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Green procedures for synthesizing potential
hNMDA receptor allosteric modulators through
reduction and one-pot reductive acetylation of
nitro(hetero)arenes using a superparamagnetic
Fes0,@QAPTMS@Cp,ZrCly (« — o, 1, 2) hanocatalystT

Hossein Mousavi, 2 * Behzad Zeynizadeh (2 and Farhad Sepehraddin

The conversion of nitro(hetero)arenes to corresponding (hetero)aryl amines and other practical organic
compounds plays a crucial role in various sciences, especially environmental remediation and public
health. In the current research work, diverse green and efficient strategies for the convenient reduction
(hydrogenation) and one-pot acetylation of nitro(hetero)arenes
a core-shell-type mesoporous zirconocene-containing magnetically recoverable nanocomposite (viz.
Fes04@APTMS@Cp,ZrCly  — o, 1, 2) as a powerful nanocatalytic system have been developed. In the

two-step  reductive using

presented organic transformations, the superparamagnetic FezO4@APTMS@CP,ZrCly « — o, 1 2
nanocomposite exhibited satisfactory turnover numbers (TONs) and turnover frequencies (TOFs), along
with acceptable reusability. On the other hand, we investigated the potential biological effect of the
synthesized (hetero)aryl amines and N-(hetero)aryl acetamides against the transmembrane domain
(TMD) of the human N-methyl-p-aspartate (hNMDA) receptor based on molecular docking studies.
Furthermore, the drug-likeness properties of our hit compound (viz. N-(3-(1-hydroxyethyl)phenyl)

rsc.li/nanoscale-advances

1. Introduction

Numerous (hetero)aromatic nitro compounds are toxic and
hazardous.' Therefore, exploring green, efficient, economical,
and simple synthetic strategies for conversion of the mentioned
nitro-containing compounds to the corresponding (hetero)aryl
amines and/or other valuable organic compounds, including N-
(hetero)aryl acetamides, is of great significance for environ-
mental remediation, public health, and also medicinal chem-
istry (Fig. 1).2

In the new century, “Green Chemistry” has become one of the
hottest and most significant terms in all branches of chemistry.*
Based on green chemistry principles, designing effective, eco-
friendly, recoverable, and reusable heterogeneous catalytic
systems is still an ultimate goal for numerous critical organic
transformations. During the last three decades, zirconium (Zr)-
containing catalytic systems have played an essential role in
organic synthesis.* It is worth noting that zirconium is one of
the earth-abundant transition metals (EATMs),® and also based
on a paper, which was reported by Bystrzanowska, Petkov, and
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acetamide) have been scrutinized by in silico ADMET analyses.

Tobiszewski in 2019, results of the multicriteria decision anal-
ysis (MCDA) approach demonstrated that Zr-containing
heterogeneous catalytic systems are environmentally desirable
compared to rhodium (Rh)-, copper (Cu), cadmium (Cd)-,
palladium (Pd)-, gold (Au)-, cobalt (Co)-, and also nickel (Ni)-
based systems.® On the other hand, the recoverability and
reusability of the catalyst are crucial factors from the green
chemistry point of view. In this regard, one of the best choices is
the use of magnetic nanoparticles (such as Fe;0,, CuFe,O,,
ZrFe,0,, MgFe,0,, CoFe,0,, NiFe,0,, MnFe,0,, etc.) as a core
part of a core-shell-type catalytic system.” In addition to the
catalyst, according to the principles of green chemistry, the
solvent is another main factor in organic synthesis. Undoubt-
edly, water is the most preferable choice compared to all
common solvents because of its unique features, such as
abundance, non-toxicity, sustainability, etc.®
Neurodegenerative diseases (NDs) are among the alarming
and significant health challenges facing contemporary
society.’ In a situation where most of them are still incurable,
many endeavors have been made to overcome or control them.
N-methyl-p-aspartate (NMDA) receptors, known as ionotropic
glutamate-gated cation channels with high calcium (Ca")
permeability, are members of the immense family of gluta-
mate receptors and are linked to synapse development,
synaptic plasticity, and cognitive functions, which are vital for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representative examples of drugs bearing (hetero)aryl amine and N-(hetero)aryl acetamide.

diverse aspects of brain function. Notably, research has
highlighted the significance of NMDA receptors in various
NDs (such as Alzheimer's disease (AD), Parkinson's disease
(PD), and Huntington's disease (HD)) and
developmental disorders including intellectual disability,
schizophrenia, autism, and epilepsy.'®** Also, NMDA recep-
tors have a confirmed role in ischemic brain injury and
neuropathic pain.**

In recent years, the computer-aided drug design (CADD)
strategy has been recognized as a powerful approach that
utilizes particular computational methods and algorithms to
speed up and enhance the drug discovery and development
process and helps researchers by identifying and validating
potential drug targets via analyzing biological data and under-
standing the interactions between proteins, enzymes, receptors,
and many other molecules concerned in disease pathways."*

In continuation of our research on various types of catalytic
organic transformations'*'® and also due to the importance of
introducing a new environmentally benign approach to the
of nitro(hetero)arenes to valuable organic
compounds, herein we wish to report diverse green and efficient
strategies for the convenient reduction (hydrogenation) and
one-pot two-step reductive acetylation of nitro(hetero)arenes
using a superparamagnetic Fe;0,@APTMS@CP,ZrCly (x — o, 1, 2)

neuro-

conversion

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanocomposite as an efficient core-shell-type mesoporous
zirconocene-containing recoverable nanocatalyst (Fig. 2).
Besides, we have investigated the potential medicinal effect of
all synthesized (hetero)aryl amines and N-(hetero)aryl acet-
amides against the transmembrane domain (TMD) of the
human N-methyl-p-aspartate (ANMDA) receptor using molec-
ular docking studies. We have also examined the drug-likeness
properties of our hit compound (viz. N-(3-(1-hydroxyethyl)
phenyl)acetamide) through in silico ADMET analyses.

2. Results and discussion

2.1. Preparation of the superparamagnetic core-shell-type
Fe;0,@APTMS@CP,ZrCl, (x — o, 1, 2) Danocomposite

We started our work by preparing the superparamagnetic Fe;-
O,@APTMS®@CPp,ZrCly (x — o, 1, 2) Nanocomposite according to
our previously published papers (Fig. 3).**° It is worthwhile to
note that the structure of the mentioned core-shell-type
magnetic system was characterized by Fourier transform
infrared (FT-IR) spectroscopy, powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM), SEM-based energy-
dispersive X-ray (EDX) spectroscopy, inductively coupled
plasma-optical emission spectrometry (ICP-OES), alternating
gradient force magnetometry (AGFM), thermogravimetric

Nanoscale Adv., 2025, 7, 2528-2553 | 2529
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Fe;0,@APTMS@CP,ZrCly (4 - o, 1,2)

***Catalytic applications of the Fe30,@APTMS@Cp,ZrCly x = o, 1, 2) Nanocomposite in organic synthesis***

(a) Reduction (hydrogenation) of nitro(hetero)arenes to (hetero)aryl amines:
NO, NH,

Fe30,@APTMS@CPp,ZrCly (x =0, 1, 2)
(Nanocatalyst)
Hydrogen donor
Green solvent (2-3 mL)
Room temperature

Strategy

Strategy I: Nanocatalyst (7 mg); glycerol (2 mmol); H,O; 40-90 min; 78-98% (J. Iran. Chem. Soc., 2017, 14, 2649-2657.).
Strategy Il: Nanocatalyst (7 mg); i-PrOH (2 mmol); H,O; 60-1350 min; 76-98% (Current work).

Strategy lll: Nanocatalyst (5 mg); NaBH, (2 mmol); H,O; 5-60 min; 77-98% (Current work).

Strategy IV: Nanocatalyst (5 mg); HCO,NH, (2 mmol); H,O : PEG-400 (1 : 1); 60-120 min; 81-97% (Current work).

(b) One-pot two-step reductive acetylation of nitro(hetero)arenes to N-(hetero)aryl acetamides:

NO, NHCOCH;

Fe304,@APTMS@Cp2ZrCly (x =0, 1, 2)
(Nanocatalyst)
Step 1:
Hydrogen donor
Green solvent (2-3 mL)
Room temperature
Step 2:
Acetic anhydride (Ac,0)
80 °C
Strategy

Strategy V: Nanocatalyst (7 mg); glycerol (2 mmol); H,O; Ac,O (1 mmol); 65-118 min; 80-96% (Current work).
Strategy VI: Nanocatalyst (7 mg); i-PrOH (2 mmol); H,0; Ac,O (1 mmol); 85-150 min; 70-96% (Current work).
Strategy VII: Nanocatalyst (5 mg); NaBH, (2 mmol); Hy0; Ac,O (1 mmol); 15-60 min; 75-95% (Current work).
Strategy VIII: Nanocatalyst (5 mg); HCO,;NH, (2 mmol); HyO : PEG-400 (1 : 1); Ac,O (1 mmol); 75-145 min; 77-96% (Current work).

(c) Reduction (hydrogenation) of carboxylic acids to corresponding alcohols (/Ind. Eng. Chem. Res., 2019, 58, 16379-16388.):
Os_OH H._.OH
H
Fe;0,@APTMS@CP,ZrCly (=0, 1,2)
(Nanocatalyst)
Hydrogen donor
Green solvent (3 mL)
Room temperature

Strategy

Strategy IX: Nanocatalyst (10 mg); glycerol (2 mmol); H,O; 20-140 min; 79-97%.

Strategy X: Nanocatalyst (10 mg); i-PrOH (2 mmol); H,O; 60-140 min; 79-97%.

Strategy XI: Nanocatalyst (7 mg); NaBH, (2 mmol); H,O : THF (1 : 1); 30-150 min; 81-96%.
Strategy XlI: Nanocatalyst (7 mg); HCO,NH,4 (2 mmol); H,O : PEG-400 (1 : 1); 45-130 min; 79-98%.

(d) Suzuki—Miyaura cross-coupling reaction (Res. Chem. Intermed., 2020, 46, 3361-3382.):

Fe30,@APTMS@Cp,ZrCly (x = 0,1, 2)

HO, - (Nanocatalyst)
R-X+ B N\ / B R
HO ase

Green solvent (2 mL)

R = Aryl, Naphthyl
X =1, Br, Cl

Strategy

Strategy XllI: Nanocatalyst (5 mg); K,COj3 (1.5 mmol); PEG-400; 10-90 min; 80—98%.|

Fig. 2 Catalytic applications of the as-prepared FesO4@APTMS@Cp,ZrCly  — 0, 1, 2) hanocomposite.

analysis (TGA), and nitrogen (N,) gas adsorption-desorption In the FT-IR spectra of the as-prepared Fe;0,@-
analysis (Fig. 4), which was reported and discussed in our APTMS@CP,ZrCl, (« — o, 1, 2) Nanocomposite (Fig. 4, section a),
previously published papers.**** the broad peak in the region of 3500 cm ™' to 3000 cm ' is

2530 | Nanoscale Adv., 2025, 7, 2528-2553 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Preparation of the superparamagnetic core-shell-type Fes0,@APTMS@Cp,ZrCly (« — o, 1, 2 NRanocomposite.

related to the free hydroxyl and stretching vibration of amine vibrations of the existing -CH (aromatic), -CH,-, and -CH; (in

-1

functional groups. Additionally, the three peaks at 2958 ecm™ ", Si-O-CHj3) functional groups. The strong absorption peak at
2925 cm ™', and 2851 ecm ™' correspond to the C-H stretching 1621 cm ™ is associated with the bending vibration of free H,O

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 2528-2553 | 2531


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00882k

Open Access Article. Published on 10 March 2025. Downloaded on 3/29/2026 3:35:49 PM.

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

(cc)

Nanoscale Advances

View Article Online

Paper

(a) Fourier transform infrared spectroscopy (FT-IR)

(b) Powder X-ray diffraction (PXRD)
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Fig. 4 Characterization analyses of the FesO,@APTMS@Cp,ZrCl,  — o, 1, 2) NRanocomposite.

that adsorbed on the surface of Fe;O, nanoparticles, the C=C
stretching vibration of the cyclopentadienyl (Cp) ligand, and
N-H bending vibrations, which overlapped in one peak. Also,

2532 | Nanoscale Adv., 2025, 7, 2528-2553

the two peaks at 1437 cm™ " and 1407 cm™ ' can be related to
the C-O (stretching), scissoring mode of the -CH,-
groups (bending), and stretching vibration of Si-CH,. Notably,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Green and convenient reduction (hydrogenation) of nitro(hetero)arenes to the corresponding (hetero)aryl amines catalyzed by the
Fes04@APTMS@CpP,ZrCly « — o, 1, 27 hanocomposite”

NO,

NH,

Fe304@APTMS@CpZZrC|x (x=0,1,2)

(Nanocatalyst)

Hydrogen donor
Green solvent (2-3 mL)
Room temperature

Strategy

Strategy I: Nanocatalyst (7 mg); glycerol (2 mmol); H,O; 40-90 min; 78-98% (J. Iran. Chem. Soc., 2017, 14, 2649-2657.).
Strategy Il: Nanocatalyst (7 mg); i-PrOH (2 mmol); H,O; 60—1350 min; 76—98% (Current work).

Strategy Illl: Nanocatalyst (5 mg); NaBH, (2 mmol); H,O; 5-60 min; 77-98% (Current work).

Strategy IV: Nanocatalyst (5 mg); HCO,NH, (2 mmol); H,O : PEG-400 (1 : 1); 60—120 min; 81-97% (Current work).

Strategy
Entry Substrate Product Strategy I Strategy II Strategy III Strategy IV
N02 NH2 Time = 40 min Time = 60 min Time = 10 min Time = 60 min
Yield = 96% Yield = 97% Yield = 95% Yield = 97%
1 TON = 336.84 TON = 340.35 TON = 467.98 TON = 477.83
TOF = 8.42 TOF = 5.67 TOF = 46.80 TOF = 7.96
N02 NH2 Time = 60 min Time = 75 min Time = 10 min Time = 60 min
Yield = 98% Yield = 93% Yield = 97% Yield = 90%
TON = 343.86 TON = 326.31 TON = 477.83 TON = 443.35
2 TOF = 5.73 TOF = 4.35 TOF = 47.78 TOF = 7.39
Br Br
N02 NH2 Time = 55 min Time = 100 min Time = 15 min Time = 75 min
Yield = 96% Yield = 90% Yield = 95% Yield = 89%
TON = 336.84 TON = 315.79 TON = 467.98 TON = 438.42
3 TOF = 6.12 TOF = 3.16 TOF = 31.20 TOF = 5.84
Cl Cl
Time = 50 min Time = 60 min Time = 5 min Time = 60 min
NO, NH; | | | i
Yield = 91% Yield = 98% Yield = 98% Yield = 95%
TON = 319.30 TON = 343.86 TON = 482.76 TON = 467.98
4 TOF = 6.38 TOF = 5.73 TOF = 96.55 TOF = 7.80
F F
N02 NH2 Time = 50 min Time = 80 min Time = 10 min Time = 70 min
Yield = 95% Yield = 84% Yield = 93% Yield = 90%
TON = 333.33 TON = 294.73 TON = 458.13 TON = 443.35
5 TOF = 6.67 TOF = 3.68 TOF = 45.81 TOF = 6.33
NH, NH,
NO NH Time = 60 min Time = 120 min Time = 15 min Time = 90 min
Yield = 90% Yield = 82% Yield = 93% Yield = 87%
6 TON = 315.79 TON = 287.72 TON = 458.13 TON = 443.35
TOF = 5.26 TOF = 2.40 TOF = 30.54 TOF = 4.93
NH, NH,
NO NH Time = 85 min Time = 120 min Time = 20 min Time = 120 min
Yield = 85% Yield = 78% Yield = 90% Yield = 81%
7 NHZ NH2 TON = 298.24 TON = 273.68 TON = 443.35 TON = 399.01
TOF = 3.51 TOF = 2.28 TOF = 22.17 TOF = 3.32

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Contd.)

NOZ NH2

Fe30,@APTMS@Cp,ZrCly (x = o, 1, 2)
(Nanocatalyst)
Hydrogen donor
Green solvent (2-3 mL)
Room temperature

Strategy

Strategy I: Nanocatalyst (7 mg); glycerol (2 mmol); H,O; 40-90 min; 78-98% (J. Iran. Chem. Soc., 2017, 14, 2649-2657.).
Strategy Il: Nanocatalyst (7 mg); i-PrOH (2 mmol); H,O; 60—1350 min; 76—98% (Current work).

Strategy Illl: Nanocatalyst (5 mg); NaBH, (2 mmol); H,O; 5-60 min; 77-98% (Current work).

Strategy IV: Nanocatalyst (5 mg); HCO,NH, (2 mmol); H,O : PEG-400 (1 : 1); 60—120 min; 81-97% (Current work).

Strategy
Entry Substrate Product Strategy I Strategy II Strategy III Strategy IV
N02 NH2 Time = 45 min Time = 70 min Time = 15 min Time = 70 min
Yield = 93% Yield = 89% Yield = 94% Yield = 93%
TON = 326.31 TON = 312.28 TON = 463.05 TON = 458.13
) TOF = 7.25 TOF = 4.46 TOF = 30.87 TOF = 6.54
CHj CHj3
NH Time = 45 min Time = 100 min Time = 20 min Time = 80 min
NO, 2 : : : :
Yield = 87% Yield = 89% Yield = 93% Yield = 87%
9 TON = 305.26 TON = 312.28 TON = 458.13 TON = 428.57
TOF = 6.78 TOF = 3.12 TOF = 22.91 TOF = 5.36
CH3 CHj
NO H Time = 90 min Time = 120 min Time = 20 min Time = 100 min
2 NH; , , . :
Yield = 95% Yield = 84% Yield = 90% Yield = 89%
10 CH3 CH3 TON = 333.33 TON = 294.74 TON = 443.35 TON = 438.42
TOF = 3.70 TOF = 2.46 TOF = 22.17 TOF = 4.38
CH, CH,
NO NH Time = 60 min Time = 120 min Time = 30 min Time = 85 min
2 2 . . . .
Yield = 88% Yield = 88% Yield = 86% Yield = 86%
TON = 308.77 TON = 308.77 TON = 423.64 TON = 423.64
1 TOF = 5.15 TOF = 2.57 TOF = 14.12 TOF = 4.98
H
0~ "H HO™ “H
NO, NH, Time = 60 min Time = 120 min Time = 35 min Time = 120 min
Yield = 90% Yield = 81% Yield = 84% Yield = 85%
TON = 315.79 TON = 284.21 TON = 413.79 TON = 418.72
12 H TOF = 5.26 TOF = 2.37 TOF = 11.82 TOF = 3.49
H H
(0] OH
N02 0 NH2 OH T¥me =75 min T¥me =120 min T¥me = 40 min T¥me =120 min
Yield = 90% Yield = 76% Yield = 77% Yield = 81%
13 H H TON = 315.79 TON = 266.67 TON = 379.31 TON = 399.01
H TOF = 4.21 TOF = 2.22 TOF = 9.48 TOF = 3.32
NO NH Time = 65 min Time = 120 min Time = 40 min Time = 85 min
2 2 . . . .
Yield = 78% Yield = 84% Yield = 81% Yield = 87%
Cl TON = 273.68 TON = 294.74 TON = 399.01 TON = 428.57
TOF = 4.21 TOF = 2.46 TOF = 9.97 TOF = 5.04

Cl
14
o)

OH
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Table 1 (Contd.)

NOZ NH2

Fe30,@APTMS@Cp,ZrCly (x = o, 1, 2)
(Nanocatalyst)
Hydrogen donor
Green solvent (2-3 mL)
Room temperature

Strategy

Strategy I: Nanocatalyst (7 mg); glycerol (2 mmol); H,O; 40-90 min; 78-98% (J. Iran. Chem. Soc., 2017, 14, 2649-2657.).
Strategy Il: Nanocatalyst (7 mg); i-PrOH (2 mmol); H,O; 60—1350 min; 76—98% (Current work).
Strategy Illl: Nanocatalyst (5 mg); NaBH, (2 mmol); H,O; 5-60 min; 77-98% (Current work).

Strategy IV: Nanocatalyst (5 mg); HCO,NH, (2 mmol); H,O : PEG-400 (1 : 1); 60—120 min; 81-97% (Current work).

Strategy
Entry Substrate Product Strategy I Strategy II Strategy III Strategy IV
N02 NH2 Time = 40 min Time = 85 min Time = 30 min Time = 90 min
Yield = 87% Yield = 87% Yield = 86% Yield = 89%
TON = 305.26 TON = 305.26 TON = 423.64 TON = 438.42
15 TOF = 7.63 TOF = 3.59 TOF = 14.12 TOF = 4.87
H
07 “CH, HO” “CH,
N02 NH2 Time = 40 min Time = 100 min Time = 30 min Time = 90 min
Yield = 92% Yield = 88% Yield = 82% Yield = 85%
TON = 322.81 TON = 308.77 TON = 403.94 TON = 418.72
16 H TOF = 8.07 TOF = 3.09 TOF = 13.46 TOF = 4.65
CH,4 CH,
0] OH
N02 NH2 Time = 90 min Time = 135 min Time = 60 min Time = 120 min
Yield = 95% Yield = 89% Yield = 80% Yield = 90%
TON = 333.33 TON = 312.28 TON = 394.09 TON = 443.35
17 H TOF = 3.70 TOF = 2.31 TOF = 6.57 TOF = 3.69
OH OH
o] H
N02 NH2 Time = 65 min Time = 75 min Time = 25 min Time = 60 min
Yield = 88% Yield = 90% Yield = 87% Yield = 91%
AN N AN N TON = 308.77 TON = 315.79 TON = 428.57 TON = 448.27
18 | | TOF = 4.75 TOF = 4.21 TOF = 17.14 TOF = 7.47
4 4

“ (a) The strategy I (except entries 4 and 17) was reported in ref. 14. (b) TON (turnover number) = [(mol of product formed)/(mol of catalyst used)]. (c)
TOF (turnover frequency) = [(mol of product formed)/(mol of catalyst used) x (time)]. (d) The TON and TOF values were calculated based on the
existing amount of zirconium (Zr) in the structure of the as-prepared Fe;0,@APTMS@CP,ZrCl, (. — o, 1, ) hanocomposite based on ICP-OES
analysis.

1

can be related to

the region from 1345 cm™' to 1212 cm™
stretching vibrations of C-N and C-O, as well as out-of-plane
wagging and twisting bending vibrations of the -CH,- groups
along with the bending vibration of Si-CH,. The two relatively
weak peaks at 1188 em ™' and 1164 cm ™, along with the strong
peak at 1097 em %, can correspond to Si-OCHj;. The peaks at
1020 cm™, 998 cm ™!, 945 cm ™!, 863 cm™?, and 838 cm ™ are
related to the out-of-plane bending vibrations of the aromatic

© 2025 The Author(s). Published by the Royal Society of Chemistry

C-H bonds belonging to the structure of the cyclopentadienyl
(Cp) ligand. The peak attributed to the in-plane rocking-type
bending vibrations of the ~CH,- groups appears at 690 cm ™"
Furthermore, the three strong peaks at 628 cm ™, 581 cm ™', and
564 cm™ " are associated with the splitting v, vibration of Fe**-
0”7, while the peak at 446 cm " belongs to the splitting »,
vibration of Fe**-0>".
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Scheme 1 Proposed mechanism for the reduction (hydrogenation) of nitro(hetero)arenes to the corresponding (hetero)aryl amines using
glycerol or i-PrOH catalyzed by the FezsO4@APTMS@Cp,ZrCly (« — o, 1, 2) Nanocomposite through the direct hydrogen transfer pathway.

The PXRD plot of the as-prepared Fe;O0,@APTMS@Cp,-
ZrCl, (x — o, 1, 2) Nanocomposite is presented in Fig. 4 (section b).
In addition to the peaks corresponding to the Fe;O, NPs, some
distinct PXRD peaks related to silicon (Si) appeared at 26 = 27.69°
(broad), 68.87°, and 76.67°. Furthermore, the peak at 26 = 22.13°,
associated with the (002) lattice spacing of carbon-based mate-
rials with an amorphous nature, may correspond to the Cp ligand

2536 | Nanoscale Adv,, 2025, 7, 2528-2553

and aliphatic chains. Notably, several distinct PXRD planes of
zirconium (Zr), including (100), (002), (101), (103), (200), (201),
(004), and (202), overlap with the peaks of Fe;O, NPs and Si.
The scanning electron microscopy (SEM) image of the as-
prepared Fe;0,@APTMS@CP,ZrCl, (x — o, 1, 2) Nanocomposite
(Fig. 4, section c¢) shows the morphology and size distribution of
the particles. Also, the SEM-based energy-dispersive X-ray (EDX)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed mechanism for the reduction (hydrogenation) of nitro(hetero)arenes to the corresponding (hetero)aryl amines using
glycerol or i-PrOH catalyzed by the Fes04@APTMS@Cp,ZrCly « — o, 1, 2 Nanocomposite through the hydridic route.
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Table 2 Green and convenient one-pot two-step reductive acetylation of nitro(hetero)arenes to the corresponding N-(hetero)aryl acetamides

catalyzed by the Fes04@APTMS@Cp,ZrCly ( — o, 1, 27 Nanocomposite®

NHCOCH

Fe304@APTMS@CpZZrC|x (x=0,1,2)

(Nanocatalyst)

Step 1:
Hydrogen donor

Green solvent (2-3 mL)
Room temperature

Step 2:

Acetic anhyd

nydriae
Y

80 °C

Strategy

Strategy V: Nanocatalyst (7 mg); glycerol (2 mmol); H,O; A
Strategy VI: Nanocatalyst (7 mg); i-PrOH (2 mmol); H,0;
Strategy VII: Nanocatalyst (5 mg); NaBH, (2 mmol); H,0;

l); 65-118 min; 80-96% (Current work).
; 85—=150 min; 70-96% (Current work).
); 15—-60 min; 75-95% (Current work).

Strategy VIII: Nanocatalyst (5 mg); HCO,NH,4 (2 mmol); H,O ': PEG-400 (1:1); Acy,O (1 mmol); 75-145 min; 77-96% (Current work).

Strategy
Entry Substrate Product Strategy V Strategy VI Strategy VII Strategy VIII
NO, NH ; Time = 75 min Time = 85 min Time = 15 min Time = 75 min
Yield = 96% Yield = 96% Yield = 95% Yield = 96%
1 TON = 336.84 TON = 336.84 TON = 467.98 TON = 472.90
TOF = 4.49 TOF = 3.96 TOF = 31.20 TOF = 6.30
N02 NH ) Time = 87 min Time = 120 min Time = 25 min Time = 100 min
Yield = 93% Yield = 81% Yield = 91% Yield = 89%
TON = 326.31 TON = 284.21 TON = 448.27 TON = 438.42
2 TOF = 3.75 TOF = 2.37 TOF = 17.93 TOF = 4.38
NH, NH
NO2 NH Time = 67 min Time = 95 min Time = 20 min Time = 85 min
Yield = 92% Yield = 88% Yield = 92% Yield = 91%
TON = 322.81 TON = 308.77 TON = 453.20 TON = 448.27
3 TOF = 4.82 TOF = 3.25 TOF = 22.66 TOF = 5.27
CH,3 CHs
N02 NH Time = 70 min Time = 125 min Time = 25 min Time = 88 min
) Yield = 85% Yield = 86% Yield = 90% Yield = 85%
4 TON = 298.24 TON = 301.75 TON = 443.35 TON = 418.72
TOF = 4.26 TOF = 2.41 TOF = 17.71 TOF = 4.76
CHj4 CH3
N02 NH Time = 118 min Time = 150 min Time = 27 min Time = 120 min
i Yield = 86% Yield = 80% Yield = 86% Yield = 83%
5 CH3 CH3 TON = 301.75 TON = 280.70 TON = 423.64 TON = 408.87
TOF = 2.56 TOF = 1.87 TOF = 15.69 TOF = 3.41
CH3 CH3
N02 0 HN OH T¥me =115 min T{me =150 min T%me = 55 min T¥me = 145 min
Yield = 80% Yield = 70% Yield = 75% Yield = 77%
6 H H TON = 280.70 TON = 245.61 TON = 369.46 TON = 379.31
H TOF = 2.44 TOF = 1.64 TOF = 6.72 TOF = 2.61

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2

(Contd.)
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Strategy V: Nanocatalyst (7 mg); glycerol (2 mmol); H,0; /
Strategy VI: Nanocatalyst (7 mg); i-PrOH (2 mmol); H,0; / (1n
Strategy VII: Nanocatalyst (5 mg); NaBH, (2 mmol); H,O; O (1

NHCOCHs;

Fe304@APTMS@CpZZrC|x (x=0,1,2)

(Nanocatalyst)

Step 1:

Hydrogen donor
Green solvent (2-3 mL)
Room temperature

1 ); 85—150 min; 70-96% (Current work).
mmol); 15-60 min; 75-95% (Current work).

Strategy VIII: Nanocatalyst (5 mg); HCO,NH,4 (2 mmol); Ho0 : PEG-400 (1:1); AcsO (1 mmol); 75145 min; 77-96% (Current work).

Strategy
Entry Substrate Product Strategy V Strategy VI Strategy VII Strategy VIII
N02 NH Time = 65 min Time = 115 min Time = 35 min Time = 110 min
Yield = 88% Yield = 85% Yield = 85% Yield = 88%
TON = 308.77 TON = 298.24 TON = 418.71 TON = 433.50
. TOF = 4.75 TOF = 2.59 TOF = 11.96 TOF = 3.94
H
07 “CH,4 HO™ “CH,
NO, NH Time = 70 min Time = 120 min Time = 40 min Time = 115 min
Yield = 86% Yield = 81% Yield = 80% Yield = 82%
TON = 301.75 TON = 284.21 TON = 394.09 TON = 403.94
8 H TOF = 4.31 TOF = 2.37 TOF = 9.85 TOF = 3.51
CH3 CHj
(0] OH
Time = 90 min Time = 150 min Time = 60 min Time = 140 min
NO NH , : , :
Yield = 84% Yield = 85% Yield = 81% Yield = 88%
A N N N TON = 294.74 TON = 298.24 TON = 399.01 TON = 433.50
9 | | TOF = 3.27 TOF = 1.99 TOF = 6.65 TOF = 3.10
= =

“ (a) TON (turnover number) = [(mol of product formed)/(mol of catalyst used)]. (b) TOF (turnover frequency) = [(mol of product formed)/(mol of
catalyst used) x (time)]. (c) The TON and TOF values were calculated based on the existing amount of zirconium (Zr) in the structure of the as-
prepared Fe;0,@APTMS@CP,ZrCl, (x — o, 1, 2) Nanocomposite based on ICP-OES analysis. (d) In entry 2, the amount of acetic anhydride (Ac,0)

used was 2 mmol.

diagram (Fig. 4, section d) of the mentioned nanocomposite
confirmed the presence of the carbon (C), nitrogen (N), oxygen
(0), silicon (Si), chlorine (Cl), ferrite (Fe), and zirconium (Zr)
elements. Furthermore, the inductively coupled plasma-optical
emission spectrometry (ICP-OES) analysis (Fig. 4, section e)
demonstrated the exact amounts of Fe (52.75 w%) and Zr (3.72
w%) in the as-prepared core-shell-type Fe;0,@APTMS@Cp,-
ZrCl, (x=0,1,2) nanocomposite structure.

The analysis using an alternating gradient
magnetometer (AGFM) showed that the as-synthesized

force

2540 | Nanoscale Adv., 2025, 7, 2528-2553

Fe;0,@APTMS@Cp,ZrCl, (x — o, 1, 2) Nanocomposite exhibits
superparamagnetic behavior and sufficient saturation magne-
tization (M) for effective magnetic recycling performance
(Fig. 4, section f). On the other hand, the thermogravimetric
analysis (TGA) shows that the zirconocene-containing catalytic
system exhibits excellent thermal stability for the organic
transformations carried out at temperatures ranging from room
temperature to 80 °C (Fig. 4, section g). The TGA diagram (Fig. 4,
section g) indicates that the structure of this nanocomposite
remains completely stable up to 80 °C, with only a 0.19% weight

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Plausible mechanism for the convenient one-pot two-step reductive acetylation of nitro(hetero)arenes to the corresponding N-
(hetero)aryl acetamides catalyzed by the FesO4@APTMS@Cp,ZrCly ( — o, 1, 2) hanocomposite.

loss observed at this temperature. Interestingly, the super-
paramagnetic zirconium-containing nanocomposite experi-
ences a 21% weight loss at 800 °C.

The nitrogen (N,) gas adsorption-desorption analysis
(Fig. 4, section h) of the as-synthesized Fe;0,@APTMS@Cp,-
ZrCly (x — o, 1, 2) Nanocomposite reveals an isotherm shape
approximately classified as type IV with a H;-type hysteresis
loop. Also, the mentioned analysis demonstrated that the
specific surface area (Sggy) and total pore volume (Vioa1) values
of the as-prepared mesoporous Zr-containing nanocomposite
were 81.31 m> g ' and 0.26 cm® g, respectively (Fig. 4,
section h).

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.2. Reduction (hydrogenation) of nitro(hetero)arenes to the
corresponding (hetero)aryl amines

It should be noted that Zeynizadeh and Sepehraddin reported
the first catalytic application of the as-prepared Fe;O0,@-
APTMS@CPp,ZrCly (x — o, 1, 2) nanocomposite for the reduction
(hydrogenation) of nitro-containing (hetero)aromatic
compounds to the corresponding amines using glycerol as
a reducing (hydrogen donor) agent in water at room temper-
ature (Fig. 2 and Table 1).** In the current work, we tried to
investigate the effect of other easily accessible reducing
(hydrogen donors) agents, namely isopropanol (i-PrOH),
sodium borohydride (NaBH,), and ammonium formate

Nanoscale Adv., 2025, 7, 2528-2553 | 2541
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Table 3 Comparison of the catalytic activity of the as-prepared FesO,@QAPTMS@Cp,ZrCly  — o, 1, 2y Nanocomposite with those of the literature
samples reported upon reduction (hydrogenation) and one-pot reductive acetylation of nitrobenzene®

N02 NH2
Reaction conditions
Part A
Entry Reaction conditions Time Yield Ref.
Al Fe;0,@APTMS@CP,ZrCl, ( — o, 1, 2) (7 mg); glycerol (2 mmol); H,O; r. t. 40 min 96% 14
A2 Fe;0,@APTMS@CP,ZrCly (x — o, 1, 2) (7 mg); -PrOH (2 mmol); H,O; r. t. 60 min 97% @
A3 Fe;0,@APTMS@CP,ZrCly (x — o, 1, 2) (5 mg); NaBH, (2 mmol); H,O; 1. t. 10 min 95% @
A4 Fe;0,@APTMS@CP,ZrCl, (; — o, 1, 2) (5 mg); HCO,NH, (2 mmol); H,O : PEG-400 (1: 1); 1. t. 60 min 97% a
A5 Fe;0,/fMWCNT-CS-Glu/Ni" (5 mg); NaBH, (2 mmol); H,0; 60 °C 4 min 98% 13a
A6 Fe;0,@Si0,@KCC-1@MPTMS@Cu™ (10 mg); NaBH, (2 mmol); H,0; 60 °C 5 min 98% 13d
A7 (7 wt%) Pd/C (30 mg); NaBH, (2 mmol); H,O; reflux 7 min 93% 13f
A8 CuFe,0, (48 mg); NaBH, (2 mmol); H,O; reflux 50 min 95% 13i
A9 Fe,Se,COy (3 mol%); NH,NH,-H,0 (2 mmol); H,0; 110 °C 15 min 89% 20
A10 Ni(OH),@PANI-1 (3.2 mol%); NaBH, (10 mmol); H,O; reflux 1.5h 85% 21
A1l Cu-BTC@Fe;0, (15 mg); NaBH, (4 mmol); CH;CH,OH : H,O (3:1); 45 °C 3h 99% 22
A12 IT-MHAP-Ag (60 mg); NaBH, (5 mmol); H,O; reflux 25 min 98% 23
A13 PSeCN/Ag (20 mg); NaBH, (5 mmol); H,0; 75 °C 25 min 99% 24
Al14 CoOCN (20 mg); NH,NH,-H,0 (2 mmol); H,O; 100 °C 5h 84% 25
A15 Fe;0,@Si0,@KIT-6@2-ATP@Cu’ (20 mg); NaBH, (5 mmol); H,O; T. t. 60 min 89% 26
A16 [C4(DABCO),]-NiCl, (80 mg); NaBH, (3.5 mmol); H,0; 70 °C 1 min 98% 27
Al7 Ru-N,P-Cy, (0.02 mol% of Ru); NaBH, (5 mmol); CH;CH,OH : H,0 (1:1); 1. t. 60 min 98% 28
A18 MBC-PVIm/Pd (30 mg); NaBH, (3 mmol); H,0; 50 °C 30 min 99% 29
A19 Si0,/Fe;0,-Si0,-NH,/Cu-Ag (5 mg); NaBH, (2 mmol); H,O; 70 °C 5 min 83% 30
A20 rGO@Fe;04/ZrCp,Cly (x — o, 1, 2) (20 mg); NH,NH, -H,O0 (2 mmol); CH;CH,OH; reflux 10 min 98% 31
A21 Se® (20 mol%); NaBH, (4 mmol); NaOH (1 mmol); H,0; 100 °C 3h 88% 32
A22 Fe;0,/GO-IL-Pd (50 mg); NaBH, (2 mmol); H,0; 60 °C 10 min 95% 33
A23 Fe;0,/Biochar-Pd (10 mg); NaBH, (5 mmol); CH;CH,OH : H,O (3:1); 70 °C 20 min 96% 34
A24 Cu-NPs (5 mol%); NaBH, (4 mmol); CH;CH,OH: H,O (1:3); I. t. 2h 99% 35
NO, NH
Reaction conditions
Part B
Entry Reaction conditions Time Yield Ref.
B1 Fe;0,@APTMS@CP,ZICly (x — o, 1, 2) (7 mg); glycerol (2 mmol); H,O; r. t.; Ac,O (1 mmol); 80 °C 75min  96% ¢
B2 Fe;0,@APTMS@CP,ZrCly (x — o, 1, 2) (7 mg); i-PrOH (2 mmol); H,0; r. t.; Ac,O (1 mmol); 80 °C 85min 96% ¢
B3 Fe;0,@APTMS@CP,ZICly (x — o, 1, 2) (5 mg); NaBH, (2 mmol); H,0; 1. t.; Ac,O (1 mmol); 80 °C 15 min  95% ¢
B4 Fe;0,@APTMS@CP,ZrCly « — o, 1, 2) (5 mg); HCO,NH, (2 mmol); H,O : PEG-400 (1:1); r. t.; Ac,O (1 mmol); 80 °C 75 min  96% “
B5 Fe;0,4/FMWCNT-CS-Glu/Ni" (5 mg); NaBH, (2 mmol); Ac,0 (1 mmol); H,0; 1. t. 5min  97% 13a
B6 Fe;0,@Si0,@KCC-1@MPTMS@Cu" (10 mg); NaBH, (2 mmol); Ac,0 (1 mmol); H,0; 60 °C 7min  95% 13d
B7 (7 wt%) Pd/C (30 mg); NaBH, (2 mmol); Ac,O (1 mmol); H,O; reflux 8min  88% 13f
B8 Cu(Hdmg), (10 mol%); NaBH, (3 mmol); EtOAc; 60 °C 170 min 97% 13k
B9 [C4(DABCO),]-NiCl, (80 mg); NaBH, (3.5 mmol); H,O; Ac,O (1 mmol); 70 °C 2min  98% 27
B10 rGO@Fe;0,4/ZrCp,Cl, (« — o, 1, 2) (20 mg); NH,NH,-H,O0 (2 mmol); Ac,O (2 mmol); CH3;CH,OH; reflux 15min  97% 31
B11 (2 wt%) Pd/(5 wt%) Sn-Al,O; (50 mg); H, atmosphere; Ac,O (1 mmol); H,O; . t. 3h 98% 36
B12  fZCu (100 mg); NH,NH,-H,O0 (2 mmol); CH;CO,H; 110 °C 6h 82% 37

“ Present work.

(HCO,NH,), on the stated organic transformation in the
presence of the mentioned superparamagnetic core-shell-
type zirconocene-containing nanocatalyst. For this purpose,
we carried out several tests to find the optimal reaction
conditions (Table S1%). After this stage, we investigated the
scope and limitations of the new and green reduction

2542 | Nanoscale Adv, 2025, 7, 2528-2553

(hydrogenation) protocols using various types of nitro(hetero)
arenes (Table 1). As shown in Table 1, the experimental
results indicate that substrates with electron-donating and
electro-withdrawing groups are also well tolerated under
optimized reaction conditions. Besides, the turnover
numbers (TONs) and turnover frequencies (TOFs) of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Recoverability and reusability experiments of the as-prepared FezsO4@APTMS@Cp,ZrCly  — o, 1, 2) hanocomposite

Reaction strategy

I 1I 111 v v VI VII VIII

Run Time Yield Time Yield Time Yield Time Yield Time Yield Time Yield Time Yield Time Yield
number (min) (%) (min) (%) (min) (%) (min) (%) (min) (%) (min) (%) (min) (%) (min) (%)

1 40 96 60 97 10 95 60 97 75 96 85 96 15 95 75 96

2 40 95 60 97 10 95 60 97 75 95 85 96 15 95 75 96

3 45 94 65 96 12 94 65 96 80 94 90 94 20 94 80 94

4 45 94 65 96 12 94 65 95 80 92 90 91 20 92 80 91

5 50 93 70 95 14 93 70 94 85 90 95 90 25 91 90 90

Fe;0,@APTMS@CPp,ZrCl, (x — o, 1, 2) Nanocatalyst in these
reactions were calculated and are listed in Table 1. Impor-
tantly, as indicated in Table 1, the values of TONs and TOFs
were satisfactory and acceptable. It is important to note that
the exact mechanism for the reduction (hydrogenation) of
nitro(hetero)arenes to the corresponding (hetero)aryl amines
using introduced hydrogen donors in the presence of the as-
prepared Fe;O,@APTMS@Cp,ZrCl, ( — o, 1, 2) nano-
composite as the heterogeneous mesoporous nanocatalyst is
unclear. Despite this issue, we introduced different plausible
mechanisms (two mechanisms to illustrate the role and
behavior of glycerol or i-PrOH (Schemes 1 and 2) and also one
reaction mechanism (Scheme 3) for NaBH, or HCO,NH,) in
the presence of the mentioned zirconocene-containing
nanocatalyst based on our observations and literature
data.'>'”

As illustrated in Schemes 1 and 2, when the nitro(hetero)
arene reduction (hydrogenation) reaction was carried out with
glycerol or i-PrOH as the reducing (hydrogen donor) agent in the
presence of the as-prepared Fe;0,@APTMS@CP,ZrCl, r — o, 1, 2)
nanocatalyst in water, we suspect that this reaction may have
occurred via two different pathways, including direct hydrogen
transfer and the hydridic route, based on literature data. In the
first pathway (Scheme 1), viz. direct hydrogen transfer, glycerol
or i-PrOH is activated by attaching to the zirconium metal.
Subsequently, by performing a Meerwein-Ponndorf-Verley
(MPV)-like reaction, hydrogen is transferred directly to the
nitro(hetero)arene molecule. Conversely, in the second pathway
(Scheme 2), viz. hydridic route, after the activation of glycerol or
i-PrOH by attaching to the zirconium metal, the B-hydride
elimination causes the formation of a zirconocene hydride
intermediate, which is capable of the reduction (hydrogenation)
of nitro(hetero)arene to the corresponding (hetero)aryl amine
through the transfer hydrogenation process. On the other hand
and as shown in Scheme 3, when the reduction (hydrogenation)
reaction was conducted with NaBH, or HCO,NH, as the
reducing (hydrogen donor) agent in the presence of the as-
prepared Fe;0,@APTMS@CP,ZrCl, (x — o, 1, ») Nanocatalyst in
the water solvent (or the H,0:PEG-400 mixture solvent), we
observed the production of hydrogen (H,) gas inside the reac-
tion vessel. Based on this observation, we believe that the in situ-
generated H, gas diffused in the reaction environment and was

© 2025 The Author(s). Published by the Royal Society of Chemistry

then activated by the zirconium (Zr) metal and the electron
pairs of oxygen belonging to the water molecule. After that,
replacing zirconium-attached chlorine with partially negative
charge hydrogen caused the formation of the zirconocene
hydride intermediate, which was one of the fundamental
intermediates in the mentioned reduction (hydrogenation)
reaction. Subsequently, the step-by-step hydrogen transfer
process from the zirconocene hydride intermediate to the
nitro(hetero)arene molecule, which was followed by the proton
exchange and then the elimination of two water molecules, led
to the reduction (hydrogenation) of the nitro(hetero)arene
molecule to the corresponding (hetero)aryl amine.

2.3. One-pot two-step reductive acetylation of nitro(hetero)
arenes to the corresponding N-(hetero)aryl acetamides

Developing effective and straightforward synthetic strategies for
constructing amides, which are prevalent functional and
structural elements in drugs, agrochemicals, peptides, proteins,
and many others, is highly valuable in organic synthesis.'®* From
the green chemistry point of view, one-pot reactions are always
the best choice for chemists due to their simplicity, time- and
cost-effectiveness, and many others.” In this regard, and
following successful reduction (hydrogenation) strategies for
nitro(hetero)arenes, we decided to introduce new one-pot two-
step reductive acetylation approaches for the efficient and
green synthesis of N-(hetero)aryl acetamides from nitro(hetero)
arenes. For this purpose, in the second step of the mentioned
one-pot organic transformation (viz. acetylation), we used acetic
anhydride (Ac,0) as an acetylating agent under different reac-
tion temperature conditions (80 °C) rather than step one (room
temperature). Under these reaction conditions, we successfully
prepared diverse N-(hetero)aryl acetamide derivatives (Table 2).
Notably, based on the amount of catalyst used, our protocols
have acceptable reaction times, yields, TONs, and TOFs
(Table 2). Furthermore, a plausible mechanism for the current
one-pot two-step reductive acetylation reactions is depicted in
Scheme 4. Briefly, after the reduction (hydrogenation) of the
nitro(hetero)arene molecule to the corresponding (hetero)aryl
amine, which is illustrated in Schemes 1-3, the in situ
obtained (hetero)aryl amine compound was acetylated through
attacking Ac,O, which was activated by the as-prepared
Fe;0,@APTMS@CP,ZrCly (r — o, 1, 2) Nanocatalyst (Scheme 4).

Nanoscale Adv., 2025, 7, 2528-2553 | 2543
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NH,

Aniline
Binding energy = — 4.1 kcal/mol
Conventional hydrogen bonds:
Ala643D (2/2.380 A and 3.324 A);
Thr646D (2 /2.150 A and 2.422 A);
Ala647D (1/3.343 A).

NH,

NH,

4-Aminoaniline
Binding energy = - 4.4 kcal/mol
Conventional hydrogen bonds:
Thr648A (1/2.015 A);
Ala652A (1/3.370 A);
Thr646B (1/2.947 A);
Thr648C (1/2.608 A);
Ala647D (1/3.134 A).

NH,

CHs

3-Methylaniline
Binding energy = — 4.6 kcal/mol
Conventional hydrogen bonds:
Thr646B (3 /2.820 A, 3.188 A, and 3.493 A);
Thr648C (1/2.619 A).

NH, OH

2-Hydroxymethylaniline
Binding energy = - 4.7 kcal/mol
Conventional hydrogen bonds:
Thr646B (1/2.536 A);
Thr648C (3/2.562 A, 2.677A, and 2.924 A);
Ala649C (1/2.796 A).

NH,

Br

4-Bromoaniline
Binding energy = — 4.3 kcal/mol
Conventional hydrogen bond:
Thr646D (1/2.998 A).

NH,

NH,

3-Aminoaniline
Binding energy = — 4.5 kcal/mol
Conventional hydrogen bonds:
Thr648A (1/2.373 A);
Thr646B (2 /2.056 A and 3.368 A);
Thr648C (1/2.486 A).

NH,

CHj
2,3-Dimethylaniline
Binding energy = — 4.9 kcal/mol
Conventional hydrogen bonds:
Thr648A (1/3.269 A);
Ala643D (2 /2.591 A and 3.275 A);

Thr646D (2 /1.935 A and 2.339 A);
Ala647D (1/3.450 A).

NH,
Cl

H
H

OH

2-Chloro-5-hydroxymethylaniline
Binding energy = — 5.3 kcal/mol
Conventional hydrogen bonds:
Thr648A (2 / 2.889 A and 3.098 A);
Ala649A (1/3.452 A);
Thr646B (2 / 2.476 A and 3.163 A);
Thr648C (2/2.315 A and 3.071 A).

Molecular docking studies between the transmembrane domain (TMD) of the
human N-methyl-D-aspartate (1NMDA) receptor and synthesized (hetero)aryl amines

NH,

Cl

4-Chloroaniline
Binding energy = — 4.5 kcal/mol
Conventional hydrogen bonds:
Thr646B (2 /2.531 A and 3.395 A);
Thr648C (2 /3. 241 A and 3.256 A).

NH,
©/NH2

2-Aminoaniline
Binding energy = - 4.5 kcal/mol
Conventional hydrogen bonds:
Thr648A (1/3.458 A);
Ala643D (2/2.267 A and 3.429 A);

Thr646D (5/2.375 A, 2.465 A, 3.054 A, 3.348, and 3.412 A);

Ala647D (1/2.716 A).

NH,

H
HO™ "H
4-Hydroxymethylaniline
Binding energy = — 5 kcal/mol
Conventional hydrogen bonds:
Thr646B (2 / 2.356 A and 3.408 A);
Thr648C (1/2.138 A);
Ala643D (1/2.902 A);
Thr646D (1/2.121 A);
Ala647D (1/3.027 A).

NH,

H
HO™ “CHy
4-(1-Hydroxyethyl)aniline

Binding energy = - 5 kcal/mol
Conventional hydrogen bonds:

Thr646B (1/2.941 A);

Ala643D (1/2.937 A);

Thr646D (2/2.091 A and 2.426 A);
Ala647D (3/2.206 A, 3.050 A, and 3.370 A).

NH,

2-Aminopyridine

Binding energy = - 4.2 kcal/mol
Conventional hydrogen bonds:
Ala643D (1/3.327 A);

Thr646D (3 /2.532 A, 3.024 A, and 3.410 A);
Ala647D (2 /3.067 A and 3.377 A).

View Article Online
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NH,

F

4-Fluoroaniline
Binding energy = — 4.6 kcal/mol
Conventional hydrogen bonds:
Thr646B (3 /2.824 A, 3.069 A, and 3.370 A);
Thr648C (1/2.971 A).

NH,

CHs

4-Methylaniline
Binding energy = — 4.6 kcal/mol
Conventional hydrogen bonds:
Thr646B (2 / 2.352 A and 3.386 A);
Thr648C (2 /3. 346 A and 3.441 A).

NH,

H
H

OH

3-Hydroxymethylaniline
Binding energy = - 5 kcal/mol
Conventional hydrogen bonds:
Thr648C (1/3.106 A);
Ala643D (1 /2.800 A);
Thr646D (2 / 1.887 A and 2.126 A);
Ala647D (2/3.036 A and 3.172 A).

NH,

H
CHy

OH

3-(1-Hydroxyethyl)aniline
Binding energy = — 5.3 kcal/mol
Conventional hydrogen bonds:
Thr646B (2 / 2.547 A and 3.372 A);
Thr648C (1/2.143 A);
Ala643D (1/3.303 A);
Thr646D (3/2.276 A, 2.910 A, and 3.380 A);
Ala647D (2/2.331 A and 3.216 A).

Fig. 5 Molecular docking studies between the transmembrane domain (TMD) of the human N-methyl-p-aspartate ((NMDA) receptor and

synthesized (hetero)aryl amines.

2.4. A comparative study

The practicality of the current diverse green procedures
for the convenient reduction (hydrogenation) and one-pot

2544 | Nanoscale Adv,, 2025, 7, 2528-2553

two-step reductive acetylation of nitro(hetero)arenes
the presence of the superparamagnetic core-shell-type Fes-
O,@APTMS@CP,ZrCly (x — o, 1, ) Nanocomposite as a powerful

in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Molecular docking studies between the transmembrane domain (TMD) of the

NH

/-Phen

Binding energy

ide

- 5.1 kcal/mol

N ¢

Binding energy = — 5.6 kcal/mol
Conventional hydrogen bond:
Zero.

NHCOCH

HO

Binding

Binding energy = — 5.7 kcal/mol
Conventional hydrogen bonds:
Thr648A (1/2.959 A);
Ala652A (1/3.209 A);
Thr648C (1/3.113 A).

human N-methyl-D-aspartate (hINMDA) receptor and synthesized N-(hetero)aryl acetamides

NHCOCH; NHCOCH:;

NHC

Binding energy = - 5.6 kcal/mol

Conventional hydrogen bond: Conventional hydrogen bond: Conventional hydrogen bond:
Zero. Thr648C (1/3.488 A). Zero.
NHCOCH H;COCHN OH
H
H
CH3 CHj

Binding energy = - 5.5 kcal/mol
Conventional hydrogen bond:
Thr646B (1/2.847 A).

energy = — 6.1 kcal/mol
Conventional hydrogen bonds:
Ala643D (1/2.844 A);
Thr646D (2 /2.073 A and 3.324 A);
Ala647D (2/3.015 A and 3.070 A).

et

Binding energy = — 5.4 kcal/mol

Binding energy =
Conventional hydrogen bonds:

Thr648C (5/2.056 A, 2.586 A, 2.856 A, 3.367, and 3.462 A);
Thr646D (1/2.491 A).

NHCOCH
~
N
H |
CHj; ¥
OH

Binding energy = — 4.9 kcal/mol
Conventional hydrogen bond:
Zero.

Fig. 6 Molecular docking studies between the transmembrane domain (TMD) of the human N-methyl-p-aspartate (1NMDA) receptor and

synthesized N-(hetero)aryl acetamides.

catalytic system is highlighted by a comparison of the obtained
results with those of some of the previously reported methods
on the mentioned organic transformations (Table 3). The stated
comparative study demonstrated that the current green
synthetic strategies have a relatively suitable place in terms of
efficiency compared to the previous protocols.

2.5. Recoverability and reusability experiments

In the next phase of this work, we assessed the recyclability
and reusability of the as-prepared core-shell-type Fe;O0,@-
APTMS@Cp,ZrCl, (x — o, 1, 2) Nanocomposite. As shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 4, we conducted the desired reaction strategies over five
consecutive runs without observing a significant loss in the
catalytic activity of the zirconocene-containing nanocatalytic
system.

2.6. Molecular docking and ADMET studies

It is worth noting that NMDA receptors have a hetero-
tetrameric structure consisting of an amino-terminal domain
(ATD), a ligand-binding domain (LBD), and a transmembrane
domain (TMD). To explore the protein-ligand interactions
between the transmembrane domain (TMD) of the human N-

Nanoscale Adv., 2025, 7, 2528-2553 | 2545
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Ala652
(Chain A)

Ala652
(Chain A)

Conventional Hydrogen Bond
Alkyl
7-Alkyl

Unfavorable Acceptor-Acceptor

Fig. 7 Close-up views (3D and 2D) of N-(3-(1-hydroxyethyl)phenyl)acetamide in the TMD of the hNMDA receptor.

methyl-p-aspartate (RANMDA) receptor (PDB ID: 7EU7) and our
obtained compounds (viz. (hetero)aryl amines and N-(hetero)
aryl acetamides), we carried out a molecular docking process
using AutoDock Vina as an open-source program for doing
molecular docking along with UCSF Chimera as a graphical
user interface. The obtained binding energies of the molecular
docking investigations ranged from —4.1 kcal mol™' to
—5.3 keal mol™" for (hetero)aryl amines (Fig. 5) and
—4.9 keal mol " to —6.1 kcal mol ™' for N-(hetero)aryl acet-
amides (Fig. 6). From the binding energy point of view, the
accomplished results verified that N-(3-(1-hydroxyethyl)
phenyl)acetamide with a binding energy of —6.1 kcal mol ' is
slightly better than other compounds. As shown in Fig. 7, N-(3-
(1-hydroxyethyl)phenyl)acetamide was able to form five
conventional hydrogen bonds with Ala643D (2.844 A),
Thr646D (2.073 A and 3.324 A), and Ala647D (3.015 A and
3.070 A) of the ANMDA receptor TMD. The mentioned
compound also has interactions with residues Ala652A (alkyl),

2546 | Nanoscale Adv., 2025, 7, 2528-2553

Thr648C (unfavorable acceptor-acceptor), Ala649C (w-alkyl),
Ala652C (m-alkyl), Ala647D (alkyl), and Ala650D (m-alkyl)
(Fig. 7). It is worthwhile to note that we conducted compara-
tive molecular docking studies between N-(3-(1-hydroxyethyl)
phenyl)acetamide as our hit compound and related medicinal
compounds (including Amantadine, Dextromethorphan,
Dextrorphan, Dizocilpine, Esketamine, and Huperzine A), and
N-(3-(1-hydroxyethyl)phenyl)acetamide appears to have
a distinct advantage for this purpose, from the binding energy
point of view (Fig. 8). Understanding the absorption, distri-
bution, metabolism, excretion, and toxicity (ADMET) param-
eters is essential for developing new drugs and drug-like
molecules.?® In this context, we utilized the free web tool
SwissADME, provided by the Swiss Institute of Bioinformatics
(http://www.swissadme.ch),* to assess the ADME properties
of N-(3-(1-hydroxyethyl)phenyl)acetamide. The in silico data
related to physicochemical properties and lipophilicity,
water solubility, pharmacokinetics, and drug-likeness and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Comparative molecular docking studies

Our hit compound

HN™

©\(CH3

OH

V-(3-(1-Hydroxyethyl)phenyl)acetamide
Binding energy = - 6.1 kcal/mol

NH, 0
H;C.
@ o

Amantadine
(Approved drug)
Binding energy = - 5.7 kcal/mol

Dextromethorphan
(Approved drug)
Binding energy = - 6.6 kcal/mol

3N

Dextrorphan
(Experimental drug)
Binding energy = — 6.8 kcal/mol

Dizocilpine
(Approved drug)
Binding energy = - 6.9 kcal/mol

0 CH CHs
\NH H
H_o
 _
Y
F HsC NH,

Esketamine
(Approved drug)
Binding energy = - 5.7 kcal/mol

Huperzine A
(Approved drug)
Binding energy = - 6.9 kcal/mol

NH, Q%N%

HsCr, -

Memantine
(Approved drug)
Binding energy = - 5.8 kcal/mol

Phencyclidine
(INicit drug)
Binding energy = — 6.4 kcal/mol

Fig. 8 Comparative molecular docking studies.

medicinal chemistry of the obtained N-(3-(1-hydroxyethyl)
phenyl)acetamide compound have been collected and are
shown in Fig. 9. Interestingly, the attained results demon-
strated that N-(3-(1-hydroxyethyl)phenyl)acetamide generally
possesses drug-like behavior because it could successfully
pass the four of five fundamental drug-likeness filters,
including Lipinski (Pfizer), Ghose (Amgen), Veber (GSK), and
Egan (Pharmacia). Furthermore, the mentioned organic
compound gratifyingly passed pan assay interference struc-
tures (PAINS) and Brenk filters. Also, the bioavailability radar
of the synthesized N-(3-(1-hydroxyethyl)phenyl)acetamide is
depicted in Fig. 9. On the other hand, the BOILED-Egg plot of
N-(3-(1-hydroxyethyl)phenyl)acetamide shows high gastroin-
testinal (GI) absorption and has blood-brain barrier (BBB)
permeability, and the red dot as a P-glycoprotein non-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substrate (PGP-) demonstrates predictions that the
mentioned organic molecule cannot be effluxed from the
central nervous system (CNS) by PGP (Fig. 9). Besides, the in
silico toxicity evaluation was carried out using an online
server, Deep-PK (https://biosig.lab.uq.edu.au/deeppk/).*® As
shown in Fig. 9, the results of the in silico Ames
mutagenesis, avian, and bee toxicity tests were safe for the
mentioned synthesized compound.

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. The
FT-IR spectra were recorded using a Thermo Nicolet Nexus 670
spectrometer. The "H and "*C{H} NMR spectra were recorded on
a Bruker Avance 300 MHz spectrometer at 300 MHz and 75 MHz,
respectively. The crystalline structure of the as-prepared
zirconocene-containing nanocomposite was investigated by
PXRD on a Philips PANalytical X'Pert Pro diffractometer (Neth-
erlands). The SEM image and EDX diagram of the as-prepared
Fe;0,@APTMS@Cp,ZrCl, (x — o, 1, 2) hanocomposite were
acquired using an FESEM-TESCAN MIRA3 electron microscope.
The exact amounts of Fe and Zr were detected by inductively
coupled plasma-optical emission spectrometry (ICP-OES). The
magnetic properties of the mentioned zirconocene-containing
nanocomposite were analyzed on an alternating gradient force
magnetometer (AGFM) at room temperature. The thermogravi-
metric analysis (TGA) was performed with a Shimadzu DTG-60
instrument under a nitrogen atmosphere. The nitrogen (N,)
gas adsorption-desorption isotherms were measured using
a Belsorp-Max (BEL Japan, Inc). Thin-layer chromatography
(TLC) was used to determine the purity of products and monitor
the reaction over a silica gel 60 F,5, aluminum sheet.

3.2. Preparation of the superparamagnetic core-shell-type
Fe;0,@APTMS@CPp,ZrCl, (x — o, 1, 2) Danocomposite

The superparamagnetic core-shell-type Fe;0,@APTMS@Cp,-
ZrCly (x — o, 1, 2) Nanocomposite was prepared accurately through
our previous research papers.**™**

3.3. General procedure for the green reduction
(hydrogenation) of nitro(hetero)arenes to (hetero)aryl
amines catalyzed by the as-prepared
Fe;0,@APTMS@CPp,ZrCl, (x — ¢, 1, 2) Danocomposite

As a representative example, in a round-bottom flask (10 mL)
equipped with a magnetic stirrer, a mixture of nitrobenzene (1
mmol) and H,O (2-3 mL) was prepared. Then, 5 mg of the as-
prepared  superparamagnetic  core-shell-type  Fe;0,@-
APTMS@CP,ZrCly (x — o, 1, 2) Nanocomposite was added, and the
mixture was stirred. In the next step, NaBH, (2 mmol) was
added, and the resulting mixture was continuously stirred at
room temperature for ten minutes. After the completion of the
reaction, the mentioned zirconocene-containing catalytic
system was separated from the reaction pot using an external

Nanoscale Adv., 2025, 7, 2528-2553 | 2547
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Formula: C1gH13NO>»

Molecular weight (MW): 179.22 g/mol

Number of heavy atoms: 13

Number of aromatic heavy atoms: 6

Fraction Csp3: 0.30

Number of rotatable bonds: 3

Number of hydrogen bond acceptors: 2

Number of hydrogen bond donors: 2

Molar refractivity (MR): 51.69

Topological polar surface area (TPSA): 49.33 A2

Gastrointestinal (Gl) absorption: High

BBB permeant: Yes

P-glycoprotein (P-gp) substrate: No

Cytochrome P450 1A2 (CYP1A2) inhibitor: No
Cytochrome P450 2C19 (CYP2C19) inhibitor: No
Cytochrome P450 C9 (CYP2C9) inhibitor: No
Cytochrome P450 2D6 (CYP2D6) inhibitor: No
Cytochrome P450 3A4 (CYP3A4) inhibitor: No
Log K, (skin permeation): -6.80 cm/s

LIPO

FLEX SIZE

INSATU POLAR

INSOLU

AMES mutagenesis: Safe
Avian: Safe

Bee: Safe

Bioconcentration factor: 0.11
Biodegradation: Safe
Carcinogenesis: Safe
Crustacean: Safe

Liver injury |: Safe

Eye corrosion: Safe

Eye irritation: Toxic
Maximum tolerated dose: 1.13
Liver injury Il: Toxic
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iLOGP): 1.79
XLOGP3): 0.83
Log Py (WLOGP): 1.18
Log Py (MLOGP): 1.27
Log Py (SILICOS-IT): 1.42
Consensus Log P,,: 1.30

Log Pom
LOQ P o/w

P

Log S (ESOL) / Solubility / Class: —1.62 / 4.32e+00 mg/ml ; 2.41e-02 mol/l / Very soluble
Log S (Ali) / Solubility / Class: —1.45 / 6.38e+00 mg/ml ; 3.56e—-02 mol/l / Very soluble
Log S (SILICOS-IT) / Solubility / Class: —2.64 / 4.07e-01 mg/ml ; 2.27e—03 mol/l / Soluble

Lipinski (Pfizer) filter: Yes

Ghose (Amgen) filter: Yes

Veber (GSK) filter: Yes

Egan (Pharmacia) filter: Yes

Muegge (Bayer) filter: No (violation = 1) {violation related to MW < 200}
Abbot bioavailability score: 0.55

Pan assay interference structures (PAINS) alert: 0

Brenk alert: 0

Lead-likeness: No (violation = 1) {violation related to MW < 200}
Synthetic accessibility score: 1.74

WLOGP

0 20 40 60 80 100 120 140 160

hERG blockers: Safe
Daphnia maga: 3.42
Micronucleos: Toxic
NR-AhR: Safe
NR-AR: Safe
NR-AR-LBD: Safe
NR-Aromatase: Safe
NR-ER: Safe
NR-ER-LBD: Safe
NR-GR: Safe
NR-PPAR-gamma: Safe
NR-TR: Safe

180 TPSA

T. Pyriformis: 1.17

Rat (acute): 1.61

Rat (chronic oral): 2.17
Fathead minnow: 3.75
Respiratory disease: Safe
Skin sensitisation: Toxic
SR-ARE: Safe
SR-ATADS5: Safe
SR-HSE: Safe
SR-MMP: Safe
SR-p53: Safe

Fig. 9 ADMET analyses of N-(3-(1-hydroxyethyl)phenyl)acetamide.

magnet. The reaction mixture was extracted with ethyl acetate
(EtOAc) (2 x 5 mL) and then dried over anhydrous sodium
sulfate (Na,SO,). Lastly, the solvent was evaporated under

2548 | Nanoscale Adv., 2025, 7, 2528-2553

liquid aniline in 95% yield.

reduced pressure followed by further purification using short-
column chromatography over silica gel which afforded pure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4. General procedure for the convenient one-pot two-step
reductive acetylation of nitro(hetero)arenes to N-(hetero)aryl
acetamides catalyzed by the as-prepared
Fe;0,@APTMS@Cp,ZrCly, (x — o, 1, 2) Nanocomposite

As an example, in a round-bottom flask (10 mL) equipped with
a magnetic stirrer, a mixture of nitrobenzene (1 mmol) and H,O
(2-3 mL) was prepared, and then, 5 mg of the as-prepared core-
shell-type Fe;0,@APTMS@CPp,ZrCl, (r — o, 1, 2) Nanocomposite
was added, and the mixture was stirred. In the next step, NaBH,
(2 mmol) was added, and the resulting mixture was continu-
ously stirred at room temperature for ten minutes. After
completion of the reduction (hydrogenation) step, acetic anhy-
dride (Ac,0) (1 mmol) was added to the reaction mixture, fol-
lowed by stirring for a further five minutes at 80 °C. After the
completion of the acetylation reaction, the mentioned super-
paramagnetic zirconocene-containing catalytic system was
separated from the reaction pot using an external magnet. The
reaction mixture was extracted with ethyl acetate (EtOAc) (2 x 5
mL) and then dried over anhydrous sodium sulfate (Na,SO,).
Lastly, the solvent was evaporated under reduced pressure fol-
lowed by further purification using short-column chromatog-
raphy over silica gel affording the pure acetanilide in 95% yield.

3.5. In silico molecular docking and ADMET

The molecular docking simulation was carried out using Auto-
Dock Vina (version 1.1.2) as an open-source program incorpo-
rating UCSF Chimera (version 1.15) as a graphical user interface
on an Apple MacBook Pro (Retina, 13-inch, Mid-2014, equipped
with a 2.8 GHz dual-core Intel Core i5 processor, 8 GB 1600 MHz
DDR3 memory, Intel Iris 1536 MB graphics, and 500 GB Apple
SSD SM0512F storage). The 3D crystal structure of the human N-
methyl-p-aspartate (ANMDA) receptor (PDB ID: 7EU7) was
downloaded from the Protein Databank (https://www.rcsb.org).
Before the molecular docking process, the protein structure
(PDB ID: 7EU7) was prepared using UCSF Chimera. The 2D
structures of the synthesized (hetero)aryl amines and N-
(hetero)aryl acetamides were generated using ChemBioDraw
Ultra (version 14.0.0.117). Then, the conversion of the 2D
skeletons to the related 3D structures of the ligands and their
energy minimization processes (by the MM2 force field
calculation method) was carried out using ChemBio3D Ultra
(version 14.0.0.117). Also, structure editing steps (including
dock prep and minimize structure) for the 3D ligands were
repeated using UCSF Chimera. The 3D structures of medicinal
compounds, which are shown in Fig. 8, were downloaded
from PubChem (https://pubchem.ncbi.nlm.nih.gov). All the
3D structures of the mentioned medicinal compounds
underwent the aforementioned structure editing steps using
UCSF Chimera. All the protein-ligand interactions were
analyzed using UCSF Chimera and BIOVIA Discovery Studio
(version v21.1.0.20298). The 3D figures of the protein-ligand
interactions were visualized using UCSF Chimera, and the
related 2D projects were drawn using ChemBioDraw Ultra.
The in silico ADME and toxicity analyses were investigated
using SwissADME (http://www.swissadme.ch) and Deep-PK
(https://biosig.lab.uq.edu.au/deeppk/), respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In this paper, diverse green and efficient reaction strategies for
the simple reduction (hydrogenation) and one-pot two-step
reductive acetylation of nitro(hetero)arenes using a core-shell-
type Fe;0,@APTMS@CP,ZICly  — o, 1, 2) Mmagnetically recover-
able nanocomposite as a powerful nanocatalytic system have been
reported. Notably, in the presented protocols, the as-prepared
superparamagnetic Fe;0,@APTMS@CPp,ZrCl, (» — o, 1, 2) Nano-
composite had satisfactory turnover numbers (TONs) and turn-
over frequencies (TOFs) and also acceptable reusability. In this
paper, the potential biological effect of the synthesized (hetero)
aryl amines and N-(hetero)aryl acetamides, as a series of small
organic molecules, against the transmembrane domain (TMD) of
the human N-methyl-p-aspartate (ANMDA) receptor based on
molecular docking studies has also been investigated. Besides,
the drug-likeness properties of N-(3-(1-hydroxyethyl)phenyl)acet-
amide, as the hit compound, using in silico ADMET analyses, have
been explored. Notably, research to find and develop new and
green synthetic strategies for pharmaceutically interesting small
organic molecules is underway in our research group.
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