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A novel magnetically separable Fe304@SiO2@TDI@DES catalyst was synthesized by covalent anchoring of Deep
Eutectic Solvent [DES; oxalic acid: choline chloride] on Fe304@SiO2@TDI magnetic nanoparticles. The structure
of the catalyst was confirmed by FT-IR, XRD, EDX, TGA-DTA, VSM, FE-SEM, and HR-TEM analyses. The syn-
thesized magnetically separable catalyst demonstrated excellent catalytic activity in the terms of yield and re-
action time for the synthesis of 2,é-(2-oxoindoline-sf?,diyl)bis(lH-indene-l,3(2H)—dione) from 1,3-indendione

and isatin. In addition, the catalyst could be reused for five runs without significant loss of catalytic activity. The
synthesized oxindole derivatives showed promising in vitro antioxidant activities which were further supported
by molecular docking and molecular dynamic (MD) simulation studies.

1. Introduction

Consequent to severe environmental pollution and stringent rules,
the creation of greener methodologies have had a significant influence
in modern synthetic chemistry [1-2]. Particularly, the developments of
greener methodologies using nontoxic and biocompatible catalysts have
received noteworthy significance in the development of sustainable
processes [3-4]. Implementation of sustainable methodologies for in-
dustrial scale synthesis using convenient and less harmful energy sour-
ces is the prime objective to cope with present global pollution [5-6].

In this context, deep eutectic solvent (DES) have attracted re-
searchers in the last few decades for their range of envisaged applica-
tions in organic reactions [7-8]. The catalytic efficiency of DES has been
explored in various organic reactions owing to their important features
such as biodegradability, high stability, low vapor pressure, high
selectivity, and low cost of synthesis [9-11]. However, catalytic appli-
cations of DES in synthetic conversions are hampered considerably due
to the need for a sizeable amount of DES, the tedious recovery process,
and loss during isolation [12]. Owing to these limitations, the effective
greenness of DES is lessened considerably.
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To circumvent this issue, immobilization DES on heterogeneous
supports have been introduced in recent years and revealed to play a
promising catalytic role in organic reactions [13,32]. Among the solid
supports, magnetic nanoparticles (MNPs) are found to be an excellent
support for the covalent immobilization of homogeneous catalysts [14].
Due to the uniform distribution of catalytic active sites on the surface
and the ease of magnetic separation from the reaction mixture, covalent
anchoring of DES on FesO4 MNPs have shown an excellent catalytic
performance in a variety of organic transformations [15-17].

On the other hand, oxindole is one of the important classes of ni-
trogen heterocycles prevalent in mammal body fluids, tissues, and nat-
ural products [18]. In this context, oxindole derivatives have attracted
the attention of researchers as these exhibit significant biological ac-
tivities such as antibacterial, antifungal [19], antiviral [20], antimi-
crobial [21], antileishmanial [22], and antioxidative [23] activities.
Also, some of the oxindole derivatives are being investigated primarily
for anticancer treatment [24] shown in Fig. 1.

The commercial approach for oxindole synthesis involves acid-
catalyzed condensation of arenes with isatin. The synthesis of oxin-
doles using p-TSA and ChCl/glycerol has been reported earlier [25],
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Fig. 1. Biologically active naturally obtained oxindole derivatives.
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Scheme 1. Fe3;0,@SiO,@TDI@DES catalyzed synthesis of oxindole.

however, lower yield, longer reaction time, difficult to recycle, and poor
selectivity have been the limiting factors. With this rationale, we
demonstrate an efficient and sustainable method for the synthesis of
oxindoles via a one-pot pseudo-three component reaction of 1,3-inden-
dione and isatin catalyzed by Fe304@SiO2@TDI@DES magnetic catalyst
in ethanol under reflux condition. In addition, the synthesized oxindoles
(Scheme 1) have been tested for their antioxidant activities and further
supported by molecular docking study as well as molecular dynamic
(MD) simulation.

2. Experimental
2.1. General

The required chemicals were purchased from Spectrochem and
Sigma-Aldrich chemical company and used without any further purifi-
cation. The progress of reactions was monitored by thin-layer chroma-
tography (TLC) on a silica-coated aluminum plate. Melting points of
synthesized compounds were measured in the open capillary. 'H and '3C
NMR were recorded on Bruker AC (300 MHz and 400 MHz) at operating
frequencies 75 and 100 MHz using DMSO-d¢ as a solvent and TMS
(tetramethylsilane) as an internal standard. The mass of synthesized
compounds was recorded using Waters ZQ-4000 (ESI-MS) in positive ion
mode. FT-IR spectra were recorded using a KBr pellet with a Bruker IR
spectrophotometer in the range 4000-400 cm '. XRD pattern of the
synthesized materials was recorded using Ultima IV, Rigaku Corpora-
tion. The thermal stability study of the catalyst was performed using a
TGA, Netzsch STA 409 under a nitrogen atmosphere at the flow rate of
20 mL min. ! with a heating rate of 10 °C min. ™! from 40 °C to 700 °C.
The chemical composition of the Fe304@SiO2;@TDI@DES was deter-
mined using EDX on JSF-7600F. The surface morphology of the material
was studied using FE-SEM on TESCAN, Mira3, and HR-TEM on Tecnai
G2, F30. Magnetic properties of Fe304@SiO.@TDI@DES nano-
composite were measured using a VSM of the Lakeshore 7410S model.

2.2. Catalyst preparation

2.2.1. Preparation of Fe304

A co-precipitation method was preferred to prepare Fe3O4 magnetic
nanoparticles (NPs) by taking FeCl3-6H20 and FeCly-4H0 as starting
precursors. An aqueous solution of Fet® and Fe™ was prepared in a
molar ratio of 2:1 and kept for heating at 50 °C for 10 min. Then,
aqueous ammonia solution was added slowly to maintain pH 11 and stir
continuously for 2 h. The obtained black precipitate of Fe304 was
separated using an external magnet and washed thoroughly with
distilled water till the solution becomes neutral. Further, Fe304 was
rinsed with ethanol and then kept for drying at 50 °C in the oven
[26-27].

2.2.2. Preparation of Fes04@SiO2 nanoparticles

The surface Fe304 MNPs were modified by silica layer using tet-
raethyl orthosilicate (TEOS) by employing a sol-gel process to avoid
oxidation and aggregation. The Fe304 MNPs (0.25 g) were added to a
mixture of ethanol and water (40 mL + 15 mL) and then dispersed
uniformly in an ultrasonicator. The resultant solution was diluted with
4.5 mL conc. NH40H, and then TEOS (1 mL) slowly added with stirring.
After the complete addition of TEOS, the above solution was kept for
stirring for 12 h at room temperature. After completion of the reaction,
the precipitate of Fe304@SiO2 was separated by applying an external
magnetic field. Using water and ethanol the Fe304@SiO2 MNPs were
rinsed utterly and kept in a vacuum oven for drying at 50 °C [28-29].

2.2.3. Preparation of Fe3s04@SiO2@TDI nanoparticles
Fe304@SiO,@TDI was prepared from a reported procedure with
slight modification [30]. The synthesized Fe304@SiO2 (1.0 g) was
dispersed in 50 mL dry toluene and 1.40 g of TDI was mixed into it ul-
trasonically for 10-15 min. The reaction mixture was kept stirring for 6
h. The reaction between well-dispersed Fe3O4@SiO, and TDI resulted in
the formation of desired Fe304@SiO,@TDI MNPs under ultrasonic
condition. To remove the physisorbed and unreacted TDI molecules, the
Fe304@SiO2@TDI was centrifuged and rinsed with dry toluene, and



P. Swami et al.

Journal of Molecular Structure 1292 (2023) 136079

OH
oH | OH

N /

TEOS/EtOH, Hy0 _ 1y

= < NH,
FeC 13 + FeC ]3 T @

OH OH

Toluene diisocyanate

R -
NH,

/ SIOZ \

OH— @ —OH

/s.r)\

Si0,

Dry Toluene, 95 °oC

OH |
OH
N=C=C
Q¥
L_0—C CH,
Si0,
DES. 90 °C, 10 h
O
@ H L
NH—(:—(‘)\/\lf G s
N \I{-—{)——(‘

CHj; T
O

Scheme 2. Synthesis of magnetically separable Fe304@SiO>;@TDI@DES catalyst.

then vacuum dried at 80 °C for 24 h [30].

2.2.4. Preparation of DES

In a round bottom flask, the mixture of choline chloride and oxalic
acid was placed in a 1:1 molar ratio and heated up to 100 °C to get a
clear, transparent, homogeneous DES, choline chloride: oxalic acid with
100% atom economy [31].

2.2.5. Synthesis of DES functionalized Fes04 @SiO2@TDI@DES

A mixture of Fe304@SiO>@TDI (0.600 g) and DES [choline chloride:
oxalic acid] (0.600 g) was placed in a 50 mL round bottom flask and
stirred for 18 h at 100 °C. After completion of the reaction, 10 mL water
was added to the reaction mixture to remove unreacted DES, and then
ethanol was used to rinse the desired Fe304@SiO>@TDI@DES. The solid
catalyst was oven dried at 50 °C for 10 h [32]. The schematic diagram
for the synthesis of Fe304@SiO,@TDI@DES catalyst is shown in
Scheme 2.

2.3. General procedure for preparing oxindoles

A mixture of 1,3-indendione (2 mmol), isatin (1 mmol), and
Fe304@SiO2@TDI@DES (0.015 g) in 5 mL ethanol was stirred at 80 °C
till completion of the reaction as monitored by thin-layer chromatog-
raphy (TLC). After completion of the reaction, the catalyst was separated
easily by an external magnet. The pure product was obtained by washing
the precipitate with hot EtOH. The structure of unknown oxindoles was
ascertained by spectroscopic techniques such as IR, 'H, and 3C NMR
and mass spectrometry.

2.4. In silico studies

2.4.1. Protein and ligand preparation
The previously reported 3D Crystal structure of aromatase with PDB:

3s79 having 2.75 A resolution was downloaded from the RCSB Protein
data bank (https://www.resb.org/) [33]. The further downloaded pro-
tein structure was cleaned by removing water molecules and previously
bound ligand groups and the addition of polar hydrogen atoms to the
cleaned protein was done to define the correct ionization as well as
tautomeric states of amino acid residues. Thereafter prepared protein
structure was validated using the PROCHECK tool to determine the
quality of the protein [34].

The binding pocket was predicted using CASTp 3.0 server [35].
These identified active binding sites were used for the identification of
the best ligand binding site in the respective target protein. The struc-
tures of synthesized compounds in Table S1 (Shown in supporting in-
formation) have been drawn and saved as mol2 files by using
ACD/ChemSketch software (https://www.acdlabs.com/) and thereafter
imported into BIOVIA Discovery Studio (DS) 2020 to optimize by adding
hydrogen atoms and convert into PDB files format for further in-silico
studies.

2.4.2. Molecular docking analysis

Molecular docking studies were performed to check the binding sites
and interactions occurring between the synthesized compounds and the
target protein (PDB: 3s79). Molecular docking was performed using
PyRx 0.8 software [36]. The PDB file format of 3579 as a macromolecule
and the SDF file format of all synthesized compounds were imported in
PyRx. Synthesized ligands were then converted to PDBQT format using
the Open Babel plugin of PyRx and further used for molecular docking.
The grid box for the PDB ID: 3579 was selected in the Vina workspace of
PyRx to cover the binding site residues, with center X: 83.3339, Y:
50.1222, Z: 46.4506 and dimensions X: 59.8626 /0\, Y: 71.3579 ./°\, Z:
50.5436 A. The docking procedure was carried out on the AutoDockVina
plugin of PyRx. The exhaustiveness was set to default at 8. Nine different
poses (conformations) were predicted for each ligand with the selected
target protein displayed. Further, the best pose with minimum binding
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Fig. 2. FT-IR spectra of (a) Fe304, (b) Fe304@SiO,, (c) Fe304@SiO>@TD], (d) Fe304@SiO,@TDI@DES (e) Fe30,@Si0,@TDI@DES after 5th run.

energy was selected for each ligand. Docking interaction visualization
and analysis of saved pose were carried out using the BIOVIA DS 2020.

2.4.3. Drug-likeness and in-silico ADMET properties

The evaluation of drug-likeness and pharmacokinetic properties of
the synthesized compounds was done by the computational method
using SwissADME and pkCSM servers [37-38]. Drug-likeness of com-
pounds was predicted based on various rules such as Lipinski, Ghose,
Veber, Egan, and Muegge, and their synthetic accessibility [39]. Phar-
macokinetic ADMET (absorption, distribution, metabolism, excretion,
and toxicity) properties were studied to evaluate the activity of syn-
thesized compounds within the human body [40]. The oral bioavail-
ability of compounds showing good permeability of membrane and
hydrophobicity of drug molecules is indicated by the Log P, TPSA, MW,
HBA, and HBD values [41].

2.4.4. Molecular dynamic simulation

Protein-ligand complex having high binding affinity was subjected to
Molecular dynamics (MD) simulation by using WebGRO and CABS-flex
2.0 [42-43]. WebGRO tool is based on GROMACS and the GROMOS96
43al force field was chosen to perform this simulation [44]. To perform
MD simulation, the protein (PDB ID: 3s79) structure file was uploaded
on WebGRO in PDB format. The PRODRG 2.5 server was used to prepare
the ligand topology file [45]. The water model was selected as SPC with
a triclinic box. Energy minimization parameters were set to default at
the steepest descent algorithm with 2000 steps. The simulation was
neutralized and performed in the presence of 0.15 M NaCl with a con-
stant temperature of 300 K and pressure of 1.0 bar. The equilibration
process was done after energy minimization using the NVT/NPT. After
equilibration, all other parameters were set to default, and the final
production MD simulation was performed for 100 ns to check the sta-
bility of the protein-ligand complex. Complex stability was evaluated by
analyzing the root mean square deviation (RMSD) and root mean square
fluctuation (RMSF) of the obtained trajectory. RMSD profiles of the
complex were evaluated through the WebGRO server and RMSF was
evaluated through CABS-flex 2.0 with default settings.

2.5. Antioxidant assay

2.5.1. Determination of antioxidant activity by DPPH- scavenging assay

The method of Patil et al., (2020) was adopted to carry out the assay
[46]. Using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging,
the investigated compound’s free radical scavenging activity was
calculated. 2 mL of 1.0 mmol L ~ ! DPPH radical solution produced in
methanol and 1 mL of synthesized chemicals (100 pg) make up the re-
action mixture. The solution was quickly mixed, then incubated at 37 °C
for 20 min. in the dark. A decrease in absorption at 517 nm was used to
evaluate the reduction of DPPH radical in each solution using a UV-Vis
spectrophotometer. The positive control was ascorbic acid. The per-
centage of radical scavenging (%) was subsequently calculated as
equation 1.

% Radical scavenging = Absorbance of control - Absorbance of sample/control
X 100

2.6. Spectral data of unknown compounds

2,2— (5-chloro-2-oxoindoline-3,3-diylD)bis(1H-indene-1,3(2H) -dione) (3
g): (Table 2, entry 7):

Gray solid; Mp: 250-252 °C; FT-IR (KBr): 761, 1267, 1602, 1709,
2908, 3084, 3403; 'H NMR (400 MHz, DMSO-dg): 5 4.76 (2H, s, CH),
6.71 (1H, d, J = 8 Hz, ArH), 6.78 (1H,d, J = 2 Hz, ArH), 7.01-7.04 (1H,
m, J = 12 Hz, ArH), 7.78-7.88 (8H, m, ArH), 10.67 (1H, s, -NH); '3C
NMR (100 MHz, DMSO-dg): 6 52.51, 111.62, 123.16, 123.29, 126.49,
129.08, 130.10, 136.18, 136.43, 141.96, 142.14, 175.86; LC-MS (ESI):
m/z = 456 [M + 1].

2, 2-(5 -iodo-2-oxoindoline-3,3-diy))bis(1H-indene-1,3(2H) -dione) ~ (3
h): (Table 2, entry8):

Gray solid; Mp: 262-264 °C; FT-IR (KBr): 758, 1264, 1592, 1709,
2921, 3080, 3321, 3354; 'H NMR (400 MHz, DMSO-dq): & 4.73 (2H, s,
CH), 6.56 (1H, g, J = 10 Hz, ArH), 7.07 (1H,s, ArH), 7.34 (1H, d, J = 8
Hz, ArH), 7.81-7.82 (8H, m, J = 6 Hz, ArH), 10.65 (1H, d, NH); BCNMR
(100 MHz, DMSO-dg): & 52.27, 84.16, 112.67, 123.11, 123.17, 130.80,
131.60, 136.14, 136.38, 137.82, 142.15, 142.94, 175.56 LC-MS (ESI):
m/z = 548 [M + 1].
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2, 2 (1-(4-chlorobenzyl)—2-oxoindoline-3, 3-diyl)bis(1H-indene-1,3
(2H)-dione) (31): (Table 2, entry 9):

Gray solid; Mp: 234-236 °C; FT-IR (KBr): 762, 1255, 1598, 1703,
2884, 3010; TH NMR (400 MHz, DMSO-dg): & 4.65(2H, s, CH), 4.76(2H,
s, CH2), 6.34-6.56(1H, m, ArH), 6.67-6.79(1H, m, ArH), 6.87-7.37(7H,
m, ArH), 7.74-8.20(7H, m, ArH); 13¢ NMR (100 MHz, DMSO-dg): &
43.46, 51.95, 53.72, 92.05, 109.47, 122.96, 123.14, 128.60, 128.78,
129.20, 135.86, 136.15, 142.20, 148.60, 174.67, 189.28; LC-MS (ESI):
m/z =546 [M + 1].

2,2-(1-( 4-methylbenzyl) —2-oxoindoline-3,3-diyDbis(1H-indene-1,3
(2H)-dione) (3j): (Table-2, entry 10):

Gray solid; Mp: 242-244 °C; FT-IR (KBr): 758, 1256, 1600, 1702,
2820, 2966; H NMR (400 MHz, DMSO-dg): 6 2.16 (3H, s, CH3), 4.62
(2H, s, CH), 4.74 (2H, s, CHy), 6.50 (1H, d, ArH), 6.67 (1H, d, ArH),
6.86-7.15 (7H, m, ArH), 7.44-7.86 (7H, m, ArH); 3¢ NMR (100 MHz,
DMSO-dg): 6 21.11, 43.71, 52.13, 109.71, 122.76, 123.05, 123.12,
127.25, 127.31, 127.43, 127.57, 129.16, 129.24, 129.37, 129.42,
129.88, 132.46, 136.07, 136.37, 136.88, 140.00, 142.32, 143.67,
174.51, 191.17, 192.14; LC-MS (ESI): m/z = 526 [M + 1].

3. Results and discussion
3.1. Characterization of Fe304@SiO2@TDI@DES

The synthesized Fe304@SiO.@TDI@DES magnetic catalyst was
characterized by various tools such as Fourier transform-infrared (FT-
IR) spectroscopy, X-ray diffraction spectroscopy (XRD), thermogravi-
metric analysis (TGA-DTA), energy dispersive X-ray spectroscopy (EDX),
field emission scanning electron microscopy (FE-SEM), high-resolution
transmission electron microscopy (HR-TEM), and vibrating sample
magnetometry (VSM) analyses.

3.1.1. Fourier transform-infrared (FT-IR) spectra

The FT-IR spectrum of Fe304@SiO,@TDI@DES was recorded in the
range from 400 to 4000 cm ! (Fig. 2).

The FT-IR spectra in Fig. 2 show absorption at 589 cm™! corre-
sponding to Fe-O stretching [47], whereas the stretching vibration of a
hydroxyl group O—H is appeared at 3410 cm ™. The bending vibration
of adsorbed water is responsible for the appearance of the stretching
band at 1626 cm ™! (Fig. 2a). The symmetric and asymmetric stretching
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Fig. 6. FE-SEM images (a, b) of Fe30,@SiO>@TDI@DES.

vibrations of the Si-O-Si bond appeared at 948 cm ™! and 1093 cm™!
respectively (Fig. 2b) [48-49]. The anchoring of the TDI molecule on the
surface of Fe304@SiO3 was confirmed based on stretching vibrations at
2273 em ™}, 1630 cm™}, and 1545 cm ™! corresponding to orthoisocya-
nate group, carbonyl stretching and C = C stretching of the phenyl ring
(Fig. 2¢) [50]. The disappearance of the band at 2273 em™! corre-
sponding to orthoisocyanate stretching corroborates the attachment of
DES to the isocyanate group of TDI. Also due to the hydrogen bonding
present between oxalic acid and choline chloride, the value of C = O
stretching decreases up to 1662 cm™! (Fig. 2d). The FT-IR spectrum of
Fe304@SiO,@TDI@DES after 6th run found to be unchanged indicating
structural integrity of the catalyst (Fig. 2e).

3.1.2. X-ray diffraction (XRD) spectra

The crystalline structure of the synthesized NPs was examined using
the X-ray powder diffraction technique. As shown in Fig. 3, diffraction
peaks at 30.1 (220), 35.4 (311), 43.2 (400), 53.6 (422), 57.1 (511), and
63 (440) explicitly show the formation of the Fe3O4 NPs and the data
was in good agreement with the Joint Committee on Powder Diffraction
Standards (JCPDS card no.01-071-6336) [51-52]. The broad diffrac-
tion peaks at ~20-23 correspond to the amorphous state of SiO3 shell
surrounding the FegO4 nanoparticles (Fig. 3b). Even after functionali-
zation, the diffraction pattern and location of the characteristic peaks
were observed in Fe3O4@SiO,@TDI@DES (Fig. 3c) confirming that the
crystalline spinel structure is retained.
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3.1.3. Thermogravimetric analysis-Differential thermal analysis (TGA-
DTA)

Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) experiment of Fe304@SiO2,@TDI@DES was carried out in an Ny
atmosphere at a heating rate of 10 °C min.™! as shown in Fig. 4a. The
first step of the thermogram in TGA and deep endotherm peak in DTA
occurs within the temperature range of 25-100 °C (3.95%) due

evaporation of the physically adsorbed water molecules. The second
weight loss curve is around 100-275 °C (14.20%) in TGA due to the
elimination of the hydroxyl group and oxidative degradation of the
surface-bound organic moiety. The main weight-loss step, which initi-
ates at the onset point of 275 °C up to 350 °C in TGA and a slight
endothermic event at 382 °C in DTA, corresponds to the complete
degradation of magnetite doped TDI and DES molecules. By the end of
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Fig. 9. Magnetic separation of the catalysts from the reaction medium.

this step, a total of 58.71% of the mass is lost from 350 °C onwards in
TGA and a deep endothermic peak at 577 °C in DTA is attributed to the
disintegration of carbonaceous material by removing gaseous CO;
molecules. Finally, it is deduced that the prepared magnetic nano-
catalyst Fe304@SiO2@TDI@DES is thermally stable up to 275 °C [15,
53]. Also, we found almost same thermal behavior of the reused catalyst
(Fig. 4b).

3.1.4. Energy dispersive X-ray (EDX)

The elemental status of the Fe304@SiO>@TDI@DES sample can be
investigated effectively using EDX analysis (Fig. 5). The EDX results
show the presence of the expected elements Fe (15.05 w/w percent), O

Table 1
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(30.51 w/w percent), Si (17.06 w/w percent), N (11.3 8 w/w percent), C
(19.29 w/w percent), and Cl (6.71 w/w percent), indicating the nano-
catalyst structure.

3.1.5. Field emission scanning electron microscopy (FE-SEM)
FE-SEM analysis was employed to study the surface morphology and
particle size of Fe304@SiO>@TDI@DES NPs. As can be seen in Fig. 6a

Table 2
Fe304@Si0,@TDI@DES catalyzed synthesis of Z,é-(2-ox0indoline-3—3diyl)bis
(1H-indene-1,3(2H)-dione)".

Entry R; R Product Time Yield® M.P.(°C)
(min) (%) [Literature]

1 H H 3a 17 95 255-257 [25a]
2 H Br 3b 28 88 242 [25a]
3 H F 3c 37 94 243 [25a]
4 H NO, 3d 20 96 227-230 [25a]
5 -CH,Ph H 3e 31 87 218-221 [25a]
6 H OMe 3f 35 85 245-246 [25b]
7 H Cl 3g 25 91 250-252¢
8 H I 3h 24 93 262-264°
9 -CH,PhCl H 3i 33 90 234-236°
10 -CH,PhMe H 3j 32 86 242-244°

2 Reaction conditions: isatin (1 mmol), 1,3-indendione (1 mmol), and
Fe304@SiO>@TDI@DES (15 mg) in ethanol (5 mL) at 80 °C.PIsolated yield.
“Novel compound.

Table 3

Comparison of catalytic efficiency of Fe30,@SiO>@-TDI@DES with reported
catalysts in the synthesis of 2,2-(2-ox0indoline-3—3diyl)bis(lH-indene-1,3(2H)-
dione).

Conditions Time Yield
(min) (%)

Entry  Catalyst

1 Fe304 Ethanol/80 °C, Reflux 180 Trace
2 Fe30,@SiO, Ethanol/80 °C, Reflux 180 Trace
3 p-TSA EtOH/40 °C, Ultrasound 120 90
4 ChCl/ glycerol ChCl/ glycerol, 70 °C 15 94
5 Fe304 @SiO,@TDI@DES Ethanol/80 °C, Reflux 17 95

Optimization study for the synthesis of 2,2’-(2-oxoindoline-3—3diyl)bis(1H-indene-1,3(2H)-dione)“.

Fe;0,@Si0,@TDI@DES
Ethanol, Reflux, 80°C

1 2 3a-

Entry Catalyst (mg) Conditions Time (min) Yield"(%)
1 - H,O/RT 120 0
2 - Ethanol/RT 920 0
3 Fe304 @SiO,@TDI@DES (5) Ethanol/RT 70 74
4 Fe304 @SiO2@TDI@DES (5) CH3CN/60 oC 82 47
5 Fe304 @SiO,@TDI@DES (5) Chloroform/60 °C 36 55
6 Fe304 @SiO,@TDI@DES (5) Ethyl acetate/60 °C 41 60
7 Fe304 @SiO.@TDI@DES (5) Toluene/60 °C 91 39
8 Fe304 @SiO,@TDI@DES (5) THF/60 °C 65 70
9 Fe304 @SiO,@TDI@DES (5) Methanol/60 °C 40 53
10 Fe30,4 @SiO,@TDI@DES (5) Acetone/60 °C 50 49
11 Fe304 @SiO,@TDI@DES (5) n-Hexane/60 °C 95 45
12 Fe304 @SiO,@TDI@DES (5) Ethanol/60 °C 57 81
13 Fe304 @SiO,@TDI@DES (10) Ethanol/60 °C 50 84
14 Fe304 @SiO>@TDI@DES (15) Ethanol/60 °C 45 88
15 Fe304 @SiO,@TDI@DES (15) Ethanol/80 °C 17 95
16 Fe304 @SiO,@TDI@DES (20) Ethanol/80 °C 17 95

2 Reaction conditions: isatin (1 mmol), 1,3-indendione (1 mmol), and Fe30,@SiO,@TDI@DES (15 mg) in ethanol (5 mL) at 80 °C. bIsolated yield.
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Fig. 10. Ramachandran plot of the aromatase (PDB ID: 3579) showing 86.6% residues in the favored region.

Fig. 11. Binding pocket (red) present in 3s79.

and 6b, the particles are flakes shaped in the form of clusters and reveal
the transparent and core-shell morphology of the catalyst.

3.1.6. High-resolution transmission electron microscopy (HR-TEM)
The morphology and particle size of Fes04@SiO2@TDI@DES was
further investigated by HR-TEM. Fig. 7 (a-d) shows the high-resolution

images of Fe304@SiO2@TDI@DES nanocomposite, which reveal the
uniform distribution of organic moiety on the surface of nanoparticles.
The formation of the core-shell was observed around the small Fe304
nanoparticles, which is the main focus of the present report for the
preparation of the core-shell nanocatalyst. Fig. 7a shows the formation
of nano spherical surface morphology with an average particle size of 11
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Table 4

The Binding affinity of synthesized compounds against the aromatase (PDB ID:

3s79) along with interacting residue and type of interaction.

Interacting residue

Type of interaction

Compound Binding
No. affinity

(kcal

mol™1)
3a -10.3
3b -10.1
3c —-11.2
3d -10.3
3e -11.2
3f -10
3g -10

LEU152, ILE133,
PHE148, ALA306,
ILE132, ALA438,
THR310, ARG115,
PHE430, VAL370,
CYS437, VAL373,
LEU372, LEU477,
TRP224, GLY439,
MET303

LEU152, GLY439,
ASP309, PHE221,
SER478, VAL370,
LEU477, PHE134,
ILE132, ARG435,
ARG145, TRP224,
ARG115, ILE133,
CYS437, ALA438,
THR310, ALA306,
PHE148

ILE132, ALA306,
PHE148, ILE133,
MET303, GLU302,
THR310, CYS437,
ALA443, PHE430,
TRP224, VAL370,
PHE221, LEU477,
ARG115, GLY439
SER478, PHE221,
VAL370, ASP309,
ARG115, THR310,
CYS437, PHE430,
PRO429, MET364,
GLY439, LEU152,
PHE148, ILE132,
MET303, ALA306,
GLY302, ALA438,
ILE133, PHE134,
LEU477, TRP224
MET374, VAL373,
PHE430, CYS437,
TRP224, VAL370,
THR310, SER478,
PHE221, ASP309,
ALA438, ILE132,
ARG145, ILE133,
PHE148, ALA306,
MET303, LEU152,
GLY439, PHE134,
ARG115, LEU477
SER478, LEU372,
LEU477, TRP224,
VAL370, PHE134,
ILE133, GLU302,
MET303, ILE132,
ALA438, PHE148,
LEU152, ALA306,
GLY439, PRO429,
CYS437, PHE430,
ARG115, THR310
LEU152, GLY439,
ASP309, TRP224,
PHE221, SER478,
VAL370, LEU477,
PHE134, ARG145,
ILE132, ARG435,
ARG115, ILE133,
CYS437, THR310,
ALA306, ALA438,
PHE148

VDW, H Bond, Pi-
Donor H Bond, Pi-
Sigma, Pi-Sulfur, Pi-
Alkyl

VDW, H Bond, Pi-Pi T
Shaped, Pi-Sulfur, Pi-
Alkyl, Alkyl

VDW, Halogen, Pi-
Donor H Bond, Pi-
Alkyl

VDW, H Bond, Pi-
Donor H Bond, Pi-
Sigma, Pi-Sulfur, Pi-
Alkyl

VDW, Pi-Pi T Shaped,
Pi-Alkyl

VDW, H Bond, Pi-
Sigma, Pi-Sulfur, Pi-
Alkyl, Alkyl

VDW, H Bond, Pi-Pi T
Shaped, Pi-Sulfur, Pi-
Alkyl, Alkyl
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Table 4 (continued)

Compound Binding

No. affinity
(kcal
mol ™)

Interacting residue Type of interaction

3h -10.2 VAL373, CYS437,
TRP224, ASP309,
VAL370, PHE221,
SER478, THR310,
LEU477, LEU152,
PHE148, ALA306,
ILE132, ILE133,
ALA438, PHE134,
MET374, ARG115
THR310, ALA307,
TRP224, ALA306,
PHE134, LEU477,
LEU372, LEU152,
PHE148, ILE132,
MET374, ILE133,
MET303, ALA438,
VAL370, CYS437,
GLY439, ARG115,
VAL373, PHE430,
ALA443

ALA443, VAL373,
ARG115, PHE430,
CYS437, VAL370,
GLY439, VAL370,
ILE132, ALA438,
MET303, ILE133,
LEU152, PHE148,
LEU372, LEU477,
PHE134, MET374,
ALA306, TRP224,
ALA307, THR310

VDW, H Bond, Pi-
Cation, Pi-Alkyl

3i -11.7 VDW, Pi-Donor H
Bond, Pi-Sigma, Pi-
Sulfur, Pi-Alkyl, Pi-

Cation, Alkyl

3j -11.9 VDW, Pi-Donor H
Bond, Pi-Sigma, Pi-
Sulfur, Pi-Alkyl, Pi-

Cation, Alkyl

nm.

3.1.7. Vibrating sample magnetometer (VSM) analysis

The magnetic properties of Fe304@SiO2@TDI@DES nanocomposite
were investigated by a vibrating sample magnetometer (VSM) at room
temperature. The saturation magnetization of Fe3O4 (Fig. 8a) and
Fe304@SiO,@TDI@DES (Fig. 8b) are 74 emu/g and 7.4 emu/g
respectively, at an applied field of 15,000 Oe (Fig. 8). VSM study of
Fe304@SiO,@TDI@DES nanocomposite shows saturation magnetiza-
tion is reduced due to the covalent anchoring of organic molecules on
the surface of Fe3O4 MNPs. Even though, it’s still high enough to be
separated by an external magnet as shown in Fig. 9.

3.2. Catalytic studies of novel Fes04@SiO,@TDI@DES nanocomposite

The model reaction of 1, 3-indendione, and isatin was used to
investigate optimized reaction conditions using different solvents and
temperature conditions (Table 1). Initially, the model reaction under the
catalyst-free condition in water and ethanol at room temperature
resulted in a very poor yield of the desired 3a (Table 1, entries 1-2).
After scrutinizing, it was found that the model reaction in absolute
ethanol and Fe30,@SiO,@TDI@DES (5 mg) catalyst shows the massive
yield of product (3a) (Table 1, entry 3). Subsequently, different types of
solvents were employed at high temperatures (Table 1, entries 4-12).
The effect of solvent on the yield of 3a was investigated by selecting
CH3CN, chloroform, ethyl acetate, toluene, THF, methanol, acetone, n-
hexane, and ethanol (Table 1, entries 4-12). After that, we did some
changes in the reaction condition and catalyst amount (Table 1, entries
13-15). The experimental results showed that the best yield of 3a was
obtained when the mixture was refluxed at 80 °C in presence of 15 mg of
catalyst (Table 1, entry 15). Further, an increase in the amount of
catalyst did not show an appreciable change in the product yield of 3a
(Table 1, entry 16). After optimizing reaction conditions (Table 1,
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Fig. 12. 2D and 3D interaction of a) 3j and b) 3i with 3s79.

entries 1-16), the substrate scope of the protocol was examined by
employing structurally diverse isatins (Table 2, entries 1-10). It was
noticed that isatins with the electron-withdrawing group afforded
excellent yields (Table 2, entries 2-4, 7, 8) as compared to electron-
donating substituents. It was also found that this heterogeneous cata-
lyst, Fe304@SiO2@TDI@DES showed higher catalytic activity than the
corresponding p-TSA and ChCl/glycerol (Table 3, entries 3-5).

3.3. Insilico studies

In silico virtual screening methods helps to increase the efficiency of
the drug discovery process and reduce the experimental cost and time.
Synthesized compounds were prepared for molecular docking using the
free version of BIOVA Discovery Studio 2020.

Molecular docking is an established and widely applied computa-
tional tool for the prediction of correct binding modes in the interaction
of protein-ligand complexes (Figs. 10 and 11). In the present study,
molecular docking was done by using the AutoDockVina plugin from
PyRx 0.8 software [54,44]. All synthesized compounds were docked
against aromatase (PDB ID: 3s79). Table 4 revealed that the binding
affinity of synthesized compounds with targeted protein ranged from
~10 to —11.9 kcal mol}. Among all compounds, 3j and 3i showed a
higher binding affinity of —11.9 kcal mol™! and —11.7 kcal mol~*. The
free version of BIOVA Discovery Studio Visualizer 2020 was utilized for
the determination of detailed interaction of best conformation. The
interaction of 3j and 3i with residues of 3579 showed the highest affinity
interaction (Fig. 12a, b). The interacting residues and type of interaction
formed between the docked compounds and the targeted macromole-
cule (3s79) are represented in table 4.

Drug-likeness and in silico ADMET studies were carried out to obtain
drug-like candidates from synthesized compounds. Lipinski’s rule of five
is a commonly used method for the prediction of the drug-likeness of
synthesized compounds. Additionally, Veber’s rule, Ghose’s rule, Egan’s
rule, and Muegge’s rule were also applied to estimate the drug-likeness
of compounds under study. Synthesized compounds showed acceptable
drug-likeness properties showing minimum violations in Lipinski’s rule

11

of five as shown in Table 6 Pharmacokinetic ADMET (Absorption, Dis-
tribution, Metabolism, Excretion, Toxicity) characterizations were done
virtually using Molinspiration, and pkCSM servers to understand the
pharmacokinetic profile of synthesized compounds. It is observed that
all synthesized compounds except 3d showed good ADMET properties as
shown in Table 5, 3d positive result of AMES toxicity and hence may be
mutagenic. In silico ADMET profile of the synthesized compounds
showed satisfactory results.

3.4. Molecular dynamic simulation

Dynamic behavior and configurational changes of 3j were analyzed
using the molecular dynamic (MD) simulation technique as it showed a
high binding affinity with the targeted protein (PDB: 3s79). Calculation
of parameters such as root mean square deviation (RMSD), root mean
square fluctuation (RMSF), the radius of gyration (Rg), and the number
of hydrogen bonds were done using generated trajectories from WebGro.
RSMD helps to analyze the conformational stability of the protein-ligand
complex system. The minimum RMSD value indicates the more
conformational stability of the protein-ligand complex system. RMSD of
the protein backbone and the protein-ligand complex was calculated to
obtain the equilibrium time of the simulated protein-ligand complex.
Fig. 13 presents the RMSD graph of the 3j with protein backbone.
Through the RMSD analysis, it is observed that the ligand showed
minimum deviation in maintaining its alignment with the protein
backbone over the simulation time of 100 ns. RMSF values for backbone
protein and protein-ligand complex were plotted at 300 K as given in
Fig. 13b.

Through the plot, it is observed that backbone fluctuations occur in
PRO50, GLY51, MET54, GLU342, PRO408, PRO410, GLY433, PRO434,
ARG435, GLY436, CYS437, ALA438, GLN466, ASN496 amino acid
residues and in protein-ligand complex, GLY91, SER118, ASN136,
GLU181, SER182, SER267, THR268, GLU269, GLU270, LYS271,
LEU272, GLU273, GLU274, CYS275, MET276, LEU378, GLU379,
ASP380 amino acid residues showed fluctuations. However, the RMSF
values remain in the acceptable range i.e. near 0.2 nm indicating the
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Table 5

Predicted in silico ADMET properties for synthesized compounds.

Toxicity

Excretion

Metabolism
Substrate

CYP
2D6

Metabolism

Metabolism

Metabolism

Absorption

AMES toxicity

Total clearance

Inhibitors

CNS perme ability

VDss (human) BBB perme ability

Intestinal absorption (human)

1A2 2C19 2C9 2D6 3A4

3A4

Catego rical (Yes/No)

Numeric (log mL min ~* kg ~1)

Numeric (log PS) Categorical (Yes/No)

Numeric (log BB)

Numeric (log L kg‘l)

Numeric (% absorbed)

No

—0.186
—0.266
—0.284
—0.054
-0.129
—0.11

—0.244
—0.555
—0.191
-0.127

No Yes

Yes
Yes

No Yes

Yes
Yes

No

—2.047
—1.903
—2.877
-2.229
-1.791
—2.949
—-0.281
-1.936
-1.628
-1.723

—0.094
—0.289
—0.253
—0.526
—0.547
-0.176
—0.281
—0.293
-0.737
—0.562

-1.157
—1.025
—1.252
—1.424
-1.57

—1.351
-1.037
-1.015
—1.556
—1.552

93.181
94.116

100

3a

No

es

No

Yes

No

No

3b
3c

No

No Yes Yes No es
es

No

Yes

Yes

No

Yes

No

Yes
Yes
Yes

Yes No No

Yes
Yes

No

82.082
100

3d
3e

No

No

Yes
Yes

No

No

No

No

No

No

99.003
94.38

3f

No

Yes
Yes

No

Yes
Yes
Yes

Yes No Yes

Yes
Yes

No

38
3h
3i

No

No

Yes
Yes

No

No

92.278

100
100

No

No

No

No

No

Yes No Yes Yes No No

No

3j
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stability of particular amino acid residues. Rg values for aromatase
(PDB: 3s579) and 3j complex were studied for 100 ns at 300 K. It is
observed that the Rg values for the complex ranged between 2.22-2.25
nm and showed conformational stability of the complex with minimum
fluctuation in the plot, as shown in Fig. 13c. The number of hydrogen
bonds present in the complex and their consistency throughout the 100
ns simulation was analyzed at 300 K, as shown in Fig. 13d. There is not
much considerable change observed in the hydrogen bond interaction
within the protein-ligand complex.

3.5. Antioxidant activity

The oxygen-centered free radicals, such as superoxide, hydroxyl, and
nitric oxide, are referred to as reactive oxygen species (ROS). They are
produced in the human body and cause damage to lipids, proteins, and
DNA, potentially leading to carcinogenesis, drug-associated toxicity,
and inflammation [55]. The production of ROS by macrophages and
activated neutrophils has also been linked to a variety of illnesses.
Natural or synthetic anti-oxidants are compounds that engage with free
radicals and interrupt their chain reactions before they destroy key
important components. As a result, they have only lately been developed
as medication candidates to combat these various disorders.

In this study, the antioxidant activity of synthesized compounds was
determined by a DPPH scavenging assay. The reduction capacity of
DPPH radicals was measured by the decrease in its absorbance at 517
nm, which is generated by antioxidants. Here all the synthesized com-
pounds possessed promising radical scavenging activity compared with
standard ascorbic acid. The highest activity was obtained for 3 g (91.42
+ 0.62%) followed by 3 h (90.77 + 0.59%) and 3a (90.44 + 0.83%).
Whereas the lowest activity was obtained for 3¢ (74.81 + 0.74%), and
3e (79.07 £ 0.94%). The rest of the compounds executed good antiox-
idant activity. Results are depicted in Fig. 14. It is generally known that
chemical compounds containing groups that donate electrons (amine,
hydroxyl, and methoxy) are capable of acting as free radical trapping
agents and combating oxidative stress. Here, the synthesized compounds
possessing electron-withdrawing groups are responsible to scavenge the
formed radicals for possessing anti-oxidant activity.

3.6. Plausible mechanism

A plausible mechanism of a one-pot pseudo-three component reac-
tion of isatin and 1,3-indendione for the synthesis of 2,2-(2-oxoindoline-
3-3diyl)bis(1H-indene-1,3(2H)-dione) (3a) is proposed in Scheme 3. As
illustrated in Scheme 3, in step I hydrogen bonding between choline
chloride and oxalic acid binds with the isatin carbonyl group due to
which, the electrophilicity of the carbonyl group increases. In step II, the
catalyst abstracts the proton from the 1,3-indendione to give an inter-
mediate. In step III, another molecule of catalyst reacts with an inter-
mediate formed in step II to give a product (3a) 2,2-(2-oxoindoline-
3-3diyl)bis(1H-indene-1,3(2H)-dione) with a loss of H0.

3.7. Recyclability of Fe304,@SiO2@TDI@DES

The reusability of catalysts is an important criterion in the viewpoint
of green chemistry applications in academic and industrial research. In
this regard, the heterogeneous catalysts are promising candidates due to
their facile separation, recoverability, reusability, and leaching. The
reusability study of Fe304@SiO.@TDI@DES nanocomposite was
investigated using model reaction under optimized reaction conditions.
After completion of the model reaction, Fe304@SiO,@TDI@DES was
recovered by an external magnet. The catalyst was washed thoroughly
with ethanol and kept for drying at 60 °C for 2 h in a vacuum oven. A
reusability study shows that Fe304@SiO2@TDI@DES could be reused
for five runs without significant loss of catalytic activity and product
yield (Fig. 15). The procedure of isolation, washing, and drying of the
catalyst was repeated after every cycle.
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Table 6
Drug-likeness prediction of synthesized compounds.

Journal of Molecular Structure 1292 (2023) 136079

Compound Lipinski’s rule of five Lipinski’s violations Drug likeness
MW iLogP nHBA nHBD MR Lipinski Veber Ghose
3a 421.408 2.13 5 2 117.21 0 Yes Yes Yes
3b 500.3 2.46 5 1 124.91 1 Yes Yes No
3c 439.39 2.19 6 1 117.17 0 Yes Yes Yes
3d 466.4 1.85 7 1 126.03 0 Yes No Yes
3e 511.52 2.97 5 0 146.6 1 Yes Yes No
3f 463.44 2 6 1 127.4 0 Yes Yes Yes
3g 455.85 2.28 5 1 122.22 0 Yes Yes Yes
3h 547.3 2.36 5 1 129.93 1 Yes Yes No
3i 545.97 3.27 5 0 151.61 1 Yes Yes No
3j 525.55 3.15 5 0 151.56 1 Yes Yes No
a, o bl as
L¥LY as
0 a4
£

Fig. 13. a) RMSD, b) RMSF, c) Radius of gyration, and d) Hydrogen bonds for the complex between aromatase (PDB: 3s79) and 3j at 300 K for 100 ns.
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Fig. 14. DPPH radical scavenging activity of synthesized compounds at 100 ug
concentration.
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4. Conclusion

The present study introduced a novel and cost-effective magnetically
separable Fe304@SiO2@TDI@DES (oxalic acid: choline chloride) nano-
sized catalyst that has been prepared for the first time. By using an
external magnet the catalyst could be readily retrieved and reused for
five cycles without losing any catalytic activity. The catalytic efficacy of
novel Fe304@SiO,@TDI@DES is demonstrated for the efficient syn-
thesis of 2,é-(z-oxoindoline-3—3diyl)bis(1H-indene-l,3(2H)—dione) via a
one-pot synthesis reaction approach. The present methodology offers
several benefits such as excellent yields, shorter reaction times, and an
easy workup procedure. Synthesized compounds were virtually
screened against aromatase (PDB: 3s79). Through the results of molec-
ular docking, it is observed that all synthesized compounds have a good
binding affinity with 3s79. All compounds successfully passed all the
requirements of drug-likeness analysis and showed good ADMET prop-
erties except 3d The molecular dynamic simulation was performed with
a protein-ligand complex having high binding affinity and the RMSD,
RMSF radius of gyration, and hydrogen bond were analyzed. Through
the results of MD simulation, it is observed that subjected complex
(3579 + C9) was stable throughout the 100 ns simulation time.
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