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A B S T R A C T

In this study, sulfated-titania (SO4
2--TiO2) was employed as a sustainable, green catalyst to synthesize a series of 

novel phenoxy Schiff bases (3a-3g) through a microwave-assisted, solvent-free green protocol involving 2-phe
noxyaniline and various aromatic aldehydes, achieving yields of 90–99 % within 4 min. The catalyst has been 
studied by FT-IR, powder X-ray diffraction, and SEM with EDS. The structures of the synthesized Schiff’s bases 
(SBs) were elucidated through physicochemical and spectroscopic analyses like FT-IR, 1H & 13C NMR, and SC-X 
ray diffraction. Specifically, compounds 3d and 3g exhibited crystalline structures in the monoclinic and 
orthorhombic systems, respectively, with space groups denoted as C-1c and P-21. In-depth understanding of the 
synthesized SBs in their gaseous state, computational investigations encompassing molecular orbitals, chemical 
reactivity, stability, and molecular electrostatic potential are essential. Furthermore, antimicrobial assessment 
highlighted the effectiveness of the SBs toward a variety of gram-negative and gram-positive strains of bacteria, 
as well as fungal strains. Molecular docking studies employing AutoDock revealed notable binding interactions, 
with the most favourable binding energy of -7.22 kcal/mol observed in association with the Human Carbonyl 
Reductase (4Z3D) protein. In addition, in silico ADMET prediction showed enhanced pharmacokinetic profiles 
and reduced acute oral toxicity.

1. Introduction

Researchers in synthetic organic chemistry play critical roles in the 
identification and fabrication of novel molecules with broad applica
tions in biological, pharmaceutical, and material chemistry. However, 
traditional technologies frequently fall short of environmental sustain
ability due to the production of undesirable byproducts and the exces
sive use of organic solvents [1]. Green synthesis is widely pursued to 
develop sustainable, environmentally friendly, and enduring methods. 
Following the principles of green chemistry, an effective green catalyst 
possessing essential attributes such as low cost, high stability, excellent 
selectivity, reusability, and significant reactivity is required to ensure 
both efficiency and eco-friendliness [2,3]. In recent years, significant 

effort has been dedicated to finding catalysts that streamline synthesis, 
preserve energy, and reduce environmental effects. Traditional organic 
catalysts frequently cause environmental problems, forcing the hunt for 
alternatives. Heterogeneous catalysts have evolved as a more sustain
able alternative to homogeneous catalysts. Solid-supported reagents, 
especially nanocatalysts, have received a lot of interest over the past two 
decades. Catalysts supported on solid surfaces have higher activity and 
selectivity than isolated catalysts due to the larger effective surface area. 
Nanocatalysts are diverse reagents that may be easily synthesized and 
used in a variety of chemical reactions. They provide stability, 
cost-effectiveness, experimental ease, and safety. Moreover, 
solid-supported nanocatalysts have an environmental advantage since 
the catalysts can be efficiently recovered and reused via simple 
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filtration. Metal nanoparticles, in particular, feature a high 
surface-to-volume ratio, which results in more active sites per unit area 
than typical catalysts [4–7]. A variety of catalytic techniques employing 
transition metals such as copper, nickel, silver, zinc, gold, and titanium 
have been developed to enhance ecologically benign coupling reactions. 
Among these, titanium dioxide nanoparticles (TiO2–NPs) have shown 
outstanding efficiency in aiding several cross-coupling reactions, 
including C–C, C–N, and C–O couplings, as well as cyclization re
actions [8]. Mineral acids like H2SO4, HCl, and HF are commonly used as 
catalysts in a variety of industrial processes due to their high catalytic 
effectiveness. However, their utilization raises significant concerns, such 
as severe environmental pollution, high energy needs, separation and 
recovery issues, and equipment corrosion. For example, the industrial 
use of H2SO4 alone produces over 15 million tons of non-recyclable trash 

annually [9–11]. To overcome these challenges, recyclable solid acid 
catalysts, such as sulfated titanium dioxide (SO4

2--TiO2), have emerged as 
possible solutions. Incorporating sulfate ions (SO4

2-) improves the 
Brønsted and Lewis acidity of TiO2, mimicking the catalytic activity of 
classic mineral acids while being eco-friendly and recyclable. These 
improvements make SO4

2--TiO2 extremely effective for a variety of 
acid-catalyzed reactions [12,13]. Nevertheless, achieving stability, 
cost-effectiveness, and performance comparable to H2SO4 in large-scale 
industrial uses remains a critical issue.

The SBs are a major class of organic compounds that have been 
extensively researched due to their multifunctional characteristics. 
These compounds are formed through the condensation of amino mol
ecules like NH2, NH2OH, or NH2–NH2 with carbonyl groups of aldehydes 
or ketones. These compounds, discovered in 1864 by German scientist 

Scheme 1.. Synthesis of 2-phenoxy phenyl Schiff’s bases (3a-3g).

Fig. 1. FT-IR Spectrum (a) XRD pattern (b) of SO4
2--TiO2.
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Fig. 2.. SEM images of SO4
2--TiO2 1 μm and 200 nm scale bar (a & b) and TiO2 1 μm and 200 nm scale bar (c & d).

Fig. 3.. Elemental analysis (a), and Colour mapping (b) of SO4
2--TiO2.
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Hugo Schiff, are structurally defined by the generic formula R-HC––N- 
R’, where R and R’ might be alkyl, aryl, cycloalkyl, or heterocyclic units. 
The defining feature of SB is the azomethine (>CH––N<) functional 
moiety, which results from switching the carbonyl group in aldehydes or 
ketones [14–17]. SBs are especially noteworthy for their ability to co
ordinate with various metal ions via the nitrogen atom’s lone pair 
electrons, resulting in stable metal complexes. Typically synthesized in 
the presence of acid or base catalysts or by applying heat, SBs are often 
crystalline solids with low basicity. However, some SBs can react with 
strong acids to produce insoluble salts, further expanding their versa
tility in chemical applications [18–20]. SBs and their derivatives have 
become intensively investigated owing to their numerous applications in 
medicinal chemistry, pharmacology, and biological sciences. They 
exhibit significant potential in disease treatment, functioning as thera
peutic agents in various medical applications such as antibacterial, 
antifungal, analgesic, antitumor, anti-inflammatory, antimalarial, anti
viral, antioxidant, and free radical scavenging activities. Additionally, 
they operate as biological regulators, facilitating metabolic reactions. 
Moreover, SBs are highly effective as chelating agents, allowing the 
production of transition metal complexes with a variety of structural and 
functional features [19]. The creation and manufacturing of multi
dentate phenoxy SB ligands and metal complexes have received atten
tion due to their catalytic activity and potential as biological models. 

These ligand’s electrical and structural attributes significantly impact 
their catalytic efficiency, and phenoxy-imine SBs derivatives are of 
particular interest for their unique features and wide-ranging applica
tions [21–25]. Using Becke’s three-parameter hybrid functional (B3LYP) 
and Density Functional Theory (DFT), quantum chemical methods 
provide powerful tools to analyze molecular geometry, vibrational 
properties, and other molecular properties [26]. In parallel, molecular 
dynamics (MD) simulations provide a computer framework for under
standing molecule’s structure and function by forecasting atomic 
movements over time using physical theories guiding atomic in
teractions. These simulations are useful for examining various biomol
ecular processes, including conformational changes, ligand binding, and 
protein folding, as they provide femtosecond temporal resolution into 
atomic locations [27,28].

In this study, prepared sulfated titanium dioxide (SO4
2--TiO2) is pre

sented as a green and sustainable alternative to conventional catalysts. 
Its ability to perform in mild temperatures demonstrates its potential for 
environmentally friendly applications. Building on our ongoing research 
in SO4

2--TiO2, we devised a simple and fast approach for synthesizing 
new phenoxy SBs (3a–3g) (Scheme 1) and investigated their catalytic 
activity as a reusable solid acid catalyst. This technology follows green 
chemistry principles, offering benefits such as solvent-free conditions, 
low energy consumption, reusability, cost-effectiveness, and high 
product yields without extra purification when compared to previously 
described methods [19,21]. The synthesized compounds were exten
sively studied utilizing spectroscopic techniques (IR, NMR, single crystal 
XRD) and DFT calculations. Schiff’s bases are renowned for their diverse 
pharmacological activities, including antimicrobial, analgesic, 
anti-inflammatory, antifungal, antiviral, and antioxidant characteristics, 
and have received significant interest. Based on this background, the 
phenoxy SBs derivatives (3a–3g) were synthesized and assessed for 
biological potential. To better understand their biological efficacy, the 
compounds were subjected in-silico ADME predictions and molecular 
docking to evaluate binding interactions, and molecular dynamics 
simulations to assess binding site ability. This combined approach 
highlights the possibility of using SO4

2--TiO2-catalyzed phenoxy SBs for 
intriguing future applications.

2. Experimental

2.1. Material and methods

Information on the materials and characterization techniques 
employed in this study are detailed in the supporting materials S1. All of 

Fig. 4. FT-IR spectrum of synthesized SB 3a.

Fig. 5. 1H NMR (a) 13C NMR (b) spectrum of synthesized SB 3a.
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the experimental solutions were prepared using double-distilled water.

2.2. Catalyst (SO4
2--TiO2) preparation

To prepare the SO4
2- functionalized catalyst, the sol–gel method was 

employed by TTIP (titanium tetraisopropoxide) as its precursor. 
Initially, 12.5 mL of TTIP was mixed in 100 mL of 2-propanol under 
constant stirring. Subsequently, 3.2 mL of 1 M sulphuric acid was 
introduced dropwise to the solution with vigorous stirring to ensure 
uniform mixing. This consequent colloidal suspension was swirled 
continuously for 4 h to encourage gel formation. The gel was filtered, 
thoroughly washed, and dried at 100 ◦C for 12 h. To ensure that sulfate 
ions were incorporated into the gel, a BaCl2 test was performed on the 
filtrate, which produced no precipitation. This indicated that entire 
sulfate ions were successfully transferred onto the gel matrix. Further
more, the dried sample was calcined at 400 ◦C for 1 hour in a muffle 
furnace [29].

2.3. General synthesis of SBs (3a-3g)

This SBs were prepared by microwave-assisted condensation of 2- 
phenoxyaniline (1 mmol) with aromatic aldehydes (1 mmol) in the 
presence of SO4

2--TiO2 catalyst (80 mg). The reaction mixture was sub
jected to a microwave irradiation at 450 W for 4 min, as depicted 
Scheme 1. The product 3a was isolated from dichloromethane extract by 

evaporation. TLC was employed to keep track of the reaction progress. 
The catalyst was recovered by filtration and washing with cold ethanol. 
The brown recrystallized solids was obtained from crude product.

2.3.1. (E)-N-((naphthalen-2-yl)methylene)-2-phenoxybenzenamine (3a)
Yield: 96 %; M.p: 86–87 ◦C; MF: C23H17NO; MW: 323.39. Anal. 

Calcd. for CHN ( %): C (85.42), H (5.30), N (4.33); Found ( %): C 
(85.38), H (5.26), N (4.30); [IR: KBr, cm-1; 3053Ar-CH, 1618C––N, 
1475C––C]; [NMR: CDCl3, δ ppm: 1HNMR 400 MHz: 8.58(s1H), 
6.97–7.99(m 16H); 13CNMR 100 MHz: 161.74, 158.18, 148.67, 135.07].

2.3.2. (E)-N-benzylidene-2-phenoxyaniline (3b)
Brown recrystallized product Yield: 90 %; M.p: 56–57 ◦C; MF: 

C23H17NO; MW: 273.33. Anal. Calcd. for CHN ( %): C (83.49), H (5.53), 
N (5.12); Found ( %): C (83.53), H (5.08), N (5.08); [IR: KBr, cm-1; 
3043Ar-CH, 1618C––N, 1476C––C]; [NMR: CDCl3, δ ppm: 1HNMR 400 MHz: 
8.96(s1H), 6.95–8.07(m 14H); 13CNMR 100 MHz: 158.04, 157.05, 
148.33, 143.09–117.12].

2.3.3. (E)-N-(4-methylbenzylidene)-2-phenoxyaniline (3c)
Brown recrystallized product Yield: 93 %; M.p: 78–79 ◦C; MF: 

C20H17NO; MW: 287.36. Anal. Calcd. for CHN ( %): C (83.59), H (5.96), 
N …[IR: KBr, cm-1; 3034Ar-CH, 2918Ali-CH, 1616C––N, 1484C––C]; [NMR: 
CDCl3, δ ppm: 1HNMR 400 MHz: 8.40(s1H), 6.69–7.65(m 13H), 2.37 (s 
3H); 13CNMR 100 MHz: 161.77, 158.18, 148.52, 141.90–116.50, 
21.62].

2.3.4. (E)-N-(2-nitrobenzylidene)-2-phenoxyaniline (3d)
The brown crystal exists as a monoclinic system. Yield: 90 %; M.p: 

62–63 ◦C; MF: C19H14N2O3; MW: 318.33. Anal. Calcd. for CHN ( %): C 
(71.69), H (4.43), N (8.80); Found ( %): C (71.66), H (4.39), N (8.75); 
[IR: KBr, cm-1; 3064Ar-CH, 1622C––N, 1510C––C]; [NMR: CDCl3, δ ppm: 
1HNMR 400 MHz: 8.93(s1H), 8.02–6.95(m 13H); 13CNMR 100 MHz: 
158.06, 157.57, 149.02, 143.06–116.50].

2.3.5. (E)-4-(((2-phenoxyphenyl)imino)methyl)phenol (3e)
Recrystallized brown solid Yield: 94 %; M.p: 56–57 ◦C; MF: 

C19H15NO2; MW: 289.33. Anal. Calcd. for CHN ( %): C (78.87), H (5.23), 
N (4.84); Found ( %): C (78.91), H (5.19), N (4.79); [IR: KBr, cm-1; 
3045Ar-CH, 1617C––N, 1481C––C]; [NMR: CDCl3, δ ppm: 1HNMR 400 MHz: 
8.46(s1H), 7.31–6.69(m 13H); 13CNMR 100 MHz: 159.27, 158.12, 
148.52, 143.33–117.80].

2.3.6. (E)-N-(3,4-dimethoxybenzylidene)-2-phenoxyaniline (3f)
Recrystallized brown solid Yield: 95 %; M.p: 96–97 ◦C; MF: 

C21H19NO3; MW: 333.38. Anal. Calcd. for CHN ( %): C (75.66), H (5.74), 
N (4.20); Found ( %): C (75.61), H (5.71), N (4.25); [IR: KBr, cm-1; 
3036Ar-CH, 2935Ali-CH, 1617C––N, 1481C––C]; [NMR: CDCl3, δ ppm: 
1HNMR 400 MHz: 8.43(s1H), 7.32–6.71(m 12H), 3.80 (s 6H); 13CNMR 
100 MHz: 158.63, 158.20, 148.02, 138.79–117.11, 55.96].

2.3.7. (E)-2-phenoxy-N-(3,4,5-trimethoxybenzylidene)aniline (3g)
The brown crystal exists in an orthorhombic system. Yield: 99 %; M. 

p: 108–109 ◦C; MF: C22H21NO4; MW: 363.41. Anal. Calcd. for CHN ( %): 
C (72.71), H (5.82), N (3.85); Found ( %): C (72.75), H (5.78), N (3.82); 
[IR: KBr, cm-1; 3068Ar-CH, 2839Ali-CH, 1620C––N, 1483C––C]; [NMR: 
CDCl3, δ ppm: 1HNMR 400 MHz: 8.34(s1H), 7.26–7.99(m 11H), 3.87 (s 
9H); 13CNMR 100 MHz: 160.84, 153.37, 148.46, 140.98–117.56, 
56.22].

2.4. Computational studies

All computations for compounds 3a-3g were conducted by the 
GAUSSIAN 09 W software [30], employing DFT (Density Functional 
Theory) with the B3LYP method and a 6–311 G (d,p) basis set. 
GAUSSVIEW 5.0 [31] was used for the molecular visualization. 

Table 1 
Structure refinement and crystallographic information for SB’s 3d and 3g.

3d 3g

Empirical formula C19H14N2O3 C22H21NO4

Formula weight 318.33 g/mol 363.40 g/mol
Temperature 273(2) K 273(2) K
Wavelength 0.71073 Å 0.71073 Å
Crystal system Monoclinic Orthorhombic
Space group C − 1c P 21

Unit cell dimensions a = 6.0612 
(9)Å

α = 90◦ a = 7.4338 
(9)Å

α =
90◦

b = 38.306 
(8)Å

β =
106.906◦

b = 7.8234 
(8)Å

β =
90◦

c = 7.1220 
(14)Å

γ = 90◦ c = 32.554 
(4)Å

γ =
90◦

Volume 1582.1(4) Å3 2050.7(4) Å3

Z 4 4
Density (calculated) 1.336 g/cm3 1.275 g/cm3

Absorption coefficient 0.094 mm-1 0.088 mm-1

F(000) 660 768
Crystal size 0.250 × 0.290 × 0.360 mm3 0.220 × 0.280 ×

0.350 mm3

Theta range for data 
collection

2.13 to 30.15◦ 2.81 to 30.17◦

Index ranges − 8 ≤ h ≤ 7, − 54≤k ≤ 53, 
− 10≤l ≤ 9

− 10≤h ≤ 10, − 10≤k 
≤ 10, − 46≤l ≤ 38

Reflections collected 13,806 17,873
Independent reflections 3790 [R(int) = 0.0413] 5531 [R(int) =

0.0502]
Coverage of independent 

reflections
98.5 % 98.7 %

Absorption correction Multi-scan Multi-scan
Max. and min. 

transmission
0.7460 and 0.5657 0.9810 and 0.9710

Refinement method Full-matrix least-squares on 
F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters

3790 / 2 / 217 5531 / 0 / 247

Goodness-of-fit on F2 1.044 1.038
Final R indices [I > 2sigma 

(I)]
R1 = 0.0678, wR2 = 0.1990 R1 = 0.0479, wR2 =

0.1035
R indices (all data) R1 = 0.0864, wR2 = 0.2248 R1 = 0.0762, wR2 =

0.1200
Largest diff. peak and hole 0.350 and − 0.202 e.Å-3 0.152 and − 0.136 e. 

Å-3

CCDC 2361,892 2362,121
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Molecular docking studies were carried out using AutoDock 4.0, which 
provides various stochastic search methods [32]. The LGA (Lamarckian 
Genetic Algorithm) was chosen for this research. The 2D images were 
generated using the PDBSum online tool, while the 3D images were 
obtained from Discovery Studio. Drug-likeness properties were pre
dicted using the SwissADME tool [33].

2.5. Antimicrobial studies

The antibacterial activity of synthesized compounds (3a-g) were 
evaluated using the disc diffusion method against human pathogenic 
strains, including Gram-positive (Bacillus subtilis and Staphylococcus 

aureus) and Gram-negative strains (Proteus mirabilis, Salmonella para
typhi A, and Pseudomonas aeruginosa), with Amoxcilin as standard drug. 
Following the Bauer-Kirby technique [34], the agar medium was pre
pared, and inocula were standardized. The compounds dissolved in 
chloroform and then diluted to concentrations of 20, 30, 40, and 50 μg/ 
mL, and they were loaded onto agar wells to assess their zones of inhi
bition. Similarly, the antifungal activity of these compounds was tested 
against Penicillium chyrsogenum, Aspergillus flavus, and Candida albicans 
using the same Kirby-Bauer disc diffusion method, with Ampotericin-B 
as standard drug.

3. Results and discussions

3.1. Catalyst characterization

The FT-IR spectrum of the nano SO4
2ˉ-TiO2 catalyst, shown in Fig. 1a, 

provides structural information. The IR peaks of sulfate species on the 
catalyst surface are mostly situated between the region of 700–1500 
cm− 1. The hydroxyl group accounts for the large adsorption band at 
3557 cm− 1. Sulfate ions adsorbed on the catalyst surface exhibit four 
peaks at 1230, 1049, 1137, and 970 cm− 1, indicating stretching vibra
tions. The bands at 1049 and 1137 cm− 1 align with previously reported 
frequencies of SO4

2ˉ, indicating a strong interaction between sulfate 
species and the TiO2 surface. Additionally, the peak at 1620 cm− 1 

attributed to the H–O-H bending of physically adsorbed water [35].
Fig. 1b depicts the XRD pattern of SO4

2--TiO2. The prepared SO4
2--TiO2 

diffraction peaks exhibit similar 2θ values to those of TiO2, but with 
considerable peak intensities. TiO2-SO4

2ˉ has large fullwidth at half- 
maximum (FWHM) values than pure TiO2, indicating smaller parti
cles. The characteristic (101) plane is shown by the most conspicuous 
diffraction peak at 25.5◦. The peaks 2θ = 25.5◦, 47.7◦, and 54.4◦

correspond to the TiO2 anatase phase. The peaks at 2θ = 27.39◦, and 
35.95◦ belong to the (110) and (101) planes of the rutile phase of TiO2. 
The crystalline size of TiO2-SO4

2ˉ was found using Eq. (1) (Debye–
Scherrer equation) [36,37]. 

Fig. 6. Experimental ORTEP (a) Optimized structure (b) of synthesized SBs 3d and 3g.

Fig. 7. Packing diagram of synthesized SBs 3d (a) and 3g (b).
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D =
Kλ

β cosθ
(1) 

where D represents the crystal size of the catalyst, K is a dimensionless 
constant, λ denotes the wavelength of the X-ray, β is the full width at half 
maximum (FWHM) of the diffraction peak, and θ is the diffraction angle. 
The maximum intense peak at 2θ = 25.21◦ was utilized to determine of 
FWHM and the crystalline size of SO4

2--TiO2 was calculated to be 11.52 
nm.

The texture and shape of a catalyst serve as crucial characteristics 
that can have a considerable impact on catalytic activity. Fig. 2a–d
shows SEM images of SO4

2ˉ-TiO2 and TiO2. The SEM images of SO4
2ˉ-TiO2 

show flake-like particle shape. Modifying with SO42− ions reduces 
particle aggregation relative to pure TiO2 (Fig. 2c and d). Fig. 3b shows 
the EDS analysis of SO4

2ˉ-TiO2, revealing that the sulfur content in a 

specific region of the SO4
2ˉ-TiO2 sample is 3.1 % by weight, as shown in 

Fig. 3a.

3.2. FT-IR analysis of synthesized SB’s (3a-3g)

The vibrational spectra of compound 3a are shown in Fig. 4, the main 
functional groups in the molecule are the aromatic hydrogens (Ar-H), 
the azomethine group (CH––N), the aromatic C = C bonds, and the ox
ygen atom between phenyl rings. Absorption bands in the range of 3022 
- 3053 cm–1 are assigned to aromatic C–H stretches, while a sharp and 
distinctive band at 1618 cm–1 is attributed to C = N stretching vibration. 
The biphenyl ether C–O-C vibrational frequency of the imine was 
observed at 1222 cm–1. Similarly, all characteristic infrared frequencies 
of remaining compounds 3b-3g were assigned. All compounds show 
medium or strong absorption bands at 1616–1622 cm–1 indicating C = N 

Table 2 
Computed global metrics for SB’s 3a-3g.

Schiff’s base 
No.

Total Energy (a. 
u)

FMO Orbital’s (eV) Energy Gap(Δ) 
(eV)

Chemical 
potential (μ)

Electronegativity 
(χ)

Hardness 
(η)

Softness 
(S)

Electrophilicity 
(ω)

3a − 1016.6847 HOMO = − 5.6841 LUMO 
= − 1.6487

4.0354 3.6664 − 3.6664 2.0177 0.2478 3.3312

3b − 863.0363 HOMO = − 5.6724 LUMO 
= − 1.5398

4.1325 3.6061 − 3.6061 2.0662 0.2419 3.1468

3c − 902.3575 HOMO = − 5.6330 LUMO 
= − 1.4653

4.1677 3.5491 − 3.5491 2.0838 0.2399 3.0224

3d − 1067.5202 HOMO = − 5.7799 LUMO 
= − 2.2297

3.5502 4.0048 − 4.0048 1.7751 0.2816 4.5176

3e − 938.2580 HOMO = − 5.5756 LUMO 
= − 1.3649

4.2107 3.4702 − 3.4702 2.1053 0.2374 2.8600

3f − 1092.6776 HOMO = − 5.6226 LUMO 
= − 1.4816

4.1410 3.5521 − 3.5521 2.0705 02,414 3.0469

3g − 1206.5956 HOMO = − 5.5092 LUMO 
= − 1.3915

4.1177 2.0588 − 2.0588 2.0588 0.2428 2.8911

Fig. 8. LUMOs and HOMOs plots of synthesized SBs 3a-3g.
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vibration [38]. The methoxy stretching vibration of compounds 3f and 
3g was observed in the frequency range of 1156 and 1126 cm–1. The 
assigned FT-IR spectral data of all synthesized compounds 3b-3g are 
given in Table S1 and are shown in Figs. S1–S6.

3.3. NMR (1H&13C) analysis of SB’s (3a-3g)

In this series of SBs, Fig. 5a depicts the 1H NMR spectrum of 3a. The 
compound 3a chemical shift (δ, ppm), observed downfield at 8.583 as a 
sharp single peak was represented to the imine (HC––N-) proton. The 
crowded multiplet peaks obtained in the region of 6.979 – 7.991 ppm are 
assigned to the aromatic protons. Similarly, the 1H NMR chemical shifts 
(δ, ppm), the values of SBs 3b-3g of this series are assigned and recorded 
in Table S2. The proton of azomethine group (HC––N-) shifts of all 
compounds and ranging from 8.344 to 8.966 ppm. Methyl and methoxy 
protons of the 3c, 3f and 3g provide an up-field signal as a singlet at 
2.37, 3.94 and 3.87 ppm [39].

The compound 3a 13C NMR spectrum (Fig. 5b) shows the imine 
carbon (HC––N-) signal at 161.74 ppm, with aromatic carbon signals 
observed between 117.13 and 135.07 ppm. The azomethine carbon 
shifts for compounds 3a-3g fall within the range of 158.04 and 161.77 
ppm. The up-field signal at 21.62, 55.96, and 56.22 ppm are ascribed to 
the 13C chemical shifts of the methyl and methoxy carbons in 

compounds 3c, 3f and 3g respectively [39]. The assigned NMR shifts of 
all synthesized compounds 3b-3g are provided in Table S2 and are 
shown in Figs. S7-S18.

3.4. X-ray-crystal structure descriptions of SB’s 3d and 3g

The single crystal X-ray investigations affirmed that compound 3d 
forms crystal in the monoclinic structure and has a space of group C-1c 
and compound 3g crystallized as an orthorhombic structure and has a 
space group of P-21. The measured cell parameters are 6.061(9) 38.306 
(8) and 7.120(4) Å for a, b, and c; β = 106.90◦ and α = γ = 90◦ for 
compound 3d and 7.433(9), 7.823(8), and 32.554(13) Å for a, b, and c; α 
= β = γ = 90◦ for compound 3g The skeleton of compounds adopts as E- 
configuration with the four molecules in the units. The crystallographic 
data and refinement parameters are summarized in Table 1. Fig . 6(a and 
b) and 7 show the ORTEP structure, the optimized molecular structure 
with atom numbering, and the compound packing diagram. The dihe
dral angle, which consist of azomethine group for compounds 3d and 3g 
is (C6-C7-N2-C8), (C6-N1-C23-C7) is observed 178.9(3) and 176.9(2), 
indicating non-planar configuration both molecules.

DFT calculations using the B3LYP functional and 6–31G(d,p) basis 
set were performed to optimize the molecular structures. The calculated 
parameters of the compounds were compared with experimental X-ray 

Fig. 9. MEP platform of synthesized SBs 3a-3g.

N. Dinesh kumar et al.                                                                                                                                                                                                                         Journal of Molecular Structure 1343 (2025) 142824 

8 



data and are displayed in Tables S3 and S4. In the phenyl ring all the 
C–C bond lengths of compounds 3d and 3g were observed in the range 
of 1.370–1.404 Å and 1.365–1.396 Å. Also, the azomethine bond length 
of compound 3d is 1.251 Å (calculated: 1.27 Å) for N(2)-C(7) and 
compound 3g is 1.254 Å (calculated:1.28 Å) for N(1)-C(23) exhibiting 
the π-conjugated double bond character. The bond angle of C(7)-N(2)-C 
(8) was determined to be 120.9◦ (calculated:120.01◦) for compound 3d 
and the bond angle of C(23)-N(1)-C(6) was found to be 121.0◦ (calcu
lated: 119.76◦) [38,40] for compound 3g and these values are presented 
in Tables S3 and S4. The optimized molecular structures of the 
remaining compounds are shown in Fig. S19. All these compounds 
revealed E confirmation with the azomethine group.

3.5. Electronic structure of SB’s (3a-3g)

Frontier molecular examination is a highly effective way for inves
tigating a molecule’s potential for charge transfer, chemical solidity, 
absorption spectra, and optoelectronic characteristics for the synthe
sized SBs. FMOs involve two molecular orbitals with varying energy 
gaps: the electron accepting (LOMO) and the electron donating 
(HOMO). The chemical properties, such as softness, hardness, reactivity, 
and stability, of the substance under investigation are clarified by the 
quantum orbital energy gap (ELUMO− EHOMO). Large HUMO− LUMO 
band gaps are associated with harder, less reactive, and dynamically 
stable molecules. A compound’s hyperpolarizability factor is increased 
by a smaller energy gap because it allows for better internal charge 
transfer [41]. As a result, the molecule becomes softer, more reactive, 
and thus high polarizable when the energy difference between FMOs is 

smaller, acting as the leading NLO candidate.
Table 2 shows the calculated HOMO and LUMO energies for com

pounds 3a-3g The HOMOs span from − 5.77 to − 5.50 eV, while the 
LUMOs are found between − 2.22 and − 1.36 eV, according to the FMOs 
analysis. The internal charge transfer within the molecule can be found 
using FMO surface diagrams. Compounds 3a-3g exhibit electronic 
density around the HOMO orbital due to the free phenyl ring in the 
phenoxy group; in contrast, compounds 3e-3g exhibit charge density 
around the azomethine group attached with phenoxy phenyl ring, while 
compounds 3a-3c exhibit in substituted phenyl ring (Fig. 8). While the 
energy differences between 3a and 3g are somewhat similar, 3e has a 
significantly larger band gap than the compounds mentioned before. 
Additionally, it has gap energies (ΔE) that range from 4.21 to 3.55 eV. 
Out of all the compounds studied, 3d had the lowest band gap, with a ΔE 
of 3.55 eV. This could be as a result of the high electron withdrawing 
effect nitro (NO2) group in nitrobenzene, which could strengthen the 
resonance effect and intensify the intramolecular charge transfer (ICT) 
process [42]. According to the findings, the examined compound’s gap 
energies (ΔE) are arranged in ascending order as follows: 3d < 3a < 3g 
< 3b < 3f < 3c < 3e.

3.6. Global reactivity parameters (GRPs) of SB’s (3a-3g)

Numerous reactivity measures, including electron affinity (EA), 
ionization energy (IP), electronegativity (x), softness (σ), and chemical 
hardness (η), were calculated using the FMO method. Ionization energy, 
which is associated with EHOMO, provides information regarding the 
extraction of an electron from a molecule [43]. The produced 

Fig. 10. Mulliken Numbering Pattern of SBs 3a-3g.
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compound’s ionization energies varied from 5.50 to 5.77 eV. Compound 
3d exhibits the maximum ionization energy of 5.77 eV, while compound 
3e displays the lowest ionization energy. Comparing compound 3g to 
other compounds, its lower ionization energy indicates a simpler process 
for removing electrons.

Electron affinity (EA) is another important aspect of chemical reac
tivity. The EA is described as the amount of energy liberated while an 
electron is added to a molecule, the EA is the opposite of the IP. 1.36 to 
2.22 eV were recorded as the computed electron affinity values in this 
investigation. Contrary to compound 3d, which shows the maximum 
amount of energy release at 2.22 eV, compound 3g demonstrated a 
lower electron affinity. Additionally, softness and hardness can be used 
to assess the molecule’s polarizability. When a molecule has a lower 

hardness value and a higher softness value, it is more polarizable. 
Compound 3d is more polarizable than the other produced compounds 
because of its high softness and low hardness characteristics. Table 2
provides a collection of certain FMO parameters. Considering all things, 
the FMO analysis gave rise to a thorough comprehension of the chemical 
nature of the produced compounds in addition to explaining their 
electrical structure and reactivity [44].

3.7. Molecular electrostatic potential surface of SB’s (3a-3g)

Based on MEP (Molecular Electrostatic Potential) studies, the au
thors investigated the MEP properties of synthesized SBs 3a-3g. The 
MEP surface of all synthesized SBs is shown in Fig. 9. In most cases, the 

Fig. 11. Mulliken Charges of SBs 3a-3g.

Fig. 12. Antibacterial efficiency (a) and zone of inhibition chart (b) of SBs 3a-3g.
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azomethine group, nitro group oxygen (3d) and methoxy moiety in the 
imines (3f and 3g) react as a electrophilic zone, marked in red colour.

Moreover, the nucleophilic zones have been shown in blue colour. As 
demonstrated in Fi. 9, the charge distribution differs depending on the 
number and position of substituent groups [42]. Molecular surfaces are 
developed by B3LYP level with the 6–31 G (d,p) basis set.

3.8. Mulliken charge analysis of SB’s (3a-3g)

Fig. 10 depicts atom labeling using a number scheme. The Mulliken 
atomic charges dispersal chart for this series of SBs 3a-3g is shown in 
Fig. 11 and the charges are tabulated in Table S5.

As indicated in this table, O7 and N14 atoms of compounds 3a-3g, 
oxygen atoms (O18′, O18′’ and O19′) of compounds 3d, 3e and methoxy 
group oxygen atoms (O18′ and O19′, O20′) of compounds 3e, 3f have 
most negative charge and operate as donor atoms. So, the carbon atom 

Table 3 
Antibacterial efficiency of SB’s 3a-3g.

SB’s No. Zone of inhibition (mm)

Gram-positive Gram-negative

S. aureus B. subtilis Salmonella typhi A P. mirabilis P. aeruginosa

3a 19 14 20 17 14
3b 13 10 13 17 10
3c 12 10 12 13 8
3d 11 10 10 14 10
3e 12 9 17 16 12
3f 7 11 10 11 12
3g 14 12 14 12 14
Amoxicillin 22 26 20 22 18

Fig. 13. Antifungal efficiency (a) and zone of inhibition chart (b) of SBs 3a-3 g.

Table 4 
Antifungal efficiency of SB’s 3a-3g.

SB’s No. Zone of Inhibition (mm in diameter)

A. niger A. flavus P. chyrsogenum C. albicans

3a 13 11 18 11
3b 13 11 12 11
3c 18 16 30 17
3d 13 14 11 16
3e 23 18 17 19
3f 22 22 18 19
3g 15 13 25 14
Amphotericin-B 12 11 14 13

Table 5 
Minimum Inhibitory Concentration values of synthesized SB’s 3a-3g.

SB’s No. Minimum Inhibitory Concentration against some pathogenic microorganisms (μg/mL)

Bacterial Strains Fungal Strains

S. aureus B. subtilis S. typhi A P. mirabilis P. aeruginosa A. niger A. flavus P. chyrsogenum C. albicans

3a 30 30 30 30 30 30 30 30 30
3b 30 30 30 30 30 30 30 30 30
3c 30 30 30 30 50 30 30 30 30
3d 30 30 40 30 40 30 30 40 30
3e 30 50 30 30 30 30 30 30 30
3f 40 30 40 40 30 30 40 30 30
3g 30 30 30 30 30 30 30 40 30
Amoxicillin 20 20 20 20 20 NA NA NA NA
Amphotericin-B NA NA NA NA NA 20 20 20 20
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of azomethine moiety (C15) and the carbons C6, C8, and C15 of com
pounds 3a-3g, hydroxyl proton of imine 3e and methoxy group con
nected phenyl carbons [(C18, C19) and (C18, C19, and C20)] of 
compounds 3e and 3f have positive energy. They act as acceptor atoms. 
All the hydrogen atoms of imines 3a-3f displayed a net positive charge 
[45,46].

3.9. Antimicrobial studies of SB’s (3a-3g)

3.9.1. Antibacterial efficiency
In this study, the antibacterial efficiency of SBs 3a-3g is displayed in 

Fig. 12 and the inhibition zone values are reported in Table 3. The 
compound 3a, containing a 2-naphthyl moiety, exhibited strong anti
bacterial activity against S. aureus, while compounds 3b-3g (bearing 1- 
phenyl, 4-methyl, 2-nitro, 4‑hydroxy, 3,4-dimethoxy, and 3,4,5-trime
thoxy substituents) demonstrated moderate activity. Poor activity was 
observed across all compounds against B. subtilis, likely due to the +I, 
+R, -I, and steric effects of the substituents. Compounds 3a, 3e, and 3g 
(with 2-naphthyl, 4-hydroxyphenyl, and trisubstituted phenyl groups) 
showed good activity against S. paratyphi A and P. aeruginosa, while 
others displayed moderate effectiveness.

For P. mirabilis, compounds 3a, 3b and 3e (2-naphthyl, phenyl, and 

Fig. 14. Molecular docking (Protein-Ligand) interactions of 3a-3g.

Table 6 
Molecular Docking properties of SB’s 3a-3g against 4Z3D.

PDB Code: 4Z3D

Ligand 3a 3b 3c 3d 3e 3f 3g

Binding energy − 7.22 − 6.43 − 6.97 − 7.03 − 6.65 − 7.15 − 5.78
Ligand efficiency − 0.29 − 0.31 − 0.32 − 0.29 − 0.3 − 0.29 − 0.21
Inhib_Constant (µM) 5.08 19.49 7.83 7.06 13.24 5.79 57.95
Intermol_energy − 8.42 − 7.62 − 8.16 − 8.52 − 8.15 − 8.93 − 7.87
Vdw_hb_Desolv_energy − 8.39 − 7.61 − 8.13 − 8.44 − 7.19 − 8.65 − 7.8
Electrostatic energy − 0.02 − 0.01 − 0.03 − 0.08 − 0.24 − 0.29 − 0.07
Total_internal − 1.03 − 1.1 − 1.23 − 1.05 − 1.22 − 1.11 − 2.13
Torsional energy 1.19 1.19 1.19 1.49 1.49 1.79 2.09
Unbound energy − 1.03 − 1.1 − 1.23 − 1.05 − 1.22 − 1.11 − 2.13
Ref RMS 53.68 49.65 48.75 48.02 48.4 49.51 71.18
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4-hydroxyphenyl groups) had better activity, with moderate perfor
mance from other compounds due to the effects of methoxy, nitro, and 
methyl groups. Most of the compounds exhibited moderate to strong 
activity, with MIC (Minimum Inhibition Concentration) values at 30 μg/ 
mL in chloroform, as shown in Table 5.

3.9.2. Antifungal efficiency
The antifungal activities of synthesized SBs 3a-3g were displayed in 

Fig. 13 and Table 4, show that all compounds exhibited excellent effi
ciency against A.flavus and A. niger. The SBs 3a, 3c, 3e, 3f and 3g (with 
2-naphthyl, 4-methylphenyl, 4-hydroxyphenyl, 3,4-dimethoxyphenyl, 
and 3,4,5-trimethoxyphenyl groups) displayed excellent activity against 
P. chrysogenum, while compounds 3b and 3d showed good activity.

The +I, +R, -I, and steric effects of phenoxy, phenyl methyl, 
methoxy, hydroxy, and nitro groups played a crucial role in enhancing 
antifungal potency. Additionally, compounds 3c-3g exhibited better 
antifungal activity against C. albicans, with compounds 3a and 3b 
showing good activity, driven by similar substituent effects. Most of the 
compounds revealed good activity, with MIC values at 30 μg/mL in 
chloroform, as shown in Table 5.

3.10. Molecular docking studies of SB’s (3a-3g)

The docking studies were executed by the Autodock software pack
age. The protein 4Z3D (Human Carbonyl Reductase) was downloaded 
from the RCSB-PDB database, and pre-processing steps such as water 
removal and the addition of polar hydrogen atoms were conducted using 
Discovery Studio Visualizer [47,48]. The synthesized SBs compounds 
3a-3g were docked with the 4Z3D protein and displayed in Fig. 14. 
Compound 3a, with a 2-naphthyl moiety, exhibited the highest binding 
affinity, the compound 3g with a trimethoxyphenyl substitution showed 
the lowest. The binding affinity values are listed in Table 6, with the 
order of affinity being 3a > 3f > 3d > 3c > 3e > 3b > 3g The com
pounds 3d (Ser 55(B) and Lys 217(C) with the bond length of 3.16 Å and 
2.56 Å), 3e (Lys 271(C) with the bond length of 2.90 Å), 3f (Lys 271(C) 
with the bond length of 2.87 Å) and 3g (Arg 215(C) with the bond length 
of 3.32 Å) show hydrogen bonding [32].

3.11. In silico prediction of drug-likeness and ADMET analysis of SB’s 
(3a-3g)

In drug construction, significant biological activity in synthesized 
compounds is required but it is inadequate for them to be classified as 
drugs. Some molecules are left out owing to poor bioavailability and 
toxicity. Predicting pharmacokinetic and toxicity profiles for highly 
active molecules is a crucial step. In this study, the drug-like properties 
of compounds 3a-3g were assessed using the SwissADME online tool 
[49]. According to the data in Table S6, the molecular weights of the 
compounds are under 500 g/mol, while the topological polar surface 
area (TPSA) and rotational bonds number remain below 140 Å² and 10, 
accordingly. This suggests that the synthesized SBs can form flexible 
interactions with targets. The LogP values for these molecules are below 
5, suggesting potential solubility in aqueous solutions. Furthermore, the 
hydrogen bond acceptors and donor numbers are below 10 and 5, 
respectively. As a result, the synthesized SB compounds follow to Lip
inski, Verber, Egan, and Muegge criteria, demonstrating excellent oral 
bioavailability properties [33].

The BOILED-Egg model, which balances polarity and lipophilicity, 

Fig. 15. Bioavailability of SBs 3a-3g.

Table 7 
Impact of catalyst variations and sulfated-TiO2 optimization on SB 3g synthesis.

Entry Catalyst Time (Min.) Energy (Watts) Yield %

1 Without Catalyst 10 450–600 No rxn
2 ZnO 10 450–600 18
3 ZnWO4 10 450–600 16
4. CuO 10 450–600 21
5 CuFe2O4 10 450–600 44
6 Prepared TiO2 7 450–600 83
7 Sulfated-TiO2 3–5 450–600 94
8 Sulfated-TiO2 (60 mg) 4 450 92
9 Sulfated-TiO2 (80mg) 4 450 99
10 Sulfated-TiO2 (100 mg) 4 450 98
11 Sulfated-TiO2 (120 mg) 4 450 97.5
12 Conventional method 480 Reflux 76
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shows that small molecules with higher values for gastrointestinal (GI) 
absorption and blood-brain barrier (BBB) permeability can be efficiently 
transported within body tissues. Fig. 15 presents the oral bioavailability 
radar and the BOILED-Egg plot for SBs 3a-3g The high skin permeability 
values (Log Kp = − 4.01 to − 5.21 cm/s) and GI absorption, combined 
with BBB penetration data, indicate that these compounds 3a-3g, may 
be promising therapeutic candidates [50].

3.12. Catalyst optimization for SB synthesis

When a solvent-free mixture of 3,4,5-trimethoxybenzaldehyde and 
2-phenoxyaniline was microwave irradiated (450 W) for 5 min, no re
action was observed. Prolonging the irradiation caused evaporation and 
charring. However, adding a catalytic amount of SO4

2--TiO2 to the 
mixture initiated a condensation reaction, yielding 99 % of the imine 
(3g) within 4 min (Scheme 1, Table 7, entry 9).

Comparitively, prepared TiO2 (without sulfate) under the same 
conditions resulted in an 83 % yield after 7 min and some other catalysts 
also did not create a notable impact on that reaction. The effect of 
catalyst (SO4

2--TiO2) quantity was further examined, with the yield 
increasing from 92 % to 99 % as the catalyst amount rose from 0.06 g to 
0.08 g. Beyond 0.08 g, no significant improvement in conversion was 
observed. The optimal catalyst loading for the synthesis of SB 3g [3,4,5- 
trimethoxybenzaldehyde and 2-phenoxyaniline (1:1 mmol)] was 
determined to be 0.08 g.

4. Conclusions

FT-IR and powder XRD analysis showed the successful fabrication 
SO4

2--TiO2 with distinct sulfate peaks, crystalline phases, and a crystal
line size of 11.52 nm. SEM imaging indicated a flake-like morphology 
with reduced particle aggregation, and EDS analysis confirmed sulfur 
incorporation, demonstrating successful surface modification of the 
catalysts. Sulfated titania was proved to be highly effective solid acid 
catalyst for the solvent-free microwave-aided synthesis of new phenoxy 
SBs (3a-3g) by combining 2-phenoxyaniline with different aromatic 
aldehydes. This green technology produced exceptionally high yields 
(90–99 %) in remarkably short reaction times (4 min).

The structural investigation of the synthesized compounds was 
validated through FT-IR, 1H NMR, and 13C NMR analyses, with com
pounds 3d and 3g showing crystalline structures, demonstrating the 
catalyst’s efficiency and selectivity. Compared to traditional and recent 
approaches, our methodology provided a non-toxic, cleaner, and more 
sustainable alternative with simpler workup and maximal efficiency for 
SBs formation. Furthermore, antimicrobial assessments revealed activity 
against bacterial and fungal strains, with substituent groups influencing 
efficacy. Molecular docking studies using AutoDock highlighted strong 
ligand-receptor interactions at the active site of the 4Z3D protein, with 
compound 3a exhibiting the most favourable binding energy. ADME 
analysis further supported the medicinal potential of these compounds, 
revealing no significant physicochemical deviations or harmful meta
bolic feedback, establishing them as attractive candidates for thera
peutic uses.
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