).

3.1.4. EDS and ICP-AES analysis

The EDX analysis was performed to determine the elemental
composition of the IRMOF-3/PSTA/Cu NPs, which con-

firmed the presence of catalytic components (Fig. 8). Elemental
mapping studies of IRMOF-3/PSTA/Cu NPs show a uniform
distribution of carbon, copper, oxygen, iodide, nitrogen, sul-
fur, and zinc components in the fabricated structure (Fig. 9).
In addition, the ICP-AES analysis of IRMOF-3/PSTA/Cu
showed 0.88 mmol/g Cu.

3.1.5. Thermogravimetric analysis

In this research, TGA was performed to investigate the stabil-
ity of the prepared catalyst (Fig. 10). The TGA curve of
IRMOF-3/PSTA/Cu shows three stages of degradation.
Through steps 1, 2, and 3, this composite decomposes at
59.39, 382, and 546.87 °C, respectively, typically losing
62.63% of its weight. The first step, starting at 25-236.4 C,
is attributed to solvent removal and thermal condensation of
melamine to produce NH; and carbon nitride (CN)
(Nabipour et al., 2021). Step 2, starting at 236.4-382 C, is
due to the decomposition of the polymer backbone. Finally,
step 3, i.e., from 382 to 546.87, is attributed to the MOF back-
bone (Fig. 10).

3.1.6. Porosity studies

BET analysis was carried out on the N, adsorption/desorption
isotherms of IRMOF-3, PSTA, and IRMOF-3/PSTA nanos-
tructures. A characteristic type IV H4 hysteresis loop was
observed in the synthesized compound, indicating an ordered
mesoporous structure (Fig. 11). The specific surface areas of
IRMOF-3, porous PSTA, and IRMOF-3/PSTA are 34.96,
2.67, and 19.05 m?/g, respectively (Table 1). As expected, the
observed decrease in the synthesized composites is mainly
due to the modification of IRMOF-3 by porous PSTA. The
N, adsorption—desorption isotherms of IRMOF-3/PSTA/Cul
catalyst indicate no obvious change in the catalyst composition
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Table 1 Results of the Langmuir and BET measurements.
Parameter IRMOF-3 PSTA IRMOF-3/PSTA IRMOF-3/PSTA/Cul Cul NPs
a, (m%/g) 34.96 2.67 19.05 3.86 1.125
Vi (cm*STP) g7 1) 11.31 0.81 6.1 0.888 0.258
V, (em’g ™Y 0.36 0.017 0.18 0.026 0.007
rp (nm) 71.9 1.64 53.04 1.21 1.21
a, (mz/g) 34.54 5.64 19.52 5.007 1.37

after copper nanoparticle immobilization (Fig. 11d). The
changes associated with the textural properties of the
IRMOF-3/PSTA/Cul catalyst can be attributed to copper
nanoparticles distributed inside the IRMOF-3/PSTA pores.
The surface areas for Cul NPs were found to be 1.125 m?%/g.
Furthermore, a pore volume of 0.258 cm’/g and a pore diam-
eter of 1.21 nm were achieved by BJH analysis (Fig. 11e).

3.1.7. XPS analysis

The atomic oxidation states and chemical compositions of
IRMOF-3/PSTA/Cu were investigated using XPS. According

to XPS analysis (Fig. 12a), basic elements in IRMOF-3/
PSTA/Cu are Cu, I, C, O, N, S, and Zn, which is consistent
with the EDS analysis results. According to Fig. 12b, the
absorption peaks of Cl at binding energies of 287.7 eV,
285.1 eV, and 283.8 eV are assigned to C—C, C—N, and
O=—=C—0, respectively, corresponding to amino terephthalate
ligands. Fig. 12c indicates the spectrum of O ls. Peaks at
530.0 eV and 531.5 eV correspond to M—O (M=—Zn, Cu)
and O—C—O, respectively. Two peaks at 399.0 eV and
400.8 eV correspond to the functional groups C—NH, and
C=N, respectively (Fig. 12d). The observed I 3d peaks in
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Fig. 12e are characteristic of Cul NPs (Fig. 12¢). Moreover,
Cu 2p spectrum indicates two strong peaks at 935.3 eV and
955.0 eV that are related to Cu 2p3/2 and Cu 2pl/2, respec-
tively (Fig. 12f). This observation provides a strong reason
to prove the interaction of Cu(I) and IRMOF-3/PSTA. The
peaks shown in Fig. 14g at 1044.9 eV and 1022.1 eV for Zn
2p in IRMOF-3 are characteristic of Zn 2pl/2 and Zn 2p3/2,
respectively. Accordingly, it is confirmed that introducing por-
ous PSTA and Cul NPs into IRMOF-3 resulted in successful
surface functionalization.

3.2. Catalytic studies

3.2.1. Effect of parameters

The prepared IRMOF-3/PSTA/Cu was examined in terms of
its catalytic potential and the effects of temperature, catalyst,
and solvent content on the model reaction. First, the three-
component domino reaction of salicylaldehyde, morpholine,

10000

XPS spectra of IRMOF-3/PSTA/Cu: (a) survey, (b) C 1s, (c) O 1s, (d) N Is, (e) I 3d, (f) Cu 2p, and (g) Zn 2p.

and phenylacetylene was studied in terms of catalytic activity
in DMF at 100 °C (Table 2). Notably, the reaction yielded the
desired product (entry 1). Afterward, we investigated the
effect of the catalyst loading on the reaction (entries1-3), with
the results presented in Table 2. The optimal MOF amount
was determined to be 10 mg (entry 2), which yielded the high-
est amount of the product with the least catalyst use. This
amount is 0.43 mol% Cu for IRMOF-3/PSTA/Cu. When
10 mg of the catalyst was taken, the complete transformation
of reactants occurred (based on yield) and the reaction effi-
ciency was not improved by increasing the amount of
IRMOF-3/PSTA/Cu beyond 10 mg. Based on the obtained
results, conducting the reaction in the absence of the catalyst
(Table 2, entry 4) led to no detectable amount of the compos-
ite. Next, the role of other solvents was tested by studying the
model reaction through solvents such as toluene, EtOH, CH;-
CN, and solvent-free condition in the presence of IRMOF-3/
PSTA/Cu nanocomposite (Table 2, entries 5-9). It is worth
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Fig. 14 The FT-IR spectrum and FESEM image of the reused catalyst after six recycles.

mentioning that the reaction efficiency was decreased using
ethanol. Ethanol’s deactivating effect is also manifested
through changes in the activation energy. Moreover, the
decreased activity of the catalytic species is suggested to be
caused by preferential solvation of them and reactant by etha-
nol. Also, ethanol reduces the progress of the reaction by
establishing a hydrogen bond with the reactants. In the case
of toluene, due to its toxicity and the low solubility of the
synthesized catalyst in toluene as a solvent, the reaction pro-
ceeds with a lower rate, efficiency, and yield (entry 8). How-
ever, the results of these experiments showed the best reaction

medium is DMF (Table 2, entry 2). The surface modifica-
tion’s effect on the reaction progress was examined by inves-
tigating the model reaction in the presence of Cul NPs, Zn
(NO3),-:6H,O, IRMOF-3, IRMOF-3/PSTA/Cu, IRMOF-3/
Cul, UiO-66-NH,, and PSTA/Cul (Table 2, entries 10-16),
and none of them produced satisfactory results. In addition
to the effective metal-support synergistic interaction of copper
and IRMOF-3/PSTA in the IRMOF-3/PSTA/Cul catalyst,
the Lewis acidic nature of IRMOF-3 highly contributes to
bringing the N-bearing heterocyclic substrate closer to the
catalytic metal center (Cu) and hence promote the reaction
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Table 2 Optimization of reaction conditions.”

CHO (0}
@ * [ j * H——""h
OH N

H

N
IRMOF-3/PSTA/Cu
> A\
Solvent, Temperature o

Entry Cat. (mg) Solvent Temperature (C) Time (h) Yield (%)" TOF(h)°
1 IRMOF-3/PSTA/Cu (5) DMF 100 1 79 89.77
2 IRMOF-3/PSTA/Cu (10) DMF 100 1 91 103.4
3 IRMOF-3/PSTA/Cu (20) DMF 100 1 91 103.4
4 No catalyst DMF 100 24 - -

5 IRMOF-3/PSTA/Cu (10) EtOH:H,O reflux 1 58 65.9
6 IRMOF-3/PSTA/Cu (10) Solvent-free 100 1 69 78.4
7 IRMOF-3/PSTA/Cu (10) EtOH reflux 1 75 85.22
8 IRMOF-3/PSTA/Cu (10) Toluene reflux 1 81 92.04
9 IRMOF-3/PSTA/Cu (10) CH;CN reflux 1 55 62.5
10 IRMOF-3 (10) DMF 100 1 40 45.45
11 UiO-66-NH, (10) DMF 100 1 35 39.77
12 Zn(NO;),-6H,0 (10) DMF 100 1 trace -

13 Cul NPs (10) DMF 100 1 42 47.72
14 IRMOF-3/PSTA (10) DMF 100 1 59 67.04
15 PSTA/Cu (10) DMF 100 1 66 75
16 IRMOF-3/Cu (10) DMF 100 1 79 89.77
17 IRMOEF-3/PSTA/Cu (10) DMF 80 1 84 95.45
18 IRMOF-3/PSTA/Cu (10) DMF 120 1 91 103.4
19 IRMOF-3/PSTA/Cu (10) DMF 100 1 61 69.31

# Reaction condition: a mixture of phenylacetylene (0.17 mL, 1.5 mmol), K,COj3 (0.138 g, 1.0 mmol), morpholine (0.087 mL, 1.0 mmol), and
salicylaldehyde (0.20 mL, 2.0 mmol) in DMF (2 mL) was heated at 100 C.

® Isolated yield.

¢ TOF, turnover frequencies (TOF = (Yield/Time)/amount of catalyst (mol).

rate. Introducing metal nanoparticles in these structures leads
to the creation of bimetallic systems. As a result, it brings the
synergistic effect of the metal nanoparticles introduced with
the metal nodes in the MOF structure and enhances the cat-
alytic activity. Also, IRMOF-3/PSTA support may promote
copper metal particle dispersion on its surface, resulting in
more active catalyst sites of the metal center. The results indi-
cate the high sensitivity and selectivity of the prepared model
due to the synergistic effect of Zn-cluster, PSTA, and Cul
NPs. Finally, various temperatures were applied to make
the model reaction (Table 2, entries 17-18). Overall, 100 C
can be considered the model reaction’s preferred temperature.
Examining the reaction without a base revealed a reduction in
reaction efficiency (Table 2, entry 19). Following the screen-
ing, the optimal result was achieved in the presence of
10 mg IRMOF-3/PSTA/Cu nanocatalyst with DMF as the
solvent at 100 C.Table 3

Regarding catalytic performance and ICP analysis,
IRMOF-3/PSTA/Cu indicated a more intense catalytic activity
than PSTA/Cu and IRMOF-3/Cu. In this study, the Cu con-
tents of porous PSTA/Cu and IRMOF-3/Cu were 1.35 and
3.5%, respectively, which were lower than the Cu content of
IRMOF-3/PSTA/Cu (5.58%). This difference is probably

because of the cooperative interaction of melamine, sulfon-
amide, and free carboxylate groups with Cu. These functional
groups can stabilize Cul NPs via a stronger bonding interac-
tion between Cu and polymer/MOF than between PSTA and
IRMOF-3. The obtained results suggest the essential role of
the hybridization of IRMOF-3 and PSTA in Cul NPs’ activa-
tion. The reaction was selective. The starting material is almost
consumed such that no by-products were observed (based on
yield).

3.2.2. Effect of different salicylaldehyde and amine derivatives
on the catalytic activity of IRMOF-3/PSTA/Cu.

The general applicability of the IRMOF-3/PSTA/Cu was
investigated using some salicylaldehydes, amines, and pheny-
lacetylene substrates. The results showed an excellent turnover
frequency (TOF) of the benzo[b]furan-forming reaction under
optimized conditions and high yields. Whether the benzene
ring of salicylaldehyde was substituted by electron-
withdrawing groups (—H, —Cl, —Br, and —F) (4e, 4f, and
4g) or electron-donating (—OMe, —Me, —OH) (4b, 4¢, and
4d), the corresponding products were obtained within 3.5—
5.5 h in 77-90% yields. Based on the obtained results, salicy-
laldehyde’s electron-donating groups enhanced the IRMOF-
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Table 3 Preparation of benzofuran derivatives using IRMOF-3/PSTA/Cu nanocatalyst.”

Ry . R,

e
CHO
R, R3 _ IRMOF-3/PSTA/C
OH H 0 fo)
K,CO3, DMF, 100°C O

Entry Substrate Product Time Yield Melting point

(min) (%)
CHO NH(CH;)
L, O ve
N
OH

Masured Litrature

90 86 162-163  New

CHO
NH(CH;) \N/©
O N 60 92 172-173  New
o

CHO
OH NH(CH3)
3 A\ 45 94 180182 New
OCH;,
o

Joale °

HO (0] N\
4 60 94 190-190 New
o

Joullo iV e
o
N
OH
5 O N 120 93 202-204 New
o

Joalls sV
Cr \
N
OH
6 O N 120 90  155-158 New
(o)

)

CHO

NH(CHj;)
7 120 88 187-189 New
OH

Cl

(continued on next page)
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Table 3 (continued)

R,

“n-Rs
CHO
R; R; - IRMOF-3/PSTA/C
OH H o
0 o
K,CO;3;, DMF, 100°C Q
Entry Substrate Product Time Yield Melting point
M 0,
(min) (%) Masured Litrature
N
0
e}
C' O

CHO

OH [ ]
8 OCH, o

CHO
; OH
11 OCH,

H
@
H
@CHO N
OH Q
12

O 50 88 121-122  Not reported
OCH; Q
4h
O)
N
O N\ 60 91 105-108  107-108 (Zhang et al., 2011)
(6]
a O
Ph
< Ph
N—
O A\ 120 87 58-60 57-59 (Sharghi et al., 2014)
O
4
185-188 (Abtahi and Tavakol,
45 90 185-186 2021)
4k
(D
O N 60 95 76-78 74-75 (Sharghi et al., 2014)
O
41

# Reaction condition: Phenylacetylene (0.17 mL, 1.5 mmol), IRMOF-3/PSTA/Cu (0.01 g, 0.88 mol%), K,CO3 (0.138 g, 1.0 mmol), amine
derivatives (1.0 mmol), and salicylaldehyde derivatives (2.0 mmol) in DMF (2 mL) was heated at 100 °C, ®[solated yield.
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Scheme 4  The possible mechanism for the synthesis of benzofuran derivatives.

3/PSTA-supported Cu-catalyzed domino reactions with higher
reactivity than those containing electron-withdrawing groups
and led to higher TOFs and yields. The results also showed
the successful reactions of aliphatic amines (e.g., morpholine,
piperidine, and dibenzylamine) with salicylaldehyde (4h, 4i,
4j. 4k, and 41). Although the presented system is highly effec-
tive for secondary amines, the primary amine substrates
(e.g., PANH>) could not afford the desired benzofuran. Never-
theless, we prepared new benzo[b]furan, the first to report to
our knowledge.

3.2.3. Reaction mechanism

Scheme 4 shows the mechanism offered for the one-pot prepa-
ration of benzofurans through a three-component domino
reaction catalyzed by IRMOF-3/PSTA/Cu. According to this
figure, the IRMOF-3/PSTA/Cu catalyst first enhances the
activity of phenylacetylene binding to iminium ions generated
in situ by the reaction between salicylaldehydes and amines (in-
termediate A). IRMOF-3/PSTA/Cu nanocomposites also pro-
mote cyclization through nucleophilic attack of hydroxyl
groups (intermediate B). In the final step, as is evident in inter-
mediate C, the corresponding product was obtained and the
IRMOF-3/PSTA/Cu was recycled for further reactions

(Abtahi and Tavakol, 2021; Safaei-Ghomi et al., 2016;
Purohit et al., 2017; Sadjadi et al., 2018).

3.2.4. Reusability of IRMOF-3/PSTA|Cu nanocatalyst

The recyclability of catalyst materials is a crucial design
parameter for a more economical process. Following complet-

100
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50
40
30
20
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0

0 10 20 30 40

h

0 60

Fig. 15 Hot-filtration test for IRMOF-3/PSTA/Cu in the
reaction of 2-hydroxy-3-methoxybenzaldehyde, morpholine, and
phenylacetylene: A) hot filtered test and (B) normal reaction.

Table 4 Comparison of the present methodology with other reported methods for synthesizing 2,3-disubstituted benzo[b]furans (4 k).

Entry Catalyst Solvent Conditions Time Yield (%)* Ref.
(min)
1 h-Fe,O@SiO,-IL/Ag (25 mg) H,O r.t/ultrasound 10 92 (Sadjadi et al., 2018)
2 Cul (30 mol%) CH;CN Microwave 30 77 (Nguyen and Li, 2008)
3 Cul (20 mol%) Toluene 110 °C 240 79 (Li et al., 2009)
4 Cul (5 mol%) ChCI-EG 80 °C 420 80 (Abtahi and Tavakol, 2021)°
5 IRMOF-3/PSTA/Cu (0.88 mol%) DMF K»CO3/100 °C 45 90 This work

 Isolated yields.

® The reaction was examined in the presence of choline chloride -ethylene glycol.
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ing the reaction, the catalyst was separated from the reaction
system through centrifugation, washed it several times with
water and ethanol, and dried it in a vacuum drying oven at
80 °C for compound 4 h. IRMOF-3/PSTA/Cu was reused for
up to six cycles with negligible loss of catalytic activity such
that products with high yields were obtained (90, 90, 88, 87,
85, 82%). The minor reduction observed in the catalytic ability
is likely due to the normal dissipation of the catalyst in the
workup process. These results indicate a negligible amount
of catalyst leaching into the reaction mixture (Fig. 13).

In addition, the catalysts’ stability was proved by re-
performing the FT-IR spectrum and FESEM image
(Fig. 14). The outcomes confirm these catalysts’ stability.
These patterns do not exhibit any changes after the initial
patterns.

The filtration test for the reaction between 2-hydroxy-3-
methoxybenzaldehyde, morpholine, and phenylacetylene using
IRMOF-3/PSTA/Cu as a catalyst was performed to check the
leaching of Cul NPs during the reaction. A catalytic run was
started for a standard reaction, and after the reaction for
25 min (the reaction was completed in 50 min), corresponding
to 50% conversion, the reaction mixture was stopped and cen-
trifuged to afford a clear filtrate. Then the mixture without the
solid catalyst was treated as a standard catalytic run for
another 25 min, and the conversion did not proceed signifi-
cantly. The results were compared with that of a standard cat-
alytic run. The results clearly show that after the removal of
the heterogeneous catalyst, slow progression of the reaction
was observed. This finding suggests that the prepared catalyst
is stable and the leaching of Cul NPs species from the solid
support is low (Fig. 15).

3.2.5. Comparison activity of IRMOF-3/PSTA|Cu with other
catalysts

The advantages of the produced nanocatalyst are summa-
rized in Table 4 by comparing its properties with various
catalytic systems used for producing 2,3-disubstituted
benzo[b]furans in the presence of different catalysts. Accord-
ing to these data, the catalytic system presented in this study
offers higher efficiency than other systems for this reaction
regarding the reaction yield and time. The advantages of
IRMOF-3/PSTA/Cu as the catalyst in the system include a
less intensive process, a high yield of 92%, and separability
and recyclability several times, which are difficult to obtain
using pure Cul NPs (entry 5).

4. Conclusion

We synthesized IRMOF-3/PSTA/Cu nanocomposite by reac-
tion of IRMOF-3 with porous PSTA followed by immobiliza-
tion of CulNPs. The obtained solid was a combination of
acidity of —NH groups, basicity, hydrogen bonding, and
Lewis acidity of Zn** metal nodes and Cul NPs. This product
was used as a heterogeneous active catalyst for different 2,3-
disubstituted benzo[b]furan via the one-pot three-component
reaction. The results showed the higher catalytic activity of
IRMOF-3/PSTA/Cu than IRMOF-3, PSTA/Cu, IRMOF-3/
PSTA, and UiO-66-NH,. The observed high catalytic activity
might be due to the synergistic interaction between the unsat-
urated open Zn*" sites, Cul NPs, and porous PSTA. Large

surface area and high porosity are other important factors in
catalytic activity. In addition, IRMOF-3/PSTA/Cu was found
as a multifunctional MOF with robustness and stability under
reaction conditions. The advantages of performing the pre-
sented method in the presence of IRMOF-3/PSTA/Cu as a cat-
alyst can be summarized as follows:

1. The catalyst can be reused up to six times without losing its
catalytic activity and structural integrity.

2. Desired products are obtained in excellent yields under mild
reaction conditions.

3. The catalyst is easily separated from the mixture by cen-
trifugation and provides a great TOF.

4. The procedure involves an easy purification, synthesis of
new compounds, and a short time. Overall, this research
portrays a bright future for using porous MOFs and their
functionalized analogs as multifunctional catalysts.
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