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environmentally benign reduction and reductive
acetylation of nitroarenes and one-pot synthesis of
some coumarin compoundst

Morteza Hasanpour Galehban, Behzad Zeynizadeh™® and Hossein Mousavi

In this research, Fe3O4@SiOZ@KCC-l@MPTMS@Cu” as a new cockscomb flower-like mesoporous
nanocomposite was prepared and characterized by various techniques including Fourier transform
infrared (FT-IR) spectroscopy, powder X-ray diffraction (PXRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), SEM-based energy-dispersive X-ray (EDX) spectroscopy,
inductively coupled plasma-optical emission spectrometry (ICP-OES), thermogravimetric analysis/
differential thermal analysis (TGA/DTA), vibrating sample magnetometry (VSM), UV-Vis spectroscopy, and
(BET) and Barrett—Joyner—Halenda (BJH) analyses. The as-prepared
Fez0,4@Si0,@KCC-1@MPTMS@Cu" mesoporous nanocomposite exhibited satisfactory catalytic activity
in the reduction and reductive acetylation of nitroarenes in a water medium and solvent-free one-pot
synthesis of some coumarin compounds including 3,3'-(arylmethylene)bis(4-hydroxy-2H-chromen-2-

Brunauer—Emmett—Teller

ones) (namely, bis-coumarins) (3a—n) and 2-amino-4-aryl-7,7-dimethyl-5-oxo0-5,6,7,8-tetrahydro-4H-
chromene-3-carbonitriles (6a—n) along with acceptable turnover numbers (TONs) and turnover
frequencies (TOFs). Furthermore, the mentioned Cu'-containing mesoporous nanocatalyst was
conveniently recovered by a magnet from reaction environments and reused for at least seven cycles
without any significant loss in activity, which confirms its good stability.

significantly grown.* In these types, magnetic iron oxide nano-
particles (Fe;0, NPs) have been widely used as the central part

From the green chemistry point of view, designing chemical
reactions considering all their environmental aspects is very
precious. To this purpose, twelve main protocols with many
sub-branches have been introduced, which guide and assist
chemistry scientists, particularly synthetic chemists, in
designing efficient and environmentally benign chemical
strategies.' Catalysis is one of the most significant parts of green
chemistry protocols, and plays a unique role in a wide range of
organic transformations.> For the sake of the demands of
sustainable development and green chemistry, the use of
heterogeneous catalytic systems instead of traditional homo-
geneous ones has received increasing attention.® In recent years
and among heterogeneous catalysts, magnetic core-shell-type
nanostructures have received tremendous attention and have
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of the core in the core-shell system due to their fantastic
properties, especially satisfactory and powerful magnetic
behaviors that facilitate the separation of the multi-layer-
containing core-shell-sort catalytic system from the reaction
pot using a simple magnet. Another important element for the
construction of suitable core-shell-type nanocatalysts is sup-
porting easily functionalizable surfaces. In this regard, silica-
based mesoporous materials such as Santa Barbara
Amorphous-15 (SBA-15), Mobil Composition of Matter No. 41
and 48 (MCM-41 and MCM-48), hollow mesoporous silica
(HMS), and KAUST Catalysis Center (KCC-1) have emerged as
some of the most important platforms, for which in recent
decades, the scientific community has witnessed a notable
increase in the design and development. Among various types
of mesoporous silica-based materials, dendritic fibrous nano-
silica KCC-1 with three-dimensional (3D) center-radial wrinkle
channels and hierarchical pores has unique structural charac-
teristics including open-pore nanochannels, highly accessible
internal spaces with a high surface area typically > 700 m* g,
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large pore volumes, ease of surface modification, low density,
satisfactory stability, low toxicity, and good biocompatibility
compared with conventional mesoporous materials.> During
the last decade and after the first report for the hydrothermal
preparation of KCC-1 by Polshettiwar and co-workers in 2010,°
considerable attention and experience rapidly developed in
terms of synthetic techniques, formation mechanisms, func-
tionalization approaches, and application fields upon
mentioned dendritic fibrous nanosilica-based materials.
Catalysis is one of the most substantial areas that KCC-1 has
a unique effect on it. The literature survey shows that the use of
KCC-1-containing catalytic systems in various organic trans-
formations has been increasing day by day.”

Nitroarenes, especially 4-nitrophenol (4-NP), and related
compounds are known as notorious organic pollutants present
in industrial and agriculture wastewaters, unfortunately.® In
this regard and due to the increasing global environmental

Fe;0,@Si0,@KCC-1@MPTMS@Cu" (10-20 mg)
NaBH, (2-4 mmol)
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concerns, the transformation of these hazardous compounds to
valuable organic molecules such as arylamines (via a green
reduction process) and arylacetamides (via a direct one-pot
reductive acetylation strategy) is desirable in the organic and
industrial chemistry community. Till date, various catalytic
methods have been reported for the mentioned chemical
transformations. However, numerous efficient catalytic proce-
dures have been widely used for the reduction and reductive
acetylation of nitroarenes but introducing new, stable, non-
hazardous, cost-effective, easily accessible active site(s), and
efficient catalytic systems that are capable of carrying out these
organic reactions in green solvents are still needed. Without
a doubt, among green solvents, water is the best choice in every
way because it is readily available, very cheap, safe, non-
flammable, and so on.’

Coumarins and related compounds (namely, coumarin-
fused or coumarin-linked heterocycles) are an outstanding
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Fig. 1 Catalytic applications of the cockscomb flower-like Fes0,4@Si0,@KCC-1@MPTMS@Cu" mesoporous nanocomposite in the reduction
and reductive acetylation of nitroarenes in water and solvent-free one-pot synthesis of some coumarin compounds.
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family of oxygen-containing fused heterocyclic frameworks.
These scaffolds have diverse biological properties including
anticancer,' antioxidant," antidepressant,”> antimicrobial,
anti-nociceptive,™ anti-asthmatic,” anti-inflammatory,'® anti-
pyretic,"” antileishmanial,'® anti-coagulant,'® anti-tubercular,*
antiviral,* antibacterial,* antifungal,>® antimalarial,** antidia-
betic,® anti-hepatitis C virus,*® anti-HIV,* anti-proliferative,*
antiplatelet,® and antiplasmodial®® activities. They are also well-
known inhibitors of urease,** acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE),** cyclooxygenase (COX),* lip-
oxygenase (LOX),** monoamine oxidases A and B (MAO-A and
MAO-B),** tubulin polymerization,* carbonic anhydrase,*” o-
glucosidase,®® inositol-requiring enzyme 1 (IRE-1) RNase,*
mitochondria-targeting antitumor STAT3,* selective cyclin-
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dependent kinase 9 (CDK9),*" selective aldehyde dehydroge-
nase 1A1,** coagulation factor XIla (FXIIa),** casein kinase 2
(CK2),* steroid sulfatase (STS),* chitin synthase (CHS),* etc.
These heterocyclic scaffolds have antagonistic behavior against
chemokine-like factor 1 (CKLF1),*” G-protein-coupled receptor
35 (GPR35),*® orphan G-protein-coupled receptor 55 (GPR55),*
A; adenosine receptor,® and many others. According to the
various and significant biological attributes of the coumarin
derivatives, introducing powerful and simple synthetic methods
for the preparation of such valuable heterocyclic scaffolds along
with respect to green chemistry protocols are undoubtedly
precious. One-pot multi-component reactions (MCRs) could be
a very suitable strategy for this purpose. These reactions are fast,
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Scheme 1 Preparation of the cockscomb flower-like Fes0,@Si0,@KCC-1@MPTMS@Cu'" mMesoporous Nanocomposite.
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convenient, atom-economic, safe, effective, and more economic
than the classical multi-step synthetic manners.**

Herein, in continuation of our research program in organic
synthesis® and new catalytic systems design, we report a multi-
step strategy for the preparation of a new magnetic core-shell-
type cockscomb flower-like Fe;0,@Si0,@KCC-1@MPTMS@Cu"
mesoporous hanocomposite as an efficient, recoverable, reusable,
and stable nano-based catalytic system in the environmentally
benign reduction and reductive acetylation of aromatic nitro
compounds in water and solvent-free one-pot synthesis of some
coumarin compounds including 3,3-(arylmethylene)bis(4-
hydroxy-2H-chromen-2-ones) (namely, bis-coumarins) (3a-n) and
2-amino-4-aryl-7,7-dimethyl-5-o0x0-5,6,7,8-tetrahydro-4H-
chromene-3-carbonitriles (6a-n) (Fig. 1).

2. Results and discussion

2.1 Preparation and characterization of the
Fe;0,@Si0,@KCC-1@MPTMS@Cu" mesoporous
nanocomposite

Initially, we designed and implemented a five-step synthetic
strategy for the preparation of the cockscomb flower-like Fe;,-
0,@Si0,@KCC-1@MPTMS@Cu" nanocomposite. First of all,
and as shown in Scheme 1, the Fe;0, nanoparticles (NPs) were
prepared by a convenient and well-known chemical co-
precipitation method of FeCl;-6H,0 and FeCl,-4H,O in an
aqueous ammonia solution under a nitrogen gas atmosphere.
In the next step, the layering of SiO, on the magnetic Fe;O4 NPs,
which caused the formation of the Fe;O,@SiO, core-shell
structure, was carried out using tetraethyl orthosilicate (TEOS)
at room temperature. In the third stage, the dendritic silica were
grown around the surface of the Fe;0,@SiO, nanocomposite
using urea, cetyltrimethylammonium bromide (CTAB), and
TEOS, and subsequently the whole mixture was heated (120 °C)

(d)

(c)
(b)
(a)
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Fig. 2 FT-IR spectra of the (a) FezOg4, (b) Fez0,@SI0,@KCC-1, (c)
Fez04@Si0O,@KCC-1@MPTMS, and (d) Fez0,4@SiO,@KCC-
1@MPTMS@Cu'" nanosystems.
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Fig. 3 PXRD patterns of the (a) FesO4 and (b) Fes0,4@SiO,@KCC-
1@MPTMS@Cu'" nanostructures.

in an autoclave and then calcined at 500 °C. After preparation of
the magnetic Fe;0,@Si0,@KCC-1 nanocomposite, functional-
ization of the mentioned dendritic silica section was accom-
plished with (3-mercaptopropyl)trimethoxysilane (MPTMS),
which afforded the fibrous Fe;0,@Si0,@KCC-1@MPTMS. In
the final step, the immobilization of the copper™ species on the
dendritic Fe;0,@Si0,@KCC-1@MPTMS system yielded the
cockscomb flower-like Fe;0,@Si0,@KCC-1@MPTMS@Cu"
mesoporous nanocomposite using copper™ nitrate hexahydrate
(Cu(NOs),-6H,0) and sodium carbonate (Na,COj3) in a water
medium. After building the Fe;0,@Si0,@KCC-
1@MPTMS@Cu" core-shell-type nanosystem, the structure of
the as-prepared nanocomposite was elucidated by FT-IR, PXRD,
SEM, TEM, SEM-based EDX, ICP-OES, TGA/DTA, VSM, UV-Vis,
and BET and BJH analyses.

The FT-IR spectroscopy analysis was used to elucidate the
functional groups that exist in the structure of Fe;0,, Fe;0,@-
Si0,@KCC-1, Fe;0,@Si0,@KCC-1@MPTMS, and Fe,0,@-
Si0,@KCC-1@MPTMS@Cu™. In the FT-IR spectrum of the bare
Fe;0, NPs (Fig. 2a), a strong absorption peak appeared at
575 cm ' attributed to the vibration of Fe-O bonds and
absorption peaks also appeared at 1625 cm ™" and 3400 cm™*
due to the O-H deforming and stretching vibrations of OH
groups or adsorbed water on the Fe;O, NPs surface, respec-
tively. As shown in Fig. 2 (curves b and c), in the FT-IR spectrum
of the Fe;0,@Si0,@KCC-1 and Fe;0,@Si0,@KCC-1@MPTMS,
the absorption peaks appear at 808 ¢cm ' and 1091 cm ™'
(strong), which are ascribed to the symmetric and asymmetric
stretching vibrations of Si-O-Si, and there exists a peak at
2929 em™" assigned to the C-H stretching vibration of the
aliphatic moiety in MPTMS. After adding copper and forming
the Fe;0,@Si0,@KCC-1@MPTMS@Cu™ nanocomposite, all
the mentioned distinguished peaks existed and are visible

(Fig. 2d).
The phase purity and crystallinity character of the alone
Fe;0, NPs and as-prepared Fe;0,@Si0,@KCC-

1@MPTMS@Cu"" nanocomposite were studied by PXRD anal-
ysis. The PXRD pattern of the Fe;O, NPs (Fig. 3a) shows the
reflection planes at nine diffraction peaks at (111), (220), (311),
(400), (422), (511), (440), (620), and (553), which are indexed to

RSC Adv, 2022, 12, 1116411189 | 11167
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Fig. 4 SEM images of the cockscomb flower-like Fe3O4@SiOZ@KCC—1@MPTMS@Cu” nanocomposite.

the cubic spinel phase of Fe;0,, appeared and matched well
with Joint Committee on Powder Diffraction Standards (JCPDS)
card no. 65-3107. Comparing the PXRD patterns of the Fe;-
0,@Si0,@KCC-1@MPTMS@Cu"" nanocomposite (Fig. 3b) and
alone Fe;0, NPs (Fig. 3a) shows that both patterns have the
same signal position and crystallinity character. The wide and
weak peak at around 26 = 20-23° is related to the amorphous
silica and proved the effective coating of the silica on the Fe;0,
core. Notably, in the PXRD pattern of the Fe;0,@SiO,@KCC-
1@MPTMS@Cu"" nanocomposite (Fig. 3b), the index reflection
peaks of the corresponding Cu'" species (JCPDS card no. 00-004-
0836) were not clearly recognizable due to the overlapping of its
signals with Fe;0,.

SEM and TEM techniques were utilized for the exploration of
the Fe;0,@Si0,@KCC-1@MPTMS@Cu”  nanocomposite

1168 | RSC Adv, 2022, 12, 11164-11189

morphology and size distribution. As shown in SEM images
(Fig. 4), the as-prepared nanocomposite has an approximately
cockscomb flower-like shape along with three-dimensional
center-radial wrinkle channels and hierarchical pores. The
SEM images also show that the thickness of wrinkled fibers is
around eight to ten nanometers. Notably, this type of open
hierarchical channel structure is more appropriate for extreme
inter-collisions of the chemical reactants, and facilitates the
accessibility of the active sites of the catalytic system. Besides,
the TEM images (Fig. 5) reveal identical, well-defined, and
ordered dendritic morphology of the as-prepared Fe;O,@-
Si0,@KCC-1@MPTMS@Cu", which comes out from the center
of the mentioned nanocomposite and is distributed uniformly
in all directions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of the dendritic Fez0,@Si0,@KCC-1@MPTMS@Cu' nanocomposite.

The elemental composition of the dendritic Cu"-containing
nanocomposite was determined by SEM-based EDX spectros-
copy analysis. As shown in Fig. 6, the EDX spectrum shows that
in the structure of the mentioned nanocomposite system, the

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

elements of Fe, O, Si, C, Cu, and S existed. Furthermore, using
ICP-OES, the actual and exact amounts of the Cu and S species
in the Fe;0,@Si0,@KCC-1@MPTMS@Cu"" core-shell-type
system were determined to be 14.1% and 1.4%, respectively.

RSC Adv, 2022, 12, T1164-11189 | 11169
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Fig. 8 VSM diagram of the FesO4 NPs and Fes0,4@Si0,@KCC-1@MPTMS@Cu" nanocomposite.
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The thermal stability of the as-prepared dendritic meso-
porous Fe;0,@Si0,@KCC-1@MPTMS@Cu" catalytic system
was detected by TGA/DTA in a nitrogen atmosphere (Fig. 7). The
first weight loss (around 7%) was observed at temperatures
ranging from 60 °C to 200 °C, which could be assigned to
trapped solvents (which were applied in the mentioned nano-
composite preparation steps) and adsorbed free water mole-
cules. Moreover, weight losses (around 19%) that occurred in
multi-stages between 200 °C and approximately 800 °C belong
to the destruction of organic and silicate moieties.

The magnetic property and value of the alone Fe;0, NPs and
as-prepared  Fe;0,@Si0,@KCC-1@MPTMS@Cu'"  catalytic
system were studied by VSM analysis. As shown in Fig. 8, the
saturation magnetization (M;) values of the bare Fe;0, NPs and
as-prepared dendritic Cu"-containing catalyst are respectively
61.62 emu g~ " and 17.78 emu g . The M, values demonstrate
that via covering the surface of the Fe;O, core with the layering
of the amorphous and dendritic silica and then adding
diamagnetic copper species to the Fe;0,@Si0,@KCC-
1@MPTMS, the magnetization value of the Fe;0,@Si0,@-
KCC-1@MPTMS@Cu'" nanocomposite was intensively reduced
compared with the bare Fe;O, NPs.

Determination of the exact form of the copper species in the
structure of the as-prepared catalytic system was performed
using the UV-Vis spectroscopy technique. In this context, UV-Vis
spectra of the constructed dendritic nanocomposite system
with different copper sources including copper™ nitrate hexa-
hydrate (Cu(NOs),-6H,0), copper’ oxide (Cu,0), and Cu® were
recorded (Fig. 9). The results indicated that the as-prepared
cockscomb flower-like dendritic nanocomposite in the present
work derived from the source of Cu(NOs),-6H,O (viz. Cu')
exhibited a broad absorption peak around 570-1100 nm.
Notably, the constructed nanocomposite by the origins of Cu,O
and Cu® did not show any absorption peaks. Based on this
explanation, the presence of Cu'" species in the mentioned
nanocomposite system is confirmed.

To determine the specific surface area and surface porosity in
the as-prepared dendritic nanocomposite system, the nitrogen
(N,) gas adsorption-desorption analysis was performed. Fig. 10

shows the N, adsorption-desorption profile for the
1.2
Cu® Cu(NO;)2-6H20
1
8 0.8
c
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o
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< 04
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Fig.9 UV-Vis spectra of the nanocomposite derived from the sources
of CU(NOs),-6H,0, Cu,0, and Cu°.
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Fig. 10 Nitrogen (N;) gas adsorption—desorption profile of the as-
prepared Fes0,@SiO,@KCC-1@MPTMS@cu" mesoporous
nanocomposite.

Fe;0,@Si0,@KCC-1@MPTMS@Cu"" nanocomposite. Based on
the Brunauer-Deming-Deming-Teller (BDDT) and International
Union of Pure and Applied Chemistry (IUPAC) classifications, the
shape of the isotherm is closer to the isotherm of type IV with
a Hs-type hysteresis loop. It is worthy to note that this type of
isotherm is a characteristic of mesoporous materials. The
specific surface area, pore volume value, and average pore
diameter of the as-synthesized mesoporous nanocomposite are
116.13 m> g~ %, 26.681 cm® g~ !, and 3.331 nm, respectively.

2.2 Catalytic applications of the cockscomb flower-like
Fe;0,@8i0,@KCC-1@MPTMS@Cu"" mesoporous
nanocomposite

2.2.1 Reduction and one-pot reductive acetylation of
nitroarenes. In the beginning, the catalytic application of the as-
prepared magnetic cockscomb flower-like Fe;0,@SiO,@KCC-
1@MPTMS@Cu" mesoporous nanocomposite was investigated
upon reduction of nitroarenes, which were converted into the
corresponding arylamines using sodium borohydride (NaBH,)
as a mild reducing agent. To this purpose, we selected nitro-
benzene (PhNO,) as a simplistic aromatic nitro compound for
this study. In the first experiment, the conversion of PhNO, to
aniline (PhNH,) using 2 mmol of NaBH, in the presence of
10 mg of the as-prepared Fe;0,@Si0,@KCC-1@MPTMS@Cu™
catalyst in the water solvent at 60 °C after five minutes was 100%
(Table 1, entry 1). The increasing amount of the aforesaid
Cu"-containing nanocatalyst from 10 mg to 20 mg had no
positive effect on the reaction process (Table 1, entry 2). More-
over, the conversion rate of this transformation when carried
out in common organic solvents (including CH;0H, CH3CH,-
OH, CH;CN, n-hexane, and CH,Cl,) was utterly unsatisfactory
(Table 1, entries 3-7). After the optimization steps, the catalytic

RSC Adv, 2022, 12, 1164-11189 | 1M171
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Table 1 Optimization experiments for the reduction of PhNO, to PhNH, with NaBH, catalyzed by the Fes0,@Si0,@KCC-1@MPTMS@Cu"

nanocomposite

NO,

Fe;0,@Si0,@KCC-1@MPTMS@Cu'" (mg)

NaBH4 (2 mmol)

NH,

Solvent
Temperature conditions
Time (min)
Catalyst loading Temperature
Entry” (mg) Solvent conditions Time (min) Conversion (%)
1 10 H,O 60 °C 5 100
2 20 H,O 60 °C 5 100
3 10 CH;OH Reflux 120 20
4 10 CH;CH,OH Reflux 120 20
5 10 CH;CN Reflux 120 10
6 10 n-Hexane Reflux 120 0
7 10 CH,Cl, Reflux 120 0

% All reactions were carried out with 1 mmol of PhNO, in 3 mL of solvent.

Table 2 Reduction of nitroarenes to corresponding arylamines using NaBH, catalyzed by the Fes0,@SiO,@KCC-1@MPTMS@Cu'" nano-

composite in water”

’T‘OZ Fe;0,@Si0,@KCC-1@MPTMS@Cu' (10-20 mg)

Ar NaBH, (2-4 mmol)
H,0 92-98%
60 °C
3-5 min
Entry® Substrate Product RMCR? Time (min) Yield® (%) TON? TOF® (min ™)
N02 NH2
1 © © 1:2:10 5 98 44.166 8.833
N02 NHZ
H
2 @/CH3 ©/C 3 1:2:10 3 95 42.814 14.271
NO, NH,
3 @\ @\ 1:2:10 3 94 42.364 14.121
CH3 CH3
NO, NH,
4 © © 1:2:10 3 94 42.364 14.121
CHgy CHg
NO, NH,
CHg, CH,
5 1:2:10 4 96 43.265 10.816
CH,4 CH,3
N02 NH,
H H
6 H3C\©/CH3 30\©/C 8 1:2:10 5 9 43.265 8.653

M72 | RSC Adv, 2022, 12, 11164-11189

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08763k

Open Access Article. Published on 20 aprile 2022. Downloaded on 16/10/2025 15:21:52.

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

(cc)

Paper

Table 2 (Contd.)

View Article Online

RSC Advances

rTlo2 Fe;0,@Si0,@KCC-1@MPTMS@Cu' (10-20 mg)

Ar NaBH, (2-4 mmol)
H,0 92-98%
60 °C
3-5 min
Entry® Substrate Product RMCR? Time (min) Yield® (%) TON? TOF¢ (min ")
NO, NH,
7 @OH ©/OH 1:2:10 4 93 41.913 10.478
NO, NH,
8 © © 1:2:10 4 93 41.913 10.478
OH OH
NO, NH,
9 ©/NH2 @/NHZ 1:2:10 3 94 42.364 14.121
NO, NH,
10 @\ @\ 1:2:10 4 97 43.716 10.929
NH, NH,
NO, NH,
11 © © 1:2:10 3 95 42.814 14.271
NH», NH,
NO, NH,
12 H 1:4:20 4 92 20.731 5.182
H H
(@) OH
NO, NH,
13 1:4:20 5 93 20.956 4.191
H
0" H HO” “H
NO, NH,
14 H 1:4:20 5 95 21.407 4.281
@ch Cj\kCHs
(0] OH
NO, NH,
15 1:4:20 4 96 21.632 5.408
H
07 “CHj HO™ “CH,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd.)
NO Fe;0,@Si0,@KCC-1@MPTMS@Cu'" (10-20 mg) NH,
Ar NaBH, (2-4 mmol) Ar
H,0 92-98%
60 °C
3-5 min
Entry® Substrate Product RMCR? Time (min) Yield® (%) TON? TOF¢ (min ")
NH,
16 1:4:20 5 92 20.731 4.146
NH,

@ All reactions were carried out in 3 mL of the water solvent. > RMCR (reaction main components ratio) = substrate (mmol): NaBH,
(mmol) : catalyst (mg). ¢ Yields refer to isolated pure products. ¢ TON (turnover number) = [(mol of product formed)/(mol of catalyst used)].
¢ TOF (turnover frequency) = [(mol of product formed)/(mol of catalyst used) x (time)].” The TONs and TOFs values were calculated based on
the existed amount of copper (Cu) in the as-prepared nanocatalyst (in 10 mg of the mesoporous nanocatalyst, 1.41 mg (or 0.022188650 mmol)

of Cu has existed).

Table 3 Optimization experiments for the one-pot reductive acety-
lation of PhNO, using the Fes04@Si0,@KCC-1@MPTMS@Cu" nano-
catalyst in water

NO, NH
Fe;0,@Si0,@KCC-1@MPTMS@Cu' (mg)

1) NaBH, (2 mmol) / H,0 / 60 °C / 5 min
2) / H,0 /60 °C /2 min

Entry” Catalyst loading (mg) Ac,0 (mmol) Yield (%)
1 10 1 95
2 20 1 95
3 10 2 95
4 30 1 95

“ All reactions were carried out with 1 mmol of PhNO, in 3 mL of the
water solvent.

performance of the mentioned nanocatalyst was more studied
in the reduction of various aromatic nitro compounds under
optimal reaction conditions (Table 1, entry 1). As shown in
Table 2, it was found that this imperative and valuable organic
transformation was carried out with acceptable results in the
presence of the Fe;0,@Si0,@KCC-1@MPTMS@Cu” meso-
porous catalytic system in water. Besides, the turnover numbers
(TONs) and turnover frequencies (TOFs) of the catalyst in these
reduction reactions were calculated, and are listed in Table 2.
Also, according to the promising results of the reduction reac-
tion of nitroarenes, we decided to design a new and green one-
pot reductive acetylation reaction for the straightforward
transformation of aromatic nitro compounds to the corre-
sponding arylacetamides. For this purpose, we performed some
optimization experiments to find the best optimal conditions
for this valuable organic transformation (Table 3). After these
experiments and having the optimal conditions in hand (Table

M74 | RSC Adv, 2022, 12, 11164-11189

3, entry 1), we expanded this one-pot reaction using a wide
range of nitroarenes under green and efficient reaction condi-
tions (Table 4). Furthermore, based on our observations and
authentic scientific papers and proofs in this field, we depicted
a concise and plausible mechanism for the one-pot reductive
acetylation of nitroarenes in the presence of the as-prepared
mesoporous Fe;0,@Si0,@KCC-1@MPTMS@Cu"” nano-based
catalytic system (Scheme 2).

2.2.2 One-pot synthesis of coumarin compounds. The
importance of the coumarins, as mentioned in the Introduc-
tion Section, drove us to introduce new, efficient, and envi-
ronmentally benign approaches to the preparation of two
different classes of such outstanding heterocyclic compounds.
First of all, we decided to investigate the Fe;0,@SiO,@KCC-
1@MPTMS@Cu" mesoporous nanocomposite catalytic
performance in the one-pot pseudo-three-component conden-
sation of aromatic aldehydes (1a-n) and 4-hydroxycoumarin
(2) for the preparation of bis-coumarins (3a-n). In this regard,
we selected a model one-pot reaction between benzaldehyde
(1a) and 4-hydroxycoumarin (2) in the presence of 10 mg of the
mentioned as-prepared Cu'-containing mesoporous nano-
catalyst, which was carried out in different types of solvents
including H,0, CH;0H, CH;CH,OH, CH;CN, n-hexane, EtOAc,
and CH,Cl, under reflux conditions (Table 5, entries 1-7). In
addition, we tested the solvent-free conditions upon model
reaction at 70 °C, and it was found that the mentioned
protocol is efficient compared with others (Table 5, entry 8).
Notably, the decreasing and or even increasing amount of the
mentioned nanocatalyst had no positive effect on the reaction
time or yield of the desired product (Table 5, entries 9 and 10).
In addition, we designed and conducted some control exper-
iments using component parts of the Fe;O0,@SiO,@KCC-
1@MPTMS@Cu" nanocomposite (Table 5, entries 11-14). To
our delight, the control experiments results indicated that the
catalytic effect of the as-prepared nanocomposite is definitely
better than that of its components. With the optimal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 One-pot reductive acetylation of nitroarenes catalyzed by the Fes0,@Si0,@KCC-1@MPTMS@Cu" nanocomposite in water’

NO, Fe;0,@Si0,@KCC-1@MPTMS@Cu" (10-20 mg) ITJHCOCH;

Ar 1) NaBH, (2-4 mmol) / H,0 / 60 °C / 3-5 min Ar
2) Ac,0 (1-2 mmol) / H,O / 60 °C / 2-3 min 90-95%
Entry” Substrate Product RMCR? Time (min) Yield® (%) TON TOF* (min ")
NO, NHCOCH,
1 © © 1:2:10:1 7 95 42.814 6.116
NO, NHCOCH,
2 @/CH3 @/CHf’ 1:2:10:1 5 94 42.364 8.472
NO, NHCOCH,
3 @\ @\ 1:2:10:1 5 95 42.814 8.562
CHj CHj
NO, NHCOCH,
4 <> <> 1:2:10:1 5 90 40.561 8.112
CHj CHj;
NO, NHCOCH,
C[CH3 @iCHS
5 1:2:10:1 7 94 42.364 6.052
CHj CH,
N02 NHCOC|H3
6 H3C\©/CH3 H3C\©/CH3 1:2:10:1 7 92 41.462 5.923
NO, NHCOCH,
7 @/OH ©/OCOCHS 1:2:10:2 7 90 40.561 5.794
NO, NHCOCH;
8 © © 1:2:10:2 5 90 40.561 8.112
OH OCOCH,
NO, NHCOCH;
9 (; © 1:2:10:2 5 91 41.011 8.202
NH, NHCOCH;
NO, NHCOCH;
10 :20:2 7 94 21.182 3.026

5@
O

NHCOCH,

“ All reactions were carried out in 3 mL of the water solvent. > RMCR (reaction main components ratio) = substrate (mmol) : NaBH, (mmol) : catalyst
(mg) : Ac,O (mmol). © Yields refer to isolated pure products. ¢ TON (turnover number) = [(mol of product formed)/(mol of catalyst used)]. ° TOF
(turnover frequency) = [(mol of product formed)/(mol of catalyst used) x (time)]. / The TONs and TOFs values were calculated based on the existed
amount of copper (Cu) in the as-prepared nanocatalyst (in 10 mg of the mesoporous nanocatalyst, 1.41 mg (or 0.022188650 mmol) of Cu has existed).

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2022, 12, 1164-11189 | 1175
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Scheme 2 Plausible mechanism of the one-pot reductive acetylation of nitroarenes catalyzed by the Fe3O4@SiOZ@KCC-l@MPTMS@Cu”

nanocomposite in water.

and favorable conditions in hand (Table 5, entry 8), the scope
and limitations of this Fe;0,@Si0,@KCC-1@MPTMS@Cu"
mesoporous nanocomposite-catalyzed solvent-free one-pot
pseudo-three-component synthetic strategy were investigated
using various aromatic aldehydes (1a-n). We were pleased to
find that a wide range of bis-coumarins (3a-n) were success-
fully obtained in good-to-excellent yields along with acceptable
TONs and TOFs (Scheme 3).

Also, due to the success in the one-pot synthesis of bis-
coumarins (3a-n) using the Fe;0,@Si0,@KCC-1@MPTMS@Cu"
mesoporous catalytic system, we decided to carry out a one-pot
three-component reaction between aromatic aldehydes (1a-n),
dimedone (4), and malononitrile (5) for the synthesis of 2-amino-
4-aryl-7,7-dimethyl-5-ox0-5,6,7,8-tetrahydro-4H-chromene-3-
carbonitriles (6a-n) as another class of coumarin compounds in

M76 | RSC Adv, 2022, 12, 164-1189

the presence of the mentioned copper'-containing mesoporous
nanocatalyst. For this purpose, we carried out some optimization
experiments to find the optimal conditions (Table 6), after which
(Table 6, entry 8) a series of 2-amino-4-aryl-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitriles ~ (6a-n)
successfully synthesized in the presence of 30 mg of the
as-prepared  dendritic Fe;0,@Si0,@KCC-1@MPTMS@Cu"
nanocomposite catalytic system under solvent-free conditions at
110 °C in good-to-excellent yields and suitable TONs and TOFs
(Scheme 4).

It is worthy to note that reasonable mechanisms for the
solvent-free one-pot multi-component synthesis of 3a-n and 6a-
n in the presence of the cockscomb flower-like Fe;0,@SiO,@-
KCC-1@MPTMS@Cu"" mesoporous catalytic system are depic-
ted in Schemes 5 and 6, respectively.

were

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08763k

Open Access Article. Published on 20 aprile 2022. Downloaded on 16/10/2025 15:21:52.

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

(cc)

Paper

View Article Online

RSC Advances

Table 5 Optimization reaction conditions for the pseudo-three-component synthesis of 3a

OH OH
= N . ~4 Catalyst (mg)
O H Solvent
o "0 e Temperature conditions
2 1a 2 Time (min)
Temperature

Entry Catalyst Catalyst loading (mg) Solvent conditions Time (min) Yield (%)
1 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 10 H,0 Reflux 60 70
2 Fe;0,@Si0,@KCC-1@MPTMS@Cu™ 10 CH;0H Reflux 60 50
3 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 10 CH;CH,0H Reflux 60 75
4 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 10 CH,CN Reflux 90 75
5 Fe;0,@Si0,@KCC-1@MPTMS@Cu™ 10 n-Hexane Reflux 120 —
6 Fe;0,@Si0,@KCC-1@MPTMS@Cu"" 10 EtOAc Reflux 120 —
7 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 10 CH,Cl, Reflux 120 —
8 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 10 Solvent-free 70 °C 20 97
9 Fe;0,@Si0,@KCC-1@MPTMS@Cu™ 5 Solvent-free 70 °C 20 80
10 Fe;0,@Si0,@KCC-1@MPTMS@Cu"" 15 Solvent-free 70 °C 20 97
11 Fe;0,@Si0,@KCC-1@MPTMS 10 Solvent-free 70 °C 120 25
12 Fe;0,@Si0,@KCC-1 10 Solvent-free 70 °C 120 10
13 Fe;0,@Si0, 10 Solvent-free 70 °C 120 —
14 Fe;0,4 10 Solvent-free 70 °C 120 —

2.3 A comparative study

The presented new protocols upon all the four mentioned
organic transformations (namely, reduction and reductive
acetylation of nitroarenes and one-pot synthesis of 3,3'-(aryl-
methylene)bis(4-hydroxy-2H-chromen-2-ones) (namely, bis-
coumarins) (3a-n) and 2-amino-4-aryl-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitriles (6a-n)) using
the cockscomb flower-like Fe;0,@Si0,@KCC-1@MPTMS@Cu""
mesoporous nanocatalyst are advantageous over most of the
previously reported methods in various terms including catalyst
loading, reaction time, favorable yield, and use of green reac-
tion medium. In Table 7, a comparison of our protocols with
some previously reported protocols upon reduction and
reductive acetylation of nitrobenzene (PhNO,) and one-pot
synthesis of 3a and 6a is presented.

2.4 Recoverability, reusability, and leaching studies of the
Fe;0,@Si0,@KCC-1@MPTMS@Cu" mesoporous catalytic
system

Uncomplicated recovery process and high reusability of cata-
lytic systems are noteworthy aspects, exclusively for commercial
and industrial applications and from the green chemistry point
of view. In this regard, we performed some experiments to
investigate the catalyst recyclability for all the four models titled
organic reactions under the optimized reaction conditions. To
do this and after each investigation, the as-prepared meso-
porous catalyst was separated from the reaction pot using an

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

external magnetic field. Then, the isolated Fe;0,@SiO,@KCC-
1@MPTMS@Cu" catalyst was washed, dried, and then directly
used in the next run of the reaction. As shown in Fig. 11, the
recoverability and reusability experiments of the Fe;O0,@-
Si0,@KCC-1@MPTMS@Cu" nanocomposite revealed satisfac-
tory results even after seven runs for all the four mentioned
organic reactions. Also, to evaluate the stability of the meso-
porous Fe;0,@Si0,@KCC-1@MPTMS@Cu” nanocomposite
system in the reaction environments, we carried out leaching
tests based on the ICP-OES measurements, and it was found
that the amount of copper (Cu) after the seventh reaction cycle
was reduced approximately 4% compared with the fresh one.
Furthermore, the TEM image (Fig. 12) of the recycled dendritic
Fe;0,@Si0,@KCC-1@MPTMS@Cu" catalytic system after the
seventh recycling step with those of the fresh ones displays that
the morphology of the mentioned nanocomposite roughly
remained intact.

3. Experimental
3.1 Reagents, samples, and apparatus

All starting materials, reagents, and solvents were commercially
available (purchased from Merck, Sigma-Aldrich, and Fluka
companies) and used directly without further purification. A
SOLTEC SONICA 2400MH S3 (300 W) instrument was used for
ultrasonic irradiation. FT-IR spectra were recorded using
a Thermo Nicolet Nexus 670 spectrometer, and "H NMR spectra

RSC Adv, 2022, 12, M64-M89 | M77
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were recorded using a Bruker Avance 300 MHz and 400 MHz
spectrometer. The crystalline structures of the prepared nano-
composites were analyzed by Powder X-ray diffraction (PXRD)
using a Philips PANalytical X'PertPro diffractometer
(Netherlands) in 40 kV and 30 mA with a monochromatized
Cu Ko radiation (A = 1.5418 A). The SEM images and EDX
diagram were acquired using an FESEM-TESCAN MIR A3

View Article Online

Paper

electronic microscope. The TEM images were acquired using
a Zeiss EM10C-100 kV transmission electron microscope. The
elemental analysis was carried out by inductively coupled
plasma-optical emission spectrometry (Optima 7300DV ICP-
OES). The magnetic properties of the prepared samples were
measured using a vibrating sample magnetometer (Meghnatis
Daghigh, Iran) under magnetic fields up to 20 kOe. The

Ar
OH OH OH OH
di " i - fj@ Fe;0,@Si0,@KCC-1@MPTMS@Cu" (10 mg) O X = O
0”H Solvent-f
0o 07 0 o 0o 0”0
2 1a-n 2 15-30 min 3a-n
88-97%
cl NO, CH3
OH OH OH OH OH OH OH OH
A E A 10 CLE ZU5 T T Ig G E L1]
0”0 o070 o6 070 o0 oF O 00 070
3a 3b 3c 3d
Time =20 min Time =25 min Time =20 min Time = 15 min
Yield = 97% Yield = 97% Yield = 95% Yield = 93%
TON =43.716 TON =43.716 TON = 42.814 TON =41.913
TOF =2.185 min”! TOF = 1.748 min™! TOF = 2.140 min”! TOF =2.794 min™'
gt OH
® ® oy ®
Cl
OH OH OH OH OH OH OH OH
COC XX Cr X1 Crr I oor 1
0" 0 O 0 o”"Yo 070 oo o7 o oo 070
3e 3f 3g 3h
Time = 15 min Time = 30 min Time =25 min Time =25 min
Yield = 96% Yield = 90% Yield = 94% Yield = 94%
TON = 43.265 TON = 40.561 TON = 42.364 TON = 42.814

TOF = 1.352 min”!

TOF = 2.884 min!

3 3
Time =25 min Time = 25 min
Yield = 93% Yield = 88%
TON =41.913 TON = 39.659
TOF = 1.676 min”' TOF = 1.586 min'

o CHs

TOF = 2.140 min™'

Cl
I Cl
OH OH OH
oL 0 O
00 070 O
3k

TOF = 1.694 min!

Cl

OH
0
o 07 O

3l
Time = 30 min Time = 20 min
Yield = 91% Yield = 96%
TON =41.011 TON = 43.265

TOF = 1.367 min”! TOF =2.163 min™'

OH

3m
Time = 30 min
Yield = 93%
TON =41.913
TOF = 1.397 min”!

3n
Time = 20 min
Yield = 95%
TON = 42.814
TOF = 2.140 min!

TON (Turnover number) = [(mol of product formed) / (mol of catalyst used)]
TOF (Turnover frequency) = [(mol of product formed) / (mol of catalyst used) x (time)]
Note:
The TONs and TOFs values were calculated based on the existed amount of copper (Cu) in the as-prepared
nanocatalyst (in 10 mg of the nanocatalyst, 1.41 mg (or 0.022188650 mmol) of Cu has existed).

Scheme 3 Solvent-free one-pot pseudo-three-component synthesis of bis-coumarins (3a—n) catalyzed by the Fez0,@SiO,@KCC-

1@MPTMS@Cu" nanocomposite.
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Table 6 Optimization reaction conditions for the one-pot synthesis of 6a

9]
CN
CN Catalyst (mg)
H;C ¥+ +
(@) H CN Solvent
CHj O Temperature conditions NH;
Time (min
4 1a 5 A}
Temperature
Entry Catalyst Catalyst loading (mg) Solvent conditions Time (min) Yield (%)
1 Fe;0,@Si0,@KCC-1@MPTMS@Cu"" 30 H,O Reflux 120 60
2 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 30 CH;0H Reflux 60 50
3 Fe;0,@Si0,@KCC-1@MPTMS@Cu"" 30 CH,CH,OH Reflux 60 68
4 Fe;0,@Si0,@KCC-1@MPTMS@Cu™ 30 CH;CN Reflux 90 70
5 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 30 n-Hexane Reflux 120 —
6 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 30 EtOAc Reflux 120 -
7 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 30 THF Reflux 90 55
8 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 30 Solvent-free 110 °C 60 96
9 Fe;0,@Si0,@KCC-1@MPTMS@Cu™ 25 Solvent-free 110 °C 60 84
10 Fe;0,@Si0,@KCC-1@MPTMS@Cu" 35 Solvent-free 110 °C 60 96
11 Fe;0,@Si0,@KCC-1@MPTMS 30 Solvent-free 110 °C 120 15
12 Fe;0,@Si0,@KCC-1 30 Solvent-free 110 °C 120 10
13 Fe;0,@Si0, 30 Solvent-free 110 °C 120 —
14 Fe;0, 30 Solvent-free 110 °C 120 —

nitrogen adsorption-desorption experiment was carried out
using a Belsorp-Max, Japan. Thin-layer chromatography (TLC)
was applied for the purity determination of the products and
reaction monitoring over a silica gel 60 F,5, aluminum sheet.

3.2 Preparation of the Fe;0, MNPs

The Fe;0, magnetic nanoparticles (MNPs) were prepared by
a chemical co-precipitation method. Typically, in a two-neck
round-bottom flask, a solution of FeCl;-6H,O (5.838 g, 21.6
mmol) and FeCl,-4H,O (2.147 g, 10.8 mmol) in distilled water
(100 mL) was prepared. The solution was stirred vigorously at
85 °C in a nitrogen atmosphere for ten minutes. Then, an
aqueous ammonia solution (25%, 10 mL) was quickly added to
the resulting solution of the iron salts at 85 °C. Upon the addi-
tion, The black Fe;O, NPs were immediately precipitated. The
prepared mixture was continuously stirred at 85 °C for thirty
minutes under the nitrogen atmosphere. After cooling to room
temperature, the obtained black nanoparticles were separated
from the reaction pot using an external magnetic field and
washed with distilled water, a solution of sodium chloride (0.02
M), and again distilled water. Drying under an air atmosphere
affords the pure Fe;O, MNPs.

3.3 Preparation of the Fe;0,@SiO, MNPs

First, the Fe;0, MNPs (1.5 g) were dispersed in distilled water
(20 mL) by sonication for twenty minutes. Then, isopropanol

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

(200 mL) was added, and the resulting suspension was soni-
cated for thirty minutes. Consequently, PEG-400 (5.36 g),
distilled water (20 mL), NH,OH (25%, 10 mL), and tetraethyl
orthosilicate (TEOS) (2 mL) were respectively added, and the
prepared mixture was stirred at room temperature for twenty-
eight hours. The obtained Fe;0,@SiO, MNPs were magneti-
cally separated, washed with distilled water and ethanol, and
subsequently dried under an air atmosphere.

3.4 Preparation of the Fe;0,@Si0,@KCC-1 magnetic
nanocomposite

A suspension of the Fe;0,@8Si0, MNPs (0.25 g) in an aqueous
solution of urea (0.3 g urea in 30 mL distilled water) was
prepared. Then, the mentioned mixture was sonicated for one
hour. In another wvessel, a solution of cetyl-
trimethylammonium bromide (CTAB) (0.5 g) in a mixture of n-
pentanol (0.75 mL) and cyclohexane (30 mL) was prepared.
Next, the suspensions of the Fe;0,@SiO, MNPs and CTAB
were mixed together, and the resulting mixture was stirred at
room temperature for five minutes. After that, TEOS (1.25 g)
was added in a drop-wise manner, and the mixture was
continuously stirred at room temperature for one hour, fol-
lowed by the transfer of the mixture into an autoclave (120 °C)
where it is kept for five hours. In this stage, the dendritic silica
was grown on the surface of the Fe;0,@SiO, MNPs, affording
a fibrous Fe;0,@Si0,@KCC-1 composite system, which was

RSC Adv, 2022, 12, 116411189 | 11179
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magnetically separated from the reaction environment and
washed with distilled water and then acetone. After that, the
mentioned nanocomposite was dried in an oven at 40 °C and
then calcined at 550 °C for five hours.

3.5 Preparation of the Fe;0,@SiO0,@KCC-1@MPTMS
magnetic nanocomposite

First, the prepared Fe;0,@SiO,@KCC-1 nanocomposite (0.5 g)
was dispersed by sonication for twenty minutes in toluene
(20 mL). Then, (3-mercaptopropyl)trimethoxysilane (MPTMS)
(0.7 mL) was added into the mentioned suspension in a drop-
wise manner. The resulting mixture was then stirred under reflux
conditions for twenty hours under the nitrogen atmosphere.
After that, the mixture was cooled to room temperature, and the
prepared Fe;0,@SiO,@KCC-1@MPTMS nanocomposite was

View Article Online

Paper

magnetically separated from the reaction pot, washed with
ethanol, and then dried in an oven at 80 °C.

3.6 Preparation of the Fe;0,@Si0,@KCC-1@MPTMS@Cu"
magnetic nanocomposite

In a round-bottom flask, the prepared Fe;0,@SiO,@KCC-
1@MPTMS (0.6 g) was dispersed in water (50 mL) by ultrasound
irradiation for twenty minutes. Then, copper” nitrate hexahy-
drate (Cu(NOj3),-6H,0) (0.59 g, 2 mmol) and sodium carbonate
(Na,COs) (0.424 g, 4 mmol) were added into the mentioned
reaction pot and sonicated for another twenty minutes. The
resulting mixture was stirred under reflux conditions for twenty
hours. The obtained cockscomb flower-like Fe;0,@Si0,@KCC-
1@MPTMS@Cu™ mesoporous nanocomposite system was
magnetically separated from the reaction pot, washed with
ethanol, and then dried in an oven at 50 °C.

o} o Ar
i CN Fe,0,@8i0,@KCC-1@MPTMS@Cu" (30 mg) S ON
HsC * oo TS = HsC |
o] CN S 07 "NH
iy 4511805 - chi3 ’
4 1a-n 5 =2 6a-n
85-96%
cl NO,
0 o} o]
cN cN cN CcN
H3C i 1] H3C J\ H;C |
NH, NH NH NH
CHj, o 4 2 CHg, 2 CH, Q 2
6a 6c 6d
Time = 60 min Time =70 min Time = 45 min Time = 70 min Time =75 min
Yield = 96% Yield = 94% Yield = 96% Yield = 95% Yield = 90%
TON = 14.421 TON = 14.121 TON = 14.421 TON = 14.271 TON = 13.520

TOF = 0.240 min™"

NO,
o}
CN
HsC i ol
O NH.
CH, 2

6f
Time =75 min
Yield = 90%
TON = 13.520
TOF = 0.180 min™"

Time = 50 min
Yield = 94%
TON = 14.121
TOF = 0.282 min™"

TOF = 0.201 min”"

6g
Time = 65 min
Yield = 92%
TON = 13.820
TOF = 0.212 min™"

Cl
NO,
(o]
CN
HsC ||
O NH.
CHg %

6l
Time = 65 min
Yield = 92%
TON = 13.820
TOF = 0.212 min™"

TOF = 0.320 min™"

TOF = 0.203 min™"

TOF =0.180 min™"

_CH
0 ok o) OH
CN _CN
HsC | \\I HC LI
N N
CHs o H, CHj 0 H,
6i 6j
Time = 65 min Time = 75 min Time = 80 min
Yield = 93% Yield = 95% Yield = 85%
TON = 13.971 TON = 14.271 TON = 12.769
TOF = 0.214 min™" TOF =0.190 min' TOF =0.159 min'
LCH
o OH
H i
o = CHs
o] o}
CN CN
HaC |l HsC |
N\
iy 0~ "NH, cHy 07 "NH,
6m 6n
Time = 85 min Time = 80 min
Yield = 85% Yield = 90%
TON = 12.769 TON = 13.520

TOF = 0.150 min™!

TON (Turnover number) = [(mol of product formed) / (mol of catalyst used)]
TOF (Turnover frequency) = [(mol of product formed) / (mol of catalyst used) x (time)]

Note:

TOF =0.169 min!

The TONs and TOFs values were calculated based on the existed amount of copper (Cu) in the as-prepared

nanocatalyst (in 30 mg of the nanocatalyst, 4.23 mg (or 0.06656595 mmol) of Cu has existed).

Scheme 4 Solvent-free one-pot three-component synthesis of 2-amino-4-aryl-7,7-dimethyl-5-ox0-5,6,7,8-tetrahydro-4H-chromene-3-
carbonitriles (6a—n) catalyzed by the Fez0.4@Si0,@KCC-1@MPTMS@Cu" nanocomposite.
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Scheme 5 Plausible mechanism for the solvent-free one-pot pseudo-three-component synthesis of bis-coumarins (3a—n) catalyzed by the

Fez0,4@Si0,@KCC-1@MPTMS@Cu' nanocomposite.

3.7 General procedure for the reduction of nitroarenes to
arylamines catalyzed by the Fe;0,@Si0,@KCC-
1@MPTMS@Cu"" nanocomposite

For example, in a round-bottom flask (15 mL) equipped with
a magnetic stirrer, a mixture of PANO, (0.123 g, 1 mmol) and H,O
(3 mL) was prepared. Then, 10 mg of the as-prepared Fe;0,@-
Si0,@KCC-1@MPTMS@Cu" mesoporous nanocomposite was
added, and the mixture was stirred. At the next step, NaBH,
(0.076 g, 2 mmol) was added, and the resulting mixture was
continuously stirred at 60 °C for five minutes. After the
completion of the reaction, the mixture was cooled to room
temperature, and the mentioned Cu'-containing catalytic system
was separated from the reaction pot using an external magnet.
The reaction mixture was extracted with dichloromethane (DCM)
(3 x 5 mL) and then dried over anhydrous sodium sulfate
(Na,SO,4). Finally, the solvent was evaporated under reduced
pressure to afford the the pure liquid aniline in 98% yield.

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

3.8 General procedure for the one-pot reductive acetylation
of nitroarenes catalyzed by the Fe;0,@Si0,@KCC-
1@MPTMS@Cu"" nanocomposite

As an example, PhNO, (0.123 g, 1 mmol) was mixed with 3 mL of
H,O in a 15 mL round-bottom flask equipped with a magnetic
stirrer. Then, the Fe;0,@Si0,@KCC-1@MPTMS@Cu’ meso-
porous nanocatalyst (10 mg) was added, and the mixture was
stirred. Following this, NaBH, (0.076 g, 2 mmol) was added, and
the resulting mixture was stirred at 60 °C for five minutes. After
the completion of the reduction reaction, acetic anhydride (Ac,0)
(0.102 g, 1 mmol) was added to the reaction mixture, followed by
stirring for further two minutes at the same temperature. After-
ward, the mixture was cooled to room temperature, and the
Fe;0,@Si0,@KCC-1@MPTMS@Cu"” mesoporous nanocatalyst
was separated using an external magnet. Then, the reaction
mixture was extracted with DCM (3 x 5 mL) and then dried over

RSC Adv, 2022, 12, T164-1189 | 11181
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Scheme 6 Plausible mechanism for the solvent-free one-pot three-component synthesis of 2-amino-4-aryl-7,7-dimethyl-5-0x0-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitriles (6a—n) catalyzed by the Fes0,@SiO,@KCC-1@MPTMS@Cu'" nanocomposite.

Na,SO,. Finally, evaporation of the solvent under reduced pres-
sure afforded the pure acetanilide in 95% yield.

3.9 General procedure for the solvent-free one-pot pseudo-
three-component synthesis of bis-coumarins (3a-n) catalyzed
by the Fe;0,@8i0,@KCC-1@MPTMS@Cu"" nanocomposite

As a representative example, in a simple experimental tube,
equipped with a magnetic stirrer, a mixture of benzaldehyde
(0.106 g, 1 mmol), 4-hydroxycoumarin (0.324 g, 2 mmol), and
the as-prepared Fe;0,@Si0,@KCC-1@MPTMS@Cu" meso-
porous nanocatalyst (10 mg) was prepared and heated at 70 °C
under solvent-free conditions for twenty minutes. After
completion, the mentioned one-pot pseudo-three-component
reaction, the Fe;0,@Si0,@KCC-1@MPTMS@Cu"
catalyst, was separated from the reaction pot using an external
magnet. After cooling to room temperature, the resulting
mixture was extracted with ethanol (2 x 5 mL), followed by
drying over Na,SO,. The solvent evaporation under reduced
pressure afforded the crude 3,3'-(phenylmethylene)bis(4-
hydroxy-2H-chromen-2-one) (3a), which was purified by recrys-
tallization with hot ethanol.

nano-

1M82 | RSC Adv, 2022, 12, M64-1M89

3.10 General procedure for the solvent-free one-pot three-
component synthesis of 2-amino-4-aryl-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitriles (6a-n) catalyzed
by the Fe;0,@8i0,@KCC-1@MPTMS@Cu" nanocomposite

As a representative example, in a simple experimental tube,
equipped with a magnetic stirrer, a mixture of benzaldehyde
(0.106 g, 1 mmol), malononitrile (0.066 g, 1 mmol), 5,5-
dimethyl-1,3-cyclohexanedione (0.140 g, 1 mmol), and the
as-prepared Fe;0,@Si0,@KCC-1@MPTMS@Cu"
porous nanocatalyst (30 mg) was prepared and heated at
110 °C under solvent-free conditions for sixty minutes. After
completion of the mentioned one-pot three-component
reaction and cooling down to room temperature, ethanol
(3 mL) was added, and the reaction mixture was stirred for
two minutes. Then, the Fe;0,@Si0,@KCC-1@MPTMS@Cu"
nanocatalyst was magnetically separated from the reaction
environment. Drying over Na,SO, and then evaporation of
the solvent under reduced pressure afforded the pure 2-
amino-4-phenyl-7,7-dimethyl-5-oxo0-5,6,7,8-tetrahydro-4H-
chromene-3-carbonitriles (6a).

meso-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Comparison of the catalytic activity of the as-prepared Fes04@Si0,@KCC-1@MPTMS@Cu" mesoporous nanocomposite with that of
the samples reported in the literature upon reduction and reductive acetylation of nitrobenzene (PhNO,) and one-pot synthesis of 3a, and 6a

Part A
N02 NH2
Reaction Conditions
Entry Reaction conditions Time Yield Ref.
Al Fe;0,@Si0,@KCC-1@MPTMS@Cu" (10 mg); NaBH, (2 mmol); H,0; 60 °C 5 min 98% a
A2 Ni,B@Cu,0 (54 mg); NaBH, (2.5 mmol); wet-solvent-free grinding; room temperature 1 min 98% 52a
A3 Ni,B@CuCl, (52 mg); NaBH, (2.5 mmol); wet-solvent-free grinding; room temperature 2 min 98% 52a
A4 CuFe,0, (48 mg); NaBH, (2 mmol); H,O; reflux 50 min 95% 52¢
A5 (7 wt%) Pd/C (30 mg); NaBH, (2 mmol); H,O; reflux 7 min 93% 521
A6 FeS,-Fe,0;@CN-8 (10 mg); NH,NH,-H,0 (3.2 mmol); CH;CH,OH; 85 °C 2h 99.1% 53
A7 Ru,Pd,@rGO (10 mg); NH;BH; (3 mmol); CH;0H : H,O (7 : 3); room temperature 10 min >99% 54
A8 Fe,Se,COy (3 mol%); NH,NH,-H,O0 (2 mmol); H,0; 110 °C 15 min 89% 55
A9 CuO (5 mol%); H3NBH; (3 mmol); CH;0H; 50 °C 20 min 93% 56
A10 Clin@Py-Tzl@Pd (56 mg); NaBH, (2 mmol); H,O : THF (10 : 1); room temperature 1h 99% 57
Al11 Ni(OH),@PANI-1 (3.2 mol%); NaBH, (10 mmol); H,O; reflux 1.5h 85% 58
A12 Fe;0,/Pectin/Au (10 mg); NH,NH,-H,0 (3 mmol); H,O : CH3;CH,OH (2 : 1); 90 °C 1h 98% 59
A13 Mn"-Pd@L-dopa-ZnO/Fe;0, (100 mg); H, atmosphere; CH;CH,OH : H,O (2 : 1); room temperature 28 min 88% 60
Al4 Cu-BTC@Fe;0, (15 mg); NaBH, (4 mmol); CH,;CH,OH : H,O (3 : 1); 45 °C 3h 99% 61
A15 Pd@SBA-15/TET (5 mg); NaBH, (5 mmol); H,O; room temperature 9 min 99% 62
A16 IT-MHAP-Ag (60 mg); NaBH, (5 mmol); H,0; reflux 25 min 98% 63
A17 MMT@Fe;0,@Cu (20 mg); NaBH, (3 mmol); H,0; 60 °C 5 min 96% 64
INT: Fe;0,@Si0,@Cu-Ni-Fe-Cr LDH (10 mg); NaBH, (3 mmol); H,0; 60-70 °C 8 min 95% 65
A19 PSeCN/Ag (20 mg); NaBH, (5 mmol); H,0; 75 °C 25 min 99% 66
Part B
NO, NHCOCH,
Reaction Conditions

Entry Reaction conditions Time Yield Ref.
B1 Fe;0,@8i0,@KCC-1@MPTMS@Cu" (10 mg); NaBH, (2 mmol); Ac,O (1 mmol); H,0; 60 °C 7 min 95% “
B2 Ni,B@Cu,0 (54 mg); NaBH, (2.5 mmol); Ac,O (1 mmol); wet-solvent-free grinding; 40 °C 2 min 97% 52b
B3 Ni,B@CuCl, (52 mg); NaBH, (2.5 mmol); Ac,O (1 mmol); wet-solvent-free grinding; 40 °C 3 min 97% 52b
B4 Cu(Hdmg), (10 mol%); NaBH, (3 mmol); EtOAc (3 mL); 60 °C 170 min 97% 52d
B5 CuFe,0, (48 mg); NaBH, (2 mmol); Ac,O (1 mmol); H,O; reflux 11 min 97% 52e
B6 (7 wt%) Pd/C (30 mg); NaBH, (2 mmol); Ac,O (1 mmol); H,O; reflux 8 min 88% 521
B7 MMT@Fe;0,@Cu (20 mg); NaBH, (3 mmol); Ac,0 (1 mmol); H,O; 60 °C 7 min 97% 64
B8 Fe;0,@85i0,@Cu-Ni-Fe-Cr LDH (10 mg); NaBH, (3 mmol); Ac,0 (1 mmol); H,0; 60-70 °C 8 min 95% 65
B9 Fe;0,@Cu(OH), (60 mol%); NaBH, (3 mmol); Ac,0 (1 mmol); H,O; 60-70 °C 6 min 94% 67
B10 (2 wt%) Pd/(5 wt%) Sn-Al,0; (50 mg); H, atmosphere; Ac,O (1 mmol); H,O; room temperature 3h 98% 68
B11 NiFe,0,@Cu (150 mg); NaBH, (2.5 mmol); Ac,O (2 mmol); H,O : CH3CH,OH (3 : 1); 70 °C 2 min 95% 69
Part C

OH OH

d\l . . m Reaction Conditions
0~ H

o” "0 0~ O

2 1a 2
Entry Reaction conditions Time Yield Ref.
c1 Fe;0,@Si0,@KCC-1@MPTMS@Cu" (10 mg); solvent-free; 70 °C 20 min 97% a
C2 HAP/Fe;0, (5 mg); solvent-free; 90 °C 60 min 95% 70
C3 BFA (10 wt%); H,O; room temperature 15 min 92% 71
Ca Ni’-mont (20 mg); solvent-free; microwave irradiation (850 W) 5 min 95% 72

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 7 (Contd.)
Part C

OH OH

N . . = Reaction Conditions

0~ H

o” "0 0~ O

2 1a 2
Entry Reaction conditions Time Yield Ref.
cs Carbon-SO;H (30 mg); H,0 : CH,;CH,OH (1 : 1); 80 °C 10 min 97% 73
Cé6 P,VPy-CuO (20 mg); H,O; reflux 20 min 90% 74
c7 RHA-SO;H (40 mg); H,0; 80 °C 15 min 90% 75
C8 SO;H@Fe;0, (15 mg); solvent-free; 80 °C 10 min 92% 76
Cc9 Fe(SD); (20 mol%); H,0; 100 °C 10 min 79% 77
C10 Fe;0,@Si0,@Im-bisethylFc [HC,0,4] (4 mg); CH;CH,OH; reflux 1h 96% 78
C11 Vitamin B; (1 mol%); solvent-free; room temperature 1h 96% 79
C12 (N,H5),SiFs (0.2 mol%); CH;CH,OH; reflux 3 min 95% 80
Part D

O
& CN " Reaction Conditions
H + + <
3 0" H
0 CN
CHj
4 1a 5

Entry Reaction conditions Time Yield Ref.
D1 Fe;0,@Si0,@KCC-1@MPTMS@Cu" (30 mg); solvent-free; 110 °C 60 min 96% “
D2 Fe;0,@MCM-41@Zr (30 mg); H,0 : CH;CH,OH (3 : 7); 75 °C 40 min 74% 81
D3 Zn,Sn0,4-Sn0O, (25 mg); CH3;CH,OH; ultrasonic irradiation (80 °C) 120 min 80% 82
D4 AMBA-Fe;0, (50 mg); CH;CH,OH; 60 °C 21 min 92% 83
D5 HMS/Pr-Rh-Zr (50 mg); PEG; 80 °C 30 min 87% 84
D6 BaFe;,0;0@IM (12 mg); CH;CH,OH; reflux 20 min 88% 85
D7 MNPs-PhSO;H (10 mg); H,O : CH;CH,OH (1 : 1); 100 °C 10 min 91% 86
D8 Bis-Su (10 mg); H,O : CH;CH,OH (1 : 1); 80 °C 35 min 84% 87
DY Ni@Fe-doped CeO,/Chitosan (10 wt%); CH;CH,OH; 60 °C 10 min 90% 88
D10 Fe;0,@8Si0,-guanidine-PAA (50 mg); H,O; 70 °C 35 min 96% 89
D11 Fe;0,@G0QD-O-(propane-1-sulfonic acid) (50 mg); H,O; room temperature 35 min 93% 90

“ Present work.

4. Conclusion

In conclusion, our research group has successfully prepared
Fe,0,@Si0,@KCC-1@MPTMS@Cu” as a new cockscomb
flower-like mesoporous nanocomposite, which was fully char-
acterized by various techniques including FT-IR, PXRD, SEM,
TEM, SEM-based EDX, ICP-OES, TGA/DTA, VSM, UV-Vis, and
BET and BJH analyses. Then, the as-prepared Fe;O0,@SiO,@-
KCC-1@MPTMS@Cu" mesoporous nanocomposite was applied
as an efficient catalytic system in the reduction and reductive
acetylation of nitroarenes in a water medium and solvent-free

1M184 | RSC Adv, 2022, 12, 1164-11189

one-pot synthesis of some coumarin compounds. The TONs
and TOFs of the mentioned catalyst were calculated upon all the
titled reactions. Notably, the mentioned as-prepared meso-
porous nanocatalyst was recovered from the reaction pots using
a simple magnet and reused for at least seven cycles without
significant loss in activity, which ensures its good stability. In
addition, in comparison with the previously reported methods
(for all of the mentioned organic reactions), the presented new
strategies are a viable alternative to most of them in many
respects.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Recoverability and reusability experiments of the dendritic Fes0,@Si0,@KCC-1@MPTMS@Cu' mesoporous nanocomposite.

Fig. 12 TEM image of the recycled Fez0,4,@SiO,@KCC-

1@MPTMS@Cu" mesoporous nanocomposite.
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