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on poly(guanidine–triazine–
sulfonamide) (PGTSA/Ni): a mesoporous
nanocatalyst for synthesis of imines†

Ramin Ghiai, Sedigheh Alavinia, Ramin Ghorbani-Vaghei * and Alireza Gharakhani

Mesoporous materials have been the subject of intense research regarding their unique structural and

textural properties and successful applications in various fields. This study reports a novel approach for

synthesizing a novel porous polymer stabilizer through condensation polymerization in which Fe3O4

magnetic nanoparticles (Fe3O4 MNPs) are used as hard templates. Using this method allowed the facile

and fast removal of the template and mesopores formation following the Fe3O4 MNPs. Different

techniques were performed to characterize the structure of the polymer. Based on the obtained results,

the obtained mesoporous polymeric network was multi-layered and consisted of repeating units of

sulfonamide, triazine, and guanidine as a novel heterogeneous multifunctional support. Afterward, the

new nickel organometallic complex was supported on its inner surface using the porous poly

sulfonamide triazine guanidine (PGTSA/Ni). In this process, the obtained PGTSA/Ni nanocomposite was

used as a heterogeneous catalyst in the synthesis of imines from amines. Since this reaction has an

acceptorless dehydrogenation pathway, the hydrogen gas is released as its by-product. The synthesized

nanocatalyst was structurally confirmed using different characterization modalities, including FT-IR, SEM,

XRD, EDX, TEM, elemental mapping, ICP-AES, BET, and TGA. In addition, all products were obtained in

high turnover frequency (TOF) and turnover number (TON). The corresponding results revealed the high

selectivity and activity of the prepared catalyst through these coupling reactions. Overall, the synthesized

nanocatalyst is useable for eight cycles with no considerable catalytic efficiency loss.
1. Introduction

Recently, acceptorless dehydrogenation of amines and alcohols
has been considered among the strong tools for synthesizing
different types of organic compounds.1,2 In these reactions, the
primary alcohols and amines are converted to carbonyl species
and imines as highly efficient intermediates for further trans-
formations. This reaction releases hydrogen gas as its by-
product. Unlike the common oxidation reactions, this reac-
tion does not need a stoichiometric amount of a given additive
or oxidant to take place.3

These transformations need expensive metals such as Ru
and Ir, which have been successfully used for different types of
organic reactions. Today, Earth-Abundant Metals (EAMs), such
as Co, Mn, Fe, Zn, Mo, and Ni, are investigated through
acceptorless dehydrogenative reactions as low-cost alternatives
to replace costly rare metals.3–5 Unlike other EAMs, using Ni
involves some benets, including a wide range of ligands to use,
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the Royal Society of Chemistry
low cost, and diversity of reactions to catalyze by Ni complexes.
Nickel catalysts are widely used in carbon–heteroatom bonds in
complex organic molecules, hydrogenation and reduction
reactions,6 C–H bond activation reactions, multicomponent
reaction7 and cross-coupling reactions to establish carbon–
carbon bonds.8–10

In studying the dehydrogenation reactions through Ni-
catalyzed acceptorless, Dai et al. prepared three Ni(II)
complexes with N′NN′ type pincer ligands to dehydrogenate
primary alcohols to the carboxylic acids via releasing the
hydrogen gas.11 Also, Parua et al. documented the mono- and
double-dehydrogenative synthesis of quinolones derivatives. To
this end, they used secondary alcohols through [Ni(te-
tramethyltetraaza[14]annulene)] and a complex of aminobenzyl
alcohols with ketones as the active catalyst.12 Very recently, Liu
et al. used RANEY®-Ni as a commercial Ni source to synthesize
primary benzyl amines from ammonia and primary benzyl
alcohols through a hydrogen borrowing pathway.13 In 2015, the
preparation of nanoscale iron oxide-based materials and their
use in the catalysis of different hydrogenation reaction was re-
ported by Jagadeesh.14 Recently, cycloamination approaches for
thermal (catalyst-free) and catalytic transformation of biomass
feedstocks into N-heterocyclic molecules including mechanistic
pathways are reported.15 In addition to cycloamination
RSC Adv., 2022, 12, 34425–34437 | 34425
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approaches, hydrothermal amination of wet biomass feed-
stocks is thus an attractive technical strategy for producing
nitrogen-containing compounds.16 Regarding the critical role of
catalysts in these reactions, researchers have constantly sought
to develop recyclable, efficient, and environmentally friendly
catalysts to meet the green chemistry requirements.

Nowadays, scientists endeavor to rene materials facilitating
sustainable development.17–20 Mesoporous nanoarchitectures
have been the subject of intense research regarding their
extraordinary features.21–23 These nanostructures have found
a wide range of applications in synthesizing catalysts,24 func-
tional devices25 of these structures facilitates the reaction rate
by permitting the passage of guest species to the available
reaction points. These nanostructures include silica and non-
siliceous materials (e.g., carbon,26 metal oxides,27 inorganic–
organic hybrid materials,28 polymers,29 and suldes).30

Porous organic polymers (POPs) are another emerging
material group that has received much attention. These poly-
mers have several applications in pollutant removal,31 gas
storage,32 photocatalyst,33 and catalyst.34 Mesoporous poly-
sulfonamides, another growing branch of materials, have
received much attention regarding their applications in
heterogeneous catalysis and medicinal chemistry. Mesoporous
polysulfonamides typically have low skeleton density, high
surface area, deliberate tenability, and satisfactory chemical
stability. A careful selection of monomers and templates plays
Scheme 1 Schematic representation of synthesized PGTSA/Ni nanocom

Scheme 2 Benzylic amines dehydrogenation using PGTSA/Ni.

34426 | RSC Adv., 2022, 12, 34425–34437
an essential role in these materials' electronic, chemical, and
topological properties.6,34–37 In general, nitrogenous ligands'
incorporation into a polymer chain is an effective strategy to
benet simultaneously from the excellent characteristics of
porous polymers and the common properties of ligands of
nitrogen, thereby establishing other functionalities.

In this respect, researchers have successfully prepared
a porous guanidine–triazine–sulfonamide-based polymer, as
a new organic support system, via the Fe3O4 MNPs template
technique. The repeated monomer units of guanidine, triazine,
and sulfonamides in polymeric backbones form covalently
active sites and offer high stability to immobilizing metal/metal
NPs.

Most pure polymers have rare catalytic sites and small
specic surface areas. The hard template is a convenient and
effective strategy to prepare efficient pore structures for inor-
ganic or inorganic–organic hybrid materials. Nevertheless, this
method has rarely been used in pure organic polymers, as
template removal is difficult. In this respect, hard template SiO2

particles have been used to prepare the pore structure of poly-
sulfonamides. However, removing a template etched by NaOH
solution is time-consuming, as the calcination process damages
the framework. Hence, easily removable hard templates can be
of particular importance in fabricating pore structures.34

Following current efforts investigating environmentally
friendly catalytic protocols for chemical synthesis38–44 in the
posite.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectra of Fe3O4MNPs (a), Fe3O4/PGTSA (b), mesoporous
PGTSA (c), and PGTSA/Ni (d).

Fig. 2 FT-IR spectra of recycled PGTSA/Ni after seven cycle.

Fig. 3 XRD pattern of Fe3O4/PGTSA (a), porous PGTSA (b), and PGTSA/
Ni (c).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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present study, for the rst time, we prepared a mesoporous
PGTSA by applying condensation polymerization with a hard
template of Fe3O4 particles. The template is easy to remove
within a short time. In addition, the molecular structure of poly
guanidine–triazole–sulfonamide effectively survived the
template removal processes. Next, we functionalized with Ni(II),
characterized, and catalytically assessed the prepared poly
guanidine–triazine–sulfonamide (Scheme 1). The results
revealed that mesoporous PGTSA/Ni is useable as a suitable
catalyst to couple amines with imines, regarding its properties
such as multifunctional layers and strong metal sites (Scheme
2). Combining mesopore with N-containing ligands in a poly-
mer matrix would signicantly reduce the metal leaching in
comparison to other mesoporous/microporous supports.
Besides, this easily recoverable catalyst indicated high reus-
ability and good features for green chemical production.
Therefore, it can be regarded as a desirable stabilizer for
synthesizing metallic nanocatalysts with high heterogeneity.
Fig. 4 N2 adsorption–desorption isotherms of (A) porous PGTSA, and
PGTSA/Ni (B).

RSC Adv., 2022, 12, 34425–34437 | 34427
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The primary benets of these supports are their facile prepa-
ration, need for chip raw materials, abundant precursors,
versatility to composites, functionalizable surface, and chem-
ical multifunctionality.
2. Experimental
2.1. General

All materials and reagents were purchased from chemical
sources and used as received. The Fourier transform infrared
spectroscopy (FT-IR) was performed using a Bruker Vertex 70
FT-IR spectrometer. 1H and 13C NMR spectra were recorded
using a Bruker Avance 250MHz spectrometer. The powder X-ray
diffractometry (XRD) patterns were obtained using an X'Pert Pro
Panalytical diffractometer applying a 30 mA current and a 40 kV
voltage with Cu-Ka radiation (l = 1.5418 Å). The morphology
Fig. 5 FESEM images of Fe3O4 MNPs (A and B), TEM images of Fe3O4 M

Table 1 Results of the Langmuir and BET measurements of meso-
porous PGTSA and PGTSA/Ni

Parameter PGTSA PGTSA/Ni

as (m
2 g−1) 11.81 3.6556

Vm (cm3(STP) g−1) 2.71 0.5418
Vp (cm3 g−1) 0.058 0.0098
rp (nm) 39.7 1.86
ap (m2 g−1) 7.33 1.685

34428 | RSC Adv., 2022, 12, 34425–34437
and size of the prepared nanoparticles were investigated using
SEM images obtained from the FESEM-TESCAN MIRA3 instru-
ment. Nanocatalysts' chemical composition was determined by
EDX using SEM analysis. The specimen's magnetic suscepti-
bility was determined via a vibrating sample magnetometer
(Meghnatis Daghigh Kavir, Co. Iran) in a magnetic eld of 20
kOe. Thermogravimetric analysis (TGA) was performed using
the Shimadzu DTG-60 device at 0 to 700 °C. In addition, thin-
layer chromatography (TLC) analysis was performed to deter-
mine the products' purity and monitor the reaction progress in
a silica gel 60 F254 aluminum sheet.
2.2. Fe3O4 MNPs synthesis

Fe3O4 magnetic nanoparticles (Fe3O4 MNPs) were synthesized
through the co-precipitation approach described in the litera-
ture.39 Briey, 3 mL of FeCl3 (2 M dissolved in 2 M HCl) was
added to 10.33 mL of double distilled water. Next, Na2SO3 (2
mL, 1 M) was added to the solution dropwise for 3 min under
magnetic stirring. Once the solution color turned yellow from
red, 80 mL of 0.85 M NH3$H2O solution was added to it while
vigorously stirring. Aer 30min, an external magnet was used to
separate the prepared Fe3O4 MNPs. Eventually, they were
washed with distilled water to reach a pH of less than 7.5.
2.3. Fe3O4/PGTSA nanocomposite synthesis

Fe3O4/PGTSA nanocomposite was synthesized through in situ
polymerization of guanidine (0.3 mol), 1,3,5-triazine-2,4,6-
NPs (C and D).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FESEM images of Fe3O4/PGTSA MNPs (A), PGTSA (B), porous PGTSA (C), PGTSA/Ni (D).
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triamine (0.7 mol), and benzene-1,3-disulfonyl chloride (1 mol)
in the presence of acetonitrile (10 mL) and Fe3O4 MNPs (0.1 g).
Next, the reaction mixture was stirred for 6 h under reux
Fig. 7 TEM images of porous PGTSA with the scale bar of 100 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
conditions. The nanocomposites were ltered out and washed
with water and ethanol. The prepared solid residue was dried
under vacuum conditions at room temperature.
RSC Adv., 2022, 12, 34425–34437 | 34429
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2.4. Porous PGTSA synthesis

Fe3O4 MNPs were etched using an HCl aqueous solution to
selectively remove the Fe3O4 MNPs of the Fe3O4/PGTSA nano-
composite. Next, Fe3O4/PGTSA nanocomposite (0.5 g), HCl
solution (10 mL, 10 wt%), deionized water (10 mL) were added
to a 5 mL ask. Aerward, the reaction mixture was shaken for
15 min at room temperature. Finally, the prepared porous
polymer was washed with water and dried at 50 °C.

2.5. Porous PEMA-PSA/Ni preparation

We sonicated the synthesized polymeric support (0.1 g) in an
aqueous solution of NiCl2$6H2O (2 mL, 1 M) for 15 min,
Fig. 8 EDX spectrum of PGTSA/Ni.

Fig. 9 Elemental mapping of the C, N, O, S, and S atoms achieved from

34430 | RSC Adv., 2022, 12, 34425–34437
followed by its stirring for 5 h at room temperature. The
synthesized catalyst was ltered out and washed using excess
water and ethanol. In the end, the prepared residue was dried at
room temperature under vacuum conditions.
2.6. Dehydrogenative of imines synthesis

A solution of amine (2 mmol), benzylamines (1 mmol), potas-
sium tertbutoxide (0.25 mmol) and PGTSA/Ni (0.9 mol%) was
stirred in mesitylene (4 mL) at 140 °C under N2 atmosphere.
Aer completion of the reaction (monitored by TLC), PGTSA/Ni
Fig. 10 TGA curve of PGTSA/Ni.

SEM micrographs.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06196a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

12
:0

4:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
catalyst was isolated by an centrifugation, washed with EtOH
and EtOAc (2 × 5 mL) and dried under vacuum. The title
compounds were obtained in their crystalline forms by recrys-
tallization of ethanol solution.
3. Results and discussion
3.1. Characterization of PGTSA/Ni nanocatalyst

Fig. 1 illustrates the FT-IR spectra of PGTSA/Ni, Fe3O4 MNPs,
mesoporous PGTSA, and Fe3O4/PGTSA. In Fig. 1a, the Fe–O
stretching vibration of Fe3O4 appeared at about 627 cm−1. In the
FT-IR spectra of Fe3O4/PGTSA, Fe3O4 MNPs are conrmed by
the peaks at 605 cm−1. This peak is indexed to magnetite's Fe–O
stretching oscillation. Tensile vibrations related to C]N and
S]O appeared at 1644, 1660 cm−1, and 1032, 1384 cm−1,
respectively (Fig. 1b). The spectrum of mesoporous PGTSA
revealed characteristic peaks similar to those of Fe3O4/PGTSA,
but not any characteristic peaks for Fe3O4. Therefore, it is
inferred that the PGTSA structure survived the polymerization
and template removal processes (Fig. 1c). In the PGTSA/Ni
catalyst case, the C]N/S]O vibration moved to a lower wave-
number. The observed shi peaks indicate the successful
coordination of Ni within the polymer ligands (Fig. 1d). Fig. 2
presents the catalyst FTIR spectrum aer seven reuse cycles.
Table 2 PGTSA/Ni-catalyzed dehydrogenative heterocoupling of amine

Entry Catalyst Cat. (mol%) Solvent

1 NiCl2 50 mg Mesitylene
2 CoCl2 50 mg Mesitylene
3 PGTSA/Ni 0.9 mol% Mesitylene
4 PGTSA/Ni 0.45 mol% Mesitylene
5 PGTSA/Ni 0.9 mol% Mesitylene
6 PGTSA/Ni 1.8 mol% Mesitylene
7 PGTSA/Ni 0.9 mol% Mesitylene
8 PGTSA/Ni 0.9 mol% Mesitylene
9 PGTSA/Ni 0.9 mol% Mesitylene
10 PGTSA/Ni 0.9 mol% Toluene
11 PGTSA/Ni 0.9 mol% EtOH
12 PGTSA/Ni 0.9 mol% CH3CN
13 PGTSA/Ni 0.9 mol% Solvent-free
14 PGTSA/Ni 0.9 mol% Mesitylene
15 PGTSA/Ni 0.9 mol% Mesitylene
16 PGTSA/Ni 0.9 mol% Mesitylene
17 PGTSA/Ni 0.9 mol% Mesitylene

a Reaction conditions: 1a (1.0 mmol), 2a (2.0 mmol), and 3 mL of solvent
carried out in 10 mmol scale.

© 2022 The Author(s). Published by the Royal Society of Chemistry
The gure indicates no signicant alteration in the reused
catalyst's FTIR spectrum, suggesting the negligible effect of the
catalytic reaction on the catalyst's chemical structure.

The normal XRD patterns of Fe3O4/PGTSA, mesoporous
PGTSA, and mesoporous PGTSA/Ni are shown in Fig. 3. The
Fe3O4/PGTSA pattern includes two groups of diffraction peaks: (1)
the diffraction peaks of PGTSA and (2) the diffraction peaks of
Fe3O4. These peaks indicate the polymeric hybrid's crystalline
structure. The Fe3O4/PGTSA's normal XRD pattern revealed three
peaks at 2q = 35.47°, 57.42°, and 62.87° indexed to Fe3O4 MNPs'
crystal phase.38 Moreover, the peak at 2q = 27.8°, 29.72°, and
30.67° are attributed to the presence of guanidine, triazine, and
sulfonamides of PGTSA (Fig. 3a). The mesoporous PGTSA had the
diffraction peaks of guanidine, triazine, and sulfonamides, but
without any Fe3O4 diffraction peak. This outcome indicates the
crystalline structure of the polymer and the complete total of the
Fe3O4 template. Furthermore, these results conrmed that the
template removal did not alter the crystal phase of Fe3O4/PGTSA
(Fig. 3b). Based on the nal catalyst's XRD pattern, adding NiCl2
to mesoporous PGTSA has altered the mesoporous PGTSA's
crystalline structure, due to the interactions between Ni(II) and the
prepared support. Besides, the peaks at 2q = 16.02°, 18.67°, and
37.47° are indexed to nickel groups.6 This result conrmed the
successful Ni immobilization on mesoporous PGTSA (Fig. 3c).
sa

Temperature
(°C) Time (h) Base Yieldb (%)

140 24 KOtBu 40
140 24 KOtBu N.R.
140 24 — 60
140 24 KOtBu 72
140 24 KOtBu 93
140 24 KOtBu 93
140 24 KOH 75
140 24 K2CO3 88
140 24 KOtBu 69
Reux 24 KOtBu 73
Reux 24 KOtBu 40
Reux 24 KOtBu 52
140 24 KOtBu 32
160 24 KOtBu 93
120 24 KOtBu 64
140 24 KOtBu 58c

140 24 KOtBu 89d

. b Isolated yield. c 1 mmol of aniline was employed. d The reaction was

RSC Adv., 2022, 12, 34425–34437 | 34431
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Table 3 Synthesis of imines from different amines using PGTSA/Nia

Entry Substrate Product Yield (%)

Melting point

Measured Literature

1 93 50–52 51–52 (ref. 45)

2 95 82–83 88–90 (ref. 46)

3 98 68–70 68–70 (ref. 47)

4 90 43–45 40 (ref. 48)

5 93 97–98 95–96 (ref. 49)

6 85 58–60 58–60 (ref. 50)

7 88 61–62 64–66 (ref. 51)

34432 | RSC Adv., 2022, 12, 34425–34437 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd. )

Entry Substrate Product Yield (%)

Melting point

Measured Literature

8 83 45 43–44 (ref. 52)

9 80 69–70 68–70 (ref. 53)

10 77 120–122 121–123 (ref. 53)

a Reaction condition: a solution of amine (2 mmol), benzylamines (1 mmol), potassium tertbutoxide (0.25 mmol) and PGTSA/Ni (0.9 mol%) was
stirred in mesitylene (4 mL) at 140 °C under N2 atmosphere.
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Brunauer–Emmett–Teller (BET) analysis was performed to
prepare the N2 adsorption/desorption isotherms of the
prepared PGTSA nanostructures. This experiment gives infor-
mation about the specic surface area (SSA) and porosity of the
prepared nanostructural PGTSA. We observed a distinctive H4-
type hysteresis loop of type IV for the PGTSA and PGTSA/Ni,
indicating the development of ordered mesoporous struc-
tures. These isotherms show the BET SSA of 11.81 m2 g−1, a pore
mean diameter of 39.7 nm, and a pore volume of 0.058 cm3 g−1

for mesoporous PGTSA (Fig. 4a). As can be inferred from N2

adsorption/desorption isotherms of PGTSA/Ni, the SSA, pore
volume, and pore mean diameter of this structure are 3.6556 m2

g−1, 0.0098 cm3 g−1, and 1.86 nm, respectively (Fig. 4b). It is
noteworthy that SSA of PGTSA/Ni is lower than PGTSA. This
difference might be due to the graing of Ni-complex on mes-
oporous channels of PGTSA (Table 1).

Fig. 5 shows the prepared FE-SEM and TEM to characterize
the shape, size, and morphology of the synthesized Fe3O4 MNPs
template. As can be seen from the SEM image of NMPs, these
nanoparticles are monodispersed and spherical, have an almost
© 2022 The Author(s). Published by the Royal Society of Chemistry
narrow size distribution, and have a mean diameter of 20–
50 nm (Fig. 5A and B). Also, like the SEM images, TEM images
veried the spherical shape of Fe3O4 MNPs (Fig. 5C and D).

The shape and surface morphology of Fe3O4/PGTSA MNPs,
mesoporous PGTSA, and PGTSA/Ni were investigated by FESEM
(Fig. 6). FESEM image of Fe3O4/PGTSA MNPs revealed the
spherical morphology of Fe3O4 MNPs and layered composite-
type structure of PGTSA (Fig. 6A). FE-SEM images of PGTSA
(Fig. 6B) showed a large block-like morphology without any
porous structures. FE-SEM images of mesoporous PGTSA were
captured for Fe3O4/PGTSA nanocomposite through selective
removal of Fe3O4 MNPs template. These images show a uniform
3D porous network with a large number of multiple spherical-
nano pores. In comparison, the template-free PGTSA synthe-
sized under similar conditions showed a uniform structure of
PGTSA regarding its robust nature, good distribution, and
porosity. The mesoporous PGTSA showed a monolith
morphology with abundant mesopores and a porous structure.
These characteristics show the survival of the PGTSA's molec-
ular structure from polymerization and template removal
RSC Adv., 2022, 12, 34425–34437 | 34433
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Scheme 3 A plausible mechanism for the preparation of imines using mesoporous PGTSA/Ni.

Table 4 Comparison study on the catalytic efficiency of different
surface modification

Catalyst Yield (%) Time (h)

Mesoporous PGTSA/Ni 93 24
Fe3O4/PGTSA/Ni 80 24
PGTSA/Ni 71 24
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processes (Fig. 6C). The interactions between support and NiCl2
caused the formation of a porous aggregated 3-D framework
(Fig. 6D). Such a network increased the catalytic properties of
the synthesized nanostructured PGTSA/Ni.

The captured TEM micrographs were analyzed to study the
particle distribution, size, and morphology of mesoporous
PGTSA. TEM images of PGTSA show the mesoporous structure
with no aggregation (Fig. 7).

The energy-dispersive X-ray spectroscopy (EDX) was per-
formed to conrm the mesoporous PGTSA/Ni's elemental
composition (Fig. 8). The results showed the presence of
elements such as C, N, O, Ni, and S in the prepared catalyst.
Fig. 9 shows the uniform distribution of C, S, O, and N and the
perfect uniform distribution of Ni in this composite structure.

Weight loss and stability of the synthesized catalyst were
investigated using the thermogravimetric analysis (TGA). As
observed from the curve in Fig. 10, losing 2.7% of the weight
between 40–150 °C could be related to loss of moisture and
solvents. Also, weight loss at 150–600 °C indicates the removal
34434 | RSC Adv., 2022, 12, 34425–34437
of organic moieties such as triazine, 1,3-benzene-disulfonyl
chloride, and decomposition of the composite. The TGA curve
of PGTSA/Ni shows a ve-step degradation, by which 85.54% of
the sample was lost at 100, 129, 250.6, 330, and 384 °C,
respectively. In addition, according to the DTA diagrams, the
glass transition point (Tg) was 129 °C.

3.2. Catalytic activity studies of mesoporous PGTSA/Ni

Aer its full characterization, PGTSA/Ni's catalytic activity was
investigated for the aniline and benzylamine reaction to opti-
mize the reaction conditions (Table 2). In this study, the
formation of a homo-coupling adduct was prevented by using
two equivalents of aniline for an equivalent of benzylamine.
Next, the corresponding impacts of the base, catalyst, and
solvent amounts and temperature were explored in the model
reaction. First, the catalytic activity of NiCl2 and CoCl2 were
studied to compare the performance of these catalysts, which
showed an unsuccessful reaction. Next, the model reaction was
investigated in the presence of PGTSA/Ni under base-free
conditions. The imine adduct was gained in a 61% isolated
yield. Next, the reaction models were carried out using different
amounts of catalyst in the presence of KOtBu. The highest yield
within the appropriate time was obtained when using 0.9 mol%
of catalyst (entry 3). Exceeding the catalyst amount by 0.9 mol%
did not affect the reaction yield (entries 4–6). Aerward, the
model reaction was carried out using different amounts of
bases, such as KOH and K2CO3. Based on the obtained results,
the best yield (i.e., 89%) was obtained when using KOtBu in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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model reaction (entries 7 and 8). In the next step, the best
solvent in the reaction was optimized by screening the probe in
several solvents, including CH3CN, EtOH, mesitylene, and
toluene, and under solvent-free conditions (entries 9–13). The
results showed that the polar and protic solvents declined the
reaction rate, and mesitylene provided an excellent yield. Eval-
uating the effect of the temperature on the reaction model
revealed that at low temperatures, the reaction did not progress
signicantly, and the maximum yield was gained by carrying
out the reaction at 140 °C (entries 14 and 15). Eventually, adding
1 mmol of benzylamine to the reaction with 1 equivalent of
amine, the corresponding imine was generated with a yield of
58% (entry 16). Screening the results showed that the optimal
yield is achieved when 0.9 mol% PGTSA/Ni catalyst is added to
mesitylene as the solvent at 140 °C (entry 5). Besides, to show
the practical use of the PGTSA/Ni nanostructure, an experiment
on a gram scale was carried out through themodel reaction, and
the desired yield was achieved (entry 17). The excellent catalytic
performance of the PGTSA/Ni in the aprotic solvents can be
attributed to PGTSA/Ni's amphiphilic behavior using hydro-
phobic monomers (aromatic groups) and hydrophilic mono-
mers (i.e., Ni, guanidine, and triazine). Further, PGTSA/Ni
activates the intermediates via H-bonding with PGTSA/Ni's
polar functional groups.

Under optimized reaction conditions, reaction scope was
explored using various aromatic amines. First, some aromatic
amines chosen for the desired imines were prepared with a yield
Scheme 4 Literature precedent to synthesis of imines.

© 2022 The Author(s). Published by the Royal Society of Chemistry
of 78–93% (Table 3; entries 3, 8, and 10). As can be seen from
Table 3, ERGs existing in aniline derivatives can intensify the
reactants' reactivity. On the other hand, the EWG existing on the
phenyl ring can lower the reaction yield.

Dangling hydrophobic and hydrophilic moieties on the
PGTSA/Ni play a key role in the reactant diffusion into the
mesitylene via establishing H-bonding between the dangling
polar groups of aniline/benzylamine and the catalyst. Next, the
ligand exchange occurs between PGTSA/Ni and aniline/
benzylamine. As a result, the intended imine compound is
generated in high yield by benzylamine dehydration. Scheme 2
presents a feasible mechanism for this catalytic system in the
acceptorless dehydrogenation of benzylamine and its deriva-
tives. Initially, intermediate A is formed by the coordination of
benzylamine to Ni(L) in the presence of a base. Next, in line with
b-H elimination of A, an aldimine intermediate and an Ni-
hydride intermediate B are formed. The obtained aldimine
forms the corresponding imine by subjecting it to a condensa-
tion reaction with RNH2 (Scheme 3).54

According to the ICP analysis and catalytic performance,
mesoporous PGTSA/Ni had amore intense catalytic activity than
Fe3O4/PGTSA/Ni and PGTSA/Ni (Table 3). In this research, the Ni
contents of Fe3O4/PGTSA/Ni and PGTSA/Ni were 3.41% and
2.61%, respectively, which were lower than that of mesoporous
PGTSA/Ni (5.28%). This difference might be due to high surface
area and the cooperative interaction of triazine, sulfonamide,
and guanidine groups with nickel. These functional groups can
RSC Adv., 2022, 12, 34425–34437 | 34435
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Fig. 11 Recovery of nanocomposite in 6 runs for the model reaction.
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be used to stabilize the Ni via a much stronger bonding inter-
action between mesoporous polymer and Ni compared to that
between Fe3O4/PGTSA and PGTSA. The results indicate the
combination of high surface area and functional groups play
essential role in activation of Ni via stabilization of Ni and
diffusion of substrates via p–p interaction and hydrogen
bonding.

Next, to show the merits of the present method for the
synthesis of imines from benzylamine and aniline, the catalyst
efficiency of the mesoporous PGTSA/Ni was compared with the
other catalysts which are reported in the literature (Table 4). The
formation of title compounds was reported under the following
conditions that contains longer reaction times and hazardous
metal catalyst under drastic heating conditions. As shown in
Scheme 4, Takallou and co-workers reported the Ni-catalyzed
the preparation of imines from amines (eqn (1)).54 In 2019,
Co-catalyzed dehydrogenative coupling of amines into imines
(eqn (2)).55 This comparison shows that using mesoporous
PGTSA/Ni system lead to synthesis products in higher yields
times. The catalyst is composed of triazine, sulfonamide, and
guanidine which as a non-toxic polymer makes the catalyst
more biodegradable and environmentally friendly. The
synthesized catalyst can also be easily and rapidly separated
from the reaction mixture by centrifugation. It can be recycled
and recovered six times without signicant loss in the catalytic
activity. Also, this reaction also has a high atomic economy
compared to other reactions.

The recyclability of mesoporous PGTSA/Ni was investigated
toward synthesizing imines under optimized reaction condi-
tions. Following completing the reaction, we segregated the
catalyst 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 4 h (Fig. 11).

4. Conclusions

We synthesized porous PGTSA using Fe3O4 MNPs as a hard
template, followed by immobilization of Ni Cl2. The obtained
solid was a combination of acidity of –NH groups, basicity,
hydrogen bonding, and Lewis acidity of Ni2+ metal. This
product was used as a heterogeneous active catalyst for
34436 | RSC Adv., 2022, 12, 34425–34437
acceptorless heterocoupling of amines into imines. The results
showed the higher catalytic activity of PGTSA/Ni than the NiCl2
and CoCl2. The observed high catalytic activity might be
attributed to the synergistic interaction between NiCl2 and
porous PGTSA. Large surface area and high porosity are other
important factors in catalytic activity. In addition to the high
porosity and surface area, the high performance appears to
arise from immobilization of the Ni complex of the open
framework of porous PGTSA. Nickel species play a more
important role in catalytic activity. Morever, PGTSA/Ni was
found as a multifunctional catalyst with robustness and
stability under reaction conditions. The product can be reused
up to six times without any loss in its catalytic activity and
structural integrity. The other benets of the proposed meso-
porous catalyst include high yield, facile separation of the
catalyst from the mixture by centrifugation, great TOF, and
a clean reaction prole. Overall, this research portrays a bright
future for using porous polysulfonamides and their function-
alized analogs as multifunctional catalysts.
Conflicts of interest

There are no conicts to declare.
References

1 K. Azizi, S. Akrami and R. Madsen, Chem.–Eur. J., 2019, 25,
6439–6446.

2 S. V. Samuelsen, C. Santilli, M. S. G. Ahlquist and R. Madsen,
Chem. Sci., 2019, 10, 1150–1157.

3 K. Azizi and R. Madsen, ChemCatChem, 2018, 10, 3703–3708.
4 F. Monda and R. Madsen, Chem.–Eur. J., 2018, 24, 17832–
17837.

5 Y. Goriya, H. Y. Kim and K. Oh, Org. Lett., 2016, 18, 5174–
5177.

6 A. Rahimi, R. Ghorbani-Vaghei and S. Alavinia, J. Porous
Mater., 2021, 28, 1643–1653.

7 N. Shekarlab, R. Ghorbani-Vaghei and S. Alavinia, J.
Organomet. Chem., 2021, 949, 121971.

8 N. A. Harry, S. Saranya, S. M. Ujwaldev and G. Anilkumar,
Catal. Sci. Technol., 2019, 9, 1726–1743.

9 Y. Wang, A. Kostenko, S. Yao and M. Driess, J. Am. Chem.
Soc., 2017, 139, 13499–13506.

10 R. Martin-Montero, V. R. Yatham, H. Yin, J. Davies and
R. Martin, Org. Lett., 2019, 21, 2947–2951.

11 Z. Dai, Q. Luo, H. Jiang, Q. Luo, H. Li, J. Zhang and T. Peng,
Catal. Sci. Technol., 2017, 7, 2506–2511.

12 S. Parua, R. Sikari, S. Sinha, S. Das, G. Chakraborty and
N. D. Paul, Org. Biomol. Chem., 2018, 16, 274–284.

13 Y. Liu, A. Afanasenko, S. Elangovan, Z. Sun and K. Barta, ACS
Sustain. Chem. Eng., 2019, 7, 11267–11274.

14 R. V. Jagadeesh, T. Stemmler, A.-E. Surkus, H. Junge,
K. Junge and M. Beller, Nat. Protoc., 2015, 10, 548–557.

15 H. Li, H. Guo, Z. Fang, T. M. Aida and R. L. Smith Jr, Green
Chem., 2020, 22, 582–611.

16 H. Wu, H. Li and Z. Fang, Green Chem., 2021, 23, 6675–6697.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06196a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

12
:0

4:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
17 M. Mohammadi, M. Khodamorady, B. Tahmasbi,
K. Bahrami and A. Ghorbani-Choghamarani, J. Ind. Eng.
Chem., 2021, 97, 1–78.

18 M. Kazemi and M. Mohammadi, Appl. Organomet. Chem.,
2020, 34, e5400.

19 M. Mohammadi and A. Ghorbani-Choghamarani, Appl.
Organomet. Chem., 2022, e6905.

20 F. Ghobakhloo, D. Azarifar, M. Mohammadi andM. Ghaemi,
Appl. Organomet. Chem., 2022, 36, e6823.

21 M. Koolivand, M. Nikoorazm, A. Ghorbani-Choghamarani
and M. Mohammadi, Appl. Organomet. Chem., 2022, 36,
e6656.

22 S. M. Ramish, A. Ghorbani-Choghamarani and
M. Mohammadi, Sci. Rep., 2022, 12, 1479.

23 N. Hussain-Khil, A. Ghorbani-Choghamarani and
M. Mohammadi, Sci. Rep., 2021, 11, 15657.

24 S. Alavinia, R. Ghorbani-Vaghei, J. Rakhtshah, J. Youse Seyf
and I. Ali Arabian, Appl. Organomet. Chem., 2020, 34, e5449.

25 P. Singh and K. Sen, J. Porous Mater., 2018, 25, 965–987.
26 B. Li, S. Harlepp, V. Gensbittel, C. J. R. Wells, O. Bringel,

J. G. Goetz, S. Begin-Colin, M. Tasso, D. Begin and
D. Mertz, Mater. Today Chem., 2020, 17, 100308.

27 J. Fang, L. Zhang, J. Li, L. Lu, C. Ma, S. Cheng, Z. Li, Q. Xiong
and H. You, Nat. Commun., 2018, 9, 521.

28 K. Yuan, T. Song, D. Wang, X. Zhang, X. Gao, Y. Zou,
H. Dong, Z. Tang and W. Hu, Angew. Chem., 2018, 130,
5810–5815.

29 A. Beaucamp, M. Culebras and M. N. Collins, Green Chem.,
2021, 23, 5696–5705.

30 N. Sonai Muthu and M. Gopalan, Appl. Surf. Sci., 2019, 480,
186–198.

31 A. Waheed, N. Baig, N. Ullah and W. Falath, J. Environ.
Manage., 2021, 287, 112360.

32 L. Ma, F. Svec, Y. Lv and T. Tan, Chem.–Asian J., 2019, 14,
3502–3514.

33 A. Atilgan, M. M. Cetin, J. Yu, Y. Beldjoudi, J. Liu, C. L. Stern,
F. M. Cetin, T. Islamoglu, O. K. Farha, P. Deria, J. F. Stoddart
and J. T. Hupp, J. Am. Chem. Soc., 2020, 142, 18554–18564.

34 S. Alavinia and R. Ghorbani-Vaghei, J. Phys. Chem. Solids,
2020, 146, 109573.

35 S. Alavinia, R. Ghorbani-Vaghei, S. Asadabadi and A. Atrian,
Mater. Chem. Phys., 2022, 293, 126915.

36 S. Alavinia and R. Ghorbani-Vaghei, New J. Chem., 2020, 44,
13062–13073.
© 2022 The Author(s). Published by the Royal Society of Chemistry
37 Z. Wu, C. Chen, Q. Guo, B. Li, Y. Que, L. Wang, H. Wan and
G. Guan, Fuel, 2016, 184, 128–135.

38 J. Babamoradi, R. Ghorbani-Vaghei and S. Alavinia, Int. J.
Biol. Macromol., 2022, 209, 1542–1552.

39 S. Alavinia and R. Ghorbani-Vaghei, J. Mol. Struct., 2022,
1270, 133860.

40 A. Rahimi, R. Ghorbani-Vaghei and S. Alavinia,
ChemistrySelect, 2022, 7, e202103856.

41 J. Babamoradi, R. Ghorbani-Vaghei and S. Alavinia, Can. J.
Chem., 2022, 100, 412–421.

42 A. Ghorbani-Choghamarani, M. Mohammadi, T. Tamoradi
and M. Ghadermazi, Polyhedron, 2019, 158, 25–35.

43 A. Ghorbani-Choghamarani, M. Mohammadi, L. Shiri and
Z. Taherinia, Res. Chem. Intermed., 2019, 45, 5705–5723.

44 R. Ghorbani-Vaghei, S. Alavinia, Z. Merati and V. Izadkhah,
Appl. Organomet. Chem., 2018, 32, e4127.

45 A. Galván, F. N. de la Cruz, F. Cruz, M. Mart́ınez,
C. V. Gomez, Y. Alcaraz, J. M. Domı́nguez, F. Delgado and
M. A. Vázquez, Synthesis, 2019, 51, 3625–3637.

46 K. Gopalaiah and A. Saini, Catal. Lett., 2016, 146, 1648–1654.
47 Q. Jiang, J.-Y. Wang and C. Guo, J. Org. Chem., 2014, 79,

8768–8773.
48 M. Rai, V. Khera, V. K. Kaul and J. R. Sharma, J. Indian Chem.

Soc., 2006, 83, 208–209.
49 L. Strekowski, R. L. Wydra, M. T. Cegla, A. Czarny and

S. Patterson, J. Org. Chem., 1989, 54, 6120–6123.
50 S. Sobhani, F. O. Chahkamali and J. M. Sansano, RSC Adv.,

2019, 9, 1362–1372.
51 L. J. Silverberg, C. Pacheco, D. Sahu, P. Scholl, H. F. Sobhi,

J. T. Bachert, K. Bandholz, R. V. Bendinsky, H. G. Bradley,
B. K. Colburn, D. J. Coyle, J. R. Dahl, M. Felty, R. F. Fox,
K. M. Gonzalez, J. M. Islam, S. E. Koperna, Q. J. Moyer,
D. J. Noble, M. E. Ramirez and Z. Yang, J. Heterocycl.
Chem., 2020, 57, 1797–1805.

52 M. Geherty, J. Melnyk, K. Chomsky and D. A. Hunt,
Tetrahedron Lett., 2013, 54, 4934–4936.

53 W. J. Patterson, K. Lucas, V. A. Jones, Z. Chen, K. Bardelski,
M. Guarino-Hotz and C. S. Brindle, Eur. J. Org. Chem., 2021,
2021, 6737–6742.

54 A. Takallou, A. Habibi, A. Ziyaei Halimehjan and S. Balalaie,
Appl. Organomet. Chem., 2020, 34, e5379.

55 F. Bottaro, A. Takallou, A. Chehaiber and R. Madsen, Eur. J.
Org. Chem., 2019, 7164–7168.
RSC Adv., 2022, 12, 34425–34437 | 34437

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06196a

	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a

	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a

	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a
	Ni(ii) immobilized on poly(guanidinetnqh_x2013triazinetnqh_x2013sulfonamide) (PGTSA/Ni): a mesoporous nanocatalyst for synthesis of iminesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2ra06196a


