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A B S T R A C T

Two novel aroylhydrazones, 1H-indole-2,3‑dione 4-methoxybenzhydrazone (1) and 2-(4-chlorobenzoyl)pyridine 
4-methoxybenzhydrazone (2), were synthesized by reacting 4-methoxybenzhydrazide with equimolar amounts 
of 1H-indole-2,3‑dione and 2-(4-chlorobenzoyl)pyridine. The compounds were completely characterized using 
single crystal X-ray diffraction, 1HNMR, FT-IR, UV–Vis and elemental analysis. Density functional theory (DFT) 
calculations at the B3LYP/6311G(d,p) level were employed to optimize their molecular geometries and to 
analyze their frontier orbitals and charge distributions. Furthermore, the investigated compounds were tested for 
biological activity against both Gram-positive and Gram-negative bacteria, revealing in vitro antibacterial ac-
tivity. Notably, compounds (1) and (2) exhibited antibacterial activity solely against the Gram-positive bacte-
rium Staphylococcus aureus. To gain structure activity relationship of these compounds docking studies were 
conducted on four target proteins of S. aureus.

1. Introduction

Hydrazone ligands represent a versatile and important class of 
organic compounds extensively studied in coordination chemistry 
[1–4]. The structural diversity and tunable properties of hydrazone li-
gands make them attractive candidates for the synthesis and design of 
novel metal complexes. Hydrazones and their metal complexes are 
widely employed in diverse applications in various fields, including 
catalysis, medicinal chemistry, and analytical chemistry, owing to their 
capability to form stable chelates with a numerous metal ion and their 
potential for designing functional materials with tailored properties 
[5–9]. The biological activities of hydrazones including antimicrobial, 
anticancer, antitubercular, enzyme inhibition, antioxidant properties, 
fluorescent probing, drug delivery and antiviral activities, underscoring 

their potential as versatile compounds in biomedical research and 
therapeutic development. [10–15]. Furthermore, hydrazones are used 
as building components in the creation of luminescent materials, which 
are used in sensors and light-emitting gadgets [16–19]. Hydrazones 
exhibit notable advantages over imines, particularly in their ease of 
preparation, tendency to form crystalline structures and enhanced 
resistance to hydrolysis, making them highly desirable for various ap-
plications in coordination chemistry and materials science. Hydrazones 
possess both nucleophilic and electrophilic characteristics, making them 
multifaceted compounds in organic chemistry. From a nucleophilic 
perspective, the nitrogen atom of the hydrazone moiety can act as a lone 
pair donor, making it prone to attacking electrophilic species. This 
behaviour allows hydrazones to participate in reactions such as nucle-
ophilic addition to carbonyl compounds, imine formation and 
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Mannich-type reactions. Conversely, hydrazones can also exhibit elec-
trophilic behaviour. The electron-deficient nature of the carbon atom in 
the C=N bond makes it susceptible to attack by nucleophiles. This 
electrophilic character enables hydrazones to undergo reactions such as 
nucleophilic addition of organometallic reagents, hydrazone function-
alization and metal-catalysed transformations. Aroyl hydrazones are a 
specific class of hydrazones derived from the condensation reaction 
between an aryl or heteroaryl aldehyde or ketone and a hydrazine or 
hydrazide compound. These compounds feature an aryl or heteroaryl 
group directly attached to the C=N bond, imparting distinct electronic 
and steric properties [20–22]. Their structural versatility allows for 
modulation of properties such as solubility, lipophilicity and biological 
activity through appropriate substitution patterns on the aromatic ring 
[23–26]. If side chains containing donor atoms are absent, aroylhy-
drazones function as bidentate ligands, where the carbonyl oxygen and 
the amine nitrogen act as the donor atoms.

By coordinating through multiple donor atoms, aroyl hydrazones can 
influence the geometry and electronic structure of the metal center, 
leading to unique properties and potential applications. Extensive 
antibacterial activity of transition metal complexes is dependent on the 
complex’s shape, the presence of certain type of functional groups, and 
the composition of the metal ions and ligands. The existence of physi-
ologically significant azomethine functionality makes hydrazone ligands 
a better option for the production of such complexes. It is possible to 
create versatile compounds with qualities appropriate for specific uses 
in many scientific and industrial sectors by modifying their chemical 
structure.

In the present work, two novel hydrazones were synthesized with a 
good yield. FT-IR, UV–Vis, 1HNMR, and single crystal X-ray diffraction 
(XRD) spectroscopy were employed to characterize the molecular 
structure. Additionally, in order to compare the geometrical and elec-
trical characteristics with the actual data of the compounds under 
consideration, the Density Functional Theory (DFT) is employed 
[27–29]. Furthermore, electronic properties such as the Highest Occu-
pied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 
Orbital (LUMO, ionization potential (IP), electron affinity (EA), hard-
ness (g), softness (S) and electronegativity (ϖ) were theoretically 
determined. In the current study, the antibacterial activity of the two 
hydrazones was investigated with respect to their effects on the patho-
genic bacteria E. coli and S. aureus by well diffusion method. Molecular 
docking studies with bacterial target proteins were also performed to 
assess the binding interactions and affinities of the compounds, 
providing valuable insights into their molecular mechanisms and aiding 
in the development of potential antimicrobial agent [30–34].

2. Experimental

2.1. Materials and methods

The reagents for synthesis were purchased from Merck, and the 
solvents were sourced from Aldrich Sigma Ltd. Elemental analyses for 
carbon, hydrogen, and nitrogen were performed using a Vario EL III 
elemental analyzer (Elementar). JASCO FT-IR- 4100 Spectrometer was 
used for recording the IR absorption spectra (4000–400 cm− 1) of com-
pounds using KBr pellets. Thermo Scientific Evolution 201 UV–Vis 
double beam spectrophotometer was used to capture electronic spectra 
in the 200–800 nm region using 1 × 10–5 M DMF solutions. Proton 
nuclear magnetic resonance (1H NMR) data was recorded in DMSO with 
TMS as internal standard using a Bruker Advance III 400 MHz spec-
trometer with a 9.4 T superconducting magnet.

2.2. Synthesis protocol

Both aroylhydrazones were prepared by adapting a method from a 
previously published procedure [35].

2.2.1. Synthesis of 1H-Indole-2,3‑dione 4-methoxybenzhydrazone (1)
1H-Indole-2,3‑dione (0.1471 g, 1 mmol) and 4-methoxybenzhydra-

zide (0.1661 g, 1 mmol) were mixed in methanolic solutions, which 
were then refluxed at room temperature for 4 h while being stirred using 
a Liebig condenser. (Scheme 1). The crystalline orange-coloured pre-
cipitate formed was filtered, washed and vacuum-dried over P4O10. The 
compound was recrystallized from a mixture of DMF and methanol so-
lution (1:1). The tiny block shaped crystals that apt for single crystal X- 
ray analysis were separated. (Yield: 84 %; M.P 198 ◦C)

1HNMR (DMSO‑d6), δ (ppm): 3.82 (s, 3H, OCH3–), 11.3 (s, 1H, 
iminol-OH), 6.92–7.85 (m, ArH), 6.98–7.19 (m, 3H, ArH), 7.04 (m, 1H, 
ArH), 7.12 (m, 1H, ArH), 7.35 (m, 1H Ar-H), 7.58 (m, 1H, Ar-H), 8.04(d 
2H) (Fig. S1), CHN calculated for C6H1 3N3O3 (295.29): C, 65.08 %; H, 
4.44 %; N, 14.23 %; O, 16.25 %. Observed: C, 65.05 %; H, 4.45 %; N, 
14.21 %; O, 16.23 %.

2.2.2. Synthesis of 2-(4‑chloro) benzoyl pyridine 4-methoxybenzhydrazone 
(2)

A methanolic solution containing 1 mmol of 4-methoxybenzhydra-
zide (0.1661 g), was added to a methanolic solution of 1 mmol of 2- 
(4‑chloro) benzoyl pyridine and refluxed for 3 h at room temperature 
with stirring using a Liebig condenser (Scheme 2). Yellow precipitate 
separated was filtered, washed with methanol and vacuum dried over 
P4O10. The compound was recrystallized from a mixture of DMF/ 
methanol solution (1:1). The small diamond shaped crystals obtained 
after 2–3 days suitable for single crystal X-ray analysis was isolated. 
(Yield was 82 % and M.P. 173 ◦C)

1HNMR (DMSO‑d6), δ (ppm): 3.80 (s, 3H, OCH3–), 7–8.9 (m, ArH), 
7.04–7.12 (m, 3H, ArH), 7.32–7.35 (m, 2H, ArH), 7.58 (m, 1H, ArH), 
8.04 (m, 2H, ArH). (Fig. S2). CHN calculated for C20H16ClN3O2 (365.8): 
C, 65.67 %; H, 4.41 %; Cl, 9.69 %; N, 11.49 %; O, 8.75 %. Observed: C, 
65.65 %; H, 4.42 %; Cl, 9.67 %; N, 11.48 %; O, 8.73 %.

2.3. X-ray analysis: data collection, structure determination, and 
refinement

Crystallographic data were obtained using a Bruker SMART APEX 
diffractometer with graphite monochromated MoKα (λ = 0.71073 Å) X- 
ray source. Data acquisition was conducted using Bruker SMART soft-
ware, and Bruker SAINT Software was employed for data integration. 
For absorption corrections, SADABS was used, employing Laue sym-
metry and equivalent reflections. The structure was solved by direct 
methods using the SHELXL-97 software package and refined on F2 by 
full matrix least squares [36]. Non-hydrogen atoms were refined with 
anisotropic displacement parameters, while hydrogen atoms were 
located from difference Fourier maps, placed in calculated positions, and 
refined as riding atoms: C–H = 0.93 Å (heteroaromatic), 0.96 Å (CH3) 
and N–H = 0.86–0.87 Å with Uiso(H) = 1.2 Ueq(C,N). With the aid of 
DFIX and DANG instructions, bond lengths and angles were restrained to 
maintain proper geometry. Diagrams of all compounds were generated 
using DIAMOND 3.2 and MERCURY 3.8 programs [37–39].

2.4. Computational methodology

Density functional theory (DFT) was employed for the quantum 
calculations, which were executed using the Gaussian 09 software 
package [40]. Initially, the geometry was optimized using the 
B3LYP/6–311++ G(d, p) level of theory [41]. The B3LYP method in-
tegrates Becke’s three-parameter hybrid approach, which combines 
exchange and electronic correlation components within Density Func-
tional Theory (DFT), with the Lee, Yang, and Parr (LYP) correlation 
functional. The optimized geometry was then utilized for calculating 
harmonic vibrational frequencies at the B3LYP/6–311++G (d,p) level, 
ensuring local minima without imaginary vibration frequencies. To 
achieve a more comprehensive understanding of the aroylhydrazone 
and its active sites, various quantum chemical analyses were performed, 
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including bond angles, bond lengths, frontier molecular orbitals (FMO), 
Mulliken atomic charges, and surface electrostatic potential (MEP) 
mapping. The chemical reactivity and hardness of the compounds were 
assessed based on the HOMO and LUMO energies. According to Koop-
mans’ theorem, electron affinity (EA) and ionization potential (IP) have 
taken as EA = − E LUMO and IP = - E HOMO [42]. The global chemical 
reactivity descriptors are calculated as follows: electronegativity (χ) =
(IP+EA)/2 chemical potential (μ) = − (IP+EA)/2 chemical hardness (η) 
= (− IP-EA)/2 chemical softness (σ) = 1/2η, electrophilicity index (ω) =
μ2/2 η. Optimized structures, electron densities, molecular orbitals, 
electrostatic potentials and other surfaces are visualized and analysed 
through Gauss View [43].

2.5. In-vitro antibacterial studies

The antibacterial activity of the synthesized hydrazones was 
analyzed using the well diffusion method [44]. 0.1 mL of each bacterial 
culture (S. aureus, E.coli) was uniformly distributed on nutrient agar 
plates to prepare lawn culture. MHA (Mueller-Hinton agar) plates were 
prepared and the bacterial culture was spread on the respective plate. 
Five wells (7mm) were punched and the 100 µl of extract was pipetted to 
the respective wells and a Gentamicin disc was placed as a positive 
control. The negative control in the experiment was DMSO. The plates 
were left to incubate for 24 h, followed by the observation of the zones of 
inhibition.

2.6. Molecular docking procedure

To provide a detailed explanation for the promising in vitro results 
observed for the hydrazones, a molecular docking study was conducted 
against four specific target proteins of S.aureus. Crystal structure of four 
proteins of S. aureus were collected from RCSB protein data bank 
(Research Collaboratory for Structural Bioinformatics) with PDB id: 
2ZCO, 5IIP, 6FXP and 2BOE. Before docking, existing heteroatoms, li-
gands and lipids were removed using PyMol 1.3 from the crystal 

structure [45]. After that hydrogen atoms were added and partial 
charges were assigned to the selected protein crystal structures. Mo-
lecular docking studies were conducted using the SwissDock server, 
employing a "blind docking" approach against four target proteins. In 
blind docking, the small molecule is docked to the targets without prior 
knowledge of the binding site location, allowing for a comprehensive 
exploration of potential interactions between the molecule and the 
target. The CIF data found from the single X-ray crystal structure anal-
ysis was processed and changed into mol2 format, facilitating the 
extraction of ligand molecules for subsequent docking studies. During 
docking analysis, chemical compounds remained flexible, whereas the 
proteins were allowed to remain rigid. The compounds which were 
selected acted as reference ligands and proteins acted as targets during 
the interaction mechanism. Based on the global minimum energy 
binding, the optimal orientations of the compounds were determined. 
The detailed assessment of residues related to non-covalent ligand--
protein interactions was performed using Accelrys Discovery Studio 4.1, 
which provided advanced molecular modelling and structural analysis 
capabilities [46].

3. Results and discussions

3.1. X-ray diffraction analysis

The single crystals of 1 and 2 appropriate for X-ray diffraction 
analysis were obtained by allowing a DMF/methanol solution to evap-
orate slowly. 1 and 2 were solved in non-centrosymmetric polar 
monoclinic crystal system with space group Cc for 1 and P21/n for 2 
with four molecules per unit cell. Figs. 1 and 2 show the molecular 
structure and Table 1 represents the crystallographic details of com-
pound 1 and 2.

The crystal structures were examined to investigate the role of 
intermolecular and intramolecular interactions in the stability of com-
pounds 1 and 2. The overlay of the structures 1 and 2 is shown in Fig. 3. 
It is evident that they exhibit almost identical conformations along the 

Scheme 1. Synthetic route for 1H-Indole-2,3‑dione 4-methoxybenzhydrazone.

Scheme 2. Synthetic route for 2-(4‑chloro) benzoyl pyridine 4-methoxybenzhydrazone.
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hydrazide fragment. The hydrazide nitrogens (N1 and N2), carbonyl 
oxygen (O2) align in the same direction in both structures. However, for 
1 the methoxy group is differently twisted with respect to C2–O1 with a 
torsion angle (C1–O1–C2–C3) of 173.79◦, which is equal to 1.36 for 2.

The supramolecular structure fragments of are shown in Figs. 4 and 
5. Investigation of the crystal packing indicated that compounds 1 and 2 
form different supramolecular networks, a discrepancy caused by the 
influence of their distinct intermolecular interactions in the lattice. The 
formation of one-dimensional and two-dimensional supramolecular 
structures in compound 1 and 2 can be analysed in terms of intermo-
lecular and intramolecular hydrogen bonding motifs. The one- 
dimensional supramolecular structure in compound 1 contains inter-
molecular N(3)–H(3)⋅⋅⋅O(2) and intramolecular N(1)–H(1)⋅⋅⋅O(3) 
hydrogen bonds running parallel to the ‘a’ axis. The interaction of indole 
nitrogen (N3) and O2 of hydrazine moiety is responsible for the prop-
agation of 1D chain in compound 1. In 2 the Cl atom engages in two 
intermolecular C(3)–H(3)⋅⋅⋅Cl(1) and C(14)–H(14)⋅⋅⋅Cl(1) hydrogen 
bonds. The interaction of oxygen atom (O2) with neighbouring aromatic 
ring C(19)–H(19)⋅⋅⋅O(2) extend the propagation of chain to infinite 2D 
architecture. Hydrogen bonding parameters are shown in Table S1.

Fig. 1. Asymmetric unit of compound 1.

Fig. 2. Asymmetric unit of compound 2.

Table 1 
Crystal and structure refinement data for compounds 1 and 2.

Empirical formula C16H13N3O3 (1) C20H16ClN3O2 (2)

Formula weight 295.29 365.81
Temperature 296(2) K 296(2) K
Wavelength 0.71073 Å 0.71073 Å
Space group Cc P21/n
Crystal system Monoclinic Monoclinic
Unit cell dimensions a = 12.878(4) Å 

b = 15.821(4) Å 
c = 6.9568(15) Å 
β =102.650◦

a = 7.2485(9) Å 
b = 12.5132(12) Å 
c = 19.333(2) Å 
β = 91.000(5)◦

Volume 1382.9(6) Å3 1753.2(3) Å3

Z 4 4
Density (calculated) 1.418 mg/m3 1.386 mg/m3

Absorption coefficient 0.10 1mm− 1 0.238 mm− 1

F(000) 616 760
Reflections collected 8255 13,404
Independent reflections 3285 [R(int)= 0.0419] 3937 [R(int) = 0.0468]
Goodness-of-fit on F2 0.970 0.978
Data / restraints / 

parameters
3285/4/209 3937/ 0/236

Final R indices [I > 2sigma 
(I)]

R1=0.0496, 
wR2=0.1218

R1=0.0481, 
wR2=0.1165
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3.2. Computational analysis

3.2.1. Optimized molecular structure
The geometries of the compounds were optimized using density 

functional theory to get more information on the molecular and elec-
tronic structures. The confirmed converged geometry, which signifies 
that the structure is at a true energy minimum, was validated by the 
absence of imaginary frequencies during the vibration mode calculation, 
indicating that the structure is in a stable state and confirming that it 
represents a true equilibrium configuration, as imaginary frequencies 
would otherwise suggest potential energy barriers or instability. The 

optimized geometries are depicted in Figs. 6 and 7. The lowest energy 
geometric configuration of compound 1 differs from the configuration 
observed in the crystalline structure. It is expected that the compound 
adopts a different configuration in the gaseous state compared to the 
crystalline structure due to the influence of intermolecular and intra-
molecular hydrogen bonding interactions. The geometry has changed 
from E configuration to Z configuration in gaseous state. The overlay 
structure of optimized geometry and crystal structure of compound is 
given in Fig. 8. Notably, the methoxybenzhydrazide moiety remains 
largely unchanged, while the rest of the molecule undergoes consider-
able alterations in both configuration and conformation. These 

Fig. 3. The overlay structure of 1 and 2.

Fig. 4. (a) A view of the 1D supramolecular architecture in compound 1 extending in the ab plane (b) Intermolecular and intramolecular hydrogen bonding in-
teractions of compound 1.
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differences likely arise from the absence of crystal packing forces and 
intermolecular interactions during the optimization process, allowing 
the molecule to adopt its energetically preferred gas-phase structure. 
The geometry of the optimized compound 2 differed very little from the 
original crystallographic conformations. A comparison was made be-
tween experimental and theoretical data and prominent bond lengths 
and bond angles (XRD and DFT) values for compound 1 and 2 are listed 
in Table S2 and S3. The geometrical parameters match those derived 
from X-ray diffraction measurements. XRD/DFT histogram of bond 
lengths and bond angles for compounds 1 and 2 is given in Fig. 9.

3.2.2. Electronic properties and frontier molecular orbitals (FMO) analysis
The frontier molecular orbitals of both compounds were analyzed to 

gain insights into their electronic transitions, reactivity, and optical 
properties. The energy gap between MOs plays a crucial role in a mol-
ecule’s electron transport capability. A smaller frontier orbital gap 

Fig. 5. (a) A view of the 2D supramolecular architecture in compound 2 extending in the ab plane (b) Hydrogen bonding interactions between neighbour-
ing molecules.

Fig. 6. Optimised structure of compound 1.

Fig. 7. Optimised structure of compound 2.

Fig. 8. Structure overlay diagram of compound 1 (crystal structure is shown in 
green colour and optimized geometry is represented in red colour).
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indicates high reactivity with low kinetic stability and is also referred to 
as soft molecule. A smaller frontier orbital gap suggests higher reactivity 
and lower kinetic stability, characterizing the molecule as "soft." 
Conversely, a larger orbital energy gap denotes greater chemical hard-
ness, stability, and reduced reactivity. Chemical hardness refers to a 
compound’s resistance to changes in its electron number [47]. The 3D 
plots of the frontier orbitals, HOMO and LUMO for the compounds 1 and 
2 are shown in Fig. 10. The calculated HOMO and LUMO energies, 
electro negativity (χ), chemical hardness (ղ), electron affinity (EA), 
chemical potential (µ), ionization potential (IP) and total energy for title 
compounds have been summarized in Table 2.

In molecular interactions, the LUMO act as an electron acceptor and 
its energy corresponds to the electron affinity (EA). Conversely, the 
HOMO serves as an electron donor and its energy is associated with the 
ionization potential (IP). Hence, according to Koopmans theorem, 
electron affinity (A) and Ionization potential (I) can be calculated as 
negative energies of HOMO and LUMO respectively [42]. Since the 
compound with high HOMO-LUMO energy gap are stable and chemi-
cally harder, it is evident from Table 2 that compound 2 has higher 
hardness and stability (less reactivity) compared to compound 1. The 
chemical potential and electronegativity (χ) exhibit antagonistic fea-
tures. Compounds with higher chemical potential values tend to be more 

Fig. 9. XRD/DFT histogram of bond lengths and bond angles for compound 1(a) and 2 (b).

Fig. 10. HOMO (a) and LUMO (b) of Compound 1, HOMO (c) and LUMO (d) of Compound 2.

R. P．R． et al.                                                                                                                                                                                                                                 Journal of Molecular Structure 1335 (2025) 141866 

7 



reactive, while electronegativity (χ) reflects a compound’s tendency to 
attract electrons. The electrophilicity index (ω) assesses a compound’s 
electrophilic characteristics, providing insights into its potential reac-
tivity and interactions, and is particularly valuable for predicting the 
compound’s toxicity and biological activity [48,49]. Based on electro-
philicity index organic compounds are categorised into marginal (ω <
0.8 eV), moderate (0.8 < ω < 1.5 eV) and strong electrophiles (ω > 1.5 
eV). Consequently, compound 1 and 2 are strong electrophiles. It is clear 
that the high electrophilicity (5.06 eV) and small chemical hardness 
(1.87 eV) correspond to high absolute value of chemical potential (4.35 
eV) for compound 1 thereby, suggesting more biological activities for 
compound 1 compared to 2.

The HOMO-LUMO energy gap of compound 1 and 2 are 3.75 eV and 
6.08 eV, respectively. The energy gap value corresponds to the mini-
mum energy needed for electronic excitation, primarily linked to the π- 
π* transition [50]. In compound 1, the isodensities in HOMO is mainly 
focused over both indole and benzhydrazone moieties; conversely the 
LUMO is projected over indole moiety and hydrazone group only. 
Similarly in the HOMO of the compound 2 the isodensities are localised 
on both benzoyl pyridine and hydrazone moiety. Whereas, LUMO is 
localized only on pyridine ring and hydrazone group. This suggests that 
the hydrazone group and both rings in the compounds could act as 
electron donors. However, in compound 1, the hydrazone group along 
with the indole ring, and in compound 2, the hydrazone group along 
with the pyridine ring, primarily function as electron acceptors due to 
their nucleophilic and electrophilic characteristics, respectively.

3.2.3. Molecular electrostatic potential (MEP) Mulliken atomic charges 
population analysis

MEP characterizes a molecule’s charge distribution, hydrogen 

bonding sites, and regions susceptible to electrophilic and nucleophilic 
reactions, making it useful for predicting chemically active sites within 
the molecule [50]. The colour scheme used to represent the MEP of 
compounds 1 and 2 ranges from deepest red (indicating maximum 
electron concentration, nucleophilic sites) to deepest blue (indicating 
maximum electron deficiency, electrophilic sites). The dispersion of 
potential in compound 1 range from − 8.029 e-2 to 8.029 e-2, and where 
as in compound 2 is − 6.838 e-2 to 6.838 e-2. The MEP calculation 
surface of the compounds is shown in Fig. 11. The presence of negative 
charge density on N1, O3 in compound 1 and N2, O3, N3 in compound 2 
made these sites electron rich and capable for metal binding.

Mulliken population analysis was performed to estimate the partial 
atomic charges, revealing atoms with nucleophilic and electrophilic 
properties. As shown in Fig. S3, all nitrogen and oxygen atoms exhibit 
negative Mulliken charges. Additionally, all carbon atoms carry a 
negative charge, except for those directly bonded to nitrogen and oxy-
gen atoms. Even though all hydrogen atoms are electropositive, 
hydrogen atoms attached to nitrogen have high electrophilic character 
indicating its ability to form H-bonds in the solid state.

3.2.4. FT-IR and electronic spectral analysis
Optimized structure parameters are used to find the vibrational 

frequencies of the compounds. After scaling the wavenumbers with a 
scaling factor of 0.99 the experimental and theoretical were observed to 
be in excellent agreement with each other and is shown in Fig. 12a and b 
[51]. The minor variations between the experimental and theoretical 
outcomes are attributed to the experimental data being obtained in the 
solid phase, in contrast to the theoretical results derived for the gas 
phase. The spectra were analyzed in the 4000 to 400 cm⁻¹ range to 
confirm the anticipated structure and assess the vibrational frequencies 
of the characteristic groups. The important bands and their tentative 
assignments are detailed in Table 3. It is observed that a good agreement 
has been obtained between the experimental spectrum and theoretical 
one developed using TD-SCF DFT-B3LYP/6–311 G(d,p).

Assignment of the absorption bands was performed according to 
literature and the results of theoretical study [52]. Hydrogen-bonding 
interactions cause notable changes in the infrared (IR) spectrum, such 
as frequency shifts and increased IR intensity for vibrational bands 
associated with the functional groups directly involved in the hydrogen 
bonds. The vibrations of the NH group are likely to be the highly sen-
sitive, exhibiting significant shifts in the spectra due to 
hydrogen-bonding. For the investigated hydrazones 1 and 2, the 
observed symmetric stretching vibrations of NH are located at 3185 and 
3317 cm− 1. The calculated N–H stretching vibrations are at 3566, 3340 
cm− 1 and 3471 cm− 1 respectively in 1 and 2 [53]. The frequency at 3317 
cm− 1 in 2 is not H-bonded and very weak. Large frequency shift in NH 

Table 2 
Calculated electronic parameters of the two compounds using DFT/B3LYP/ 
6311Gdp level of theory.

Electronic Parameter Calculated value

Compound 1 Compound 2

E HOMO (eV) − 6.23 − 7.14
E LUMO (eV) − 2.48 − 1.06
Band Gap Energy (eV) 3.75 6.08
Ionization potential (IP) 6.23 7.14
Electron affinity (EA) 2.48 1.06
Hardnes (ղ) 1.87 3.04
Softness (S) 0.27 0.16
Electronegativity (χ) 4.35 4.10
Chemical potential (µ) − 4.35 − 4.10
Electrophilicity index (ω) 5.06 2.76

Fig. 11. MEP (Molecular Electrostatic Potential Map) of compound 1(a) and 2 (b).

R. P．R． et al.                                                                                                                                                                                                                                 Journal of Molecular Structure 1335 (2025) 141866 

8 



stretching vibration suggests the existence of strong intramolecular and 
intermolecular hydrogen bonds between molecules in compound 1. The 
overlap of bands due to hydrogen bonding interactions leads to a single 
peak corresponding to NH band in compound 1. Aromatic C–H 
stretching vibrations are observed as broad bands above 3000 cm− 1. The 
experimental values are well coinciding with the theoretical scaled 
values [54,55]. The bands in the region of 1680–1735 cm− 1 are due to 
C=O stretching vibrations. The large shift in wavenumbers compared to 
calculated data is caused by the presence of a strong hydrogen bonding 
in both compounds. The hydrazones exhibit their characteristics azo-
methine bands (>C=N− ) at frequencies 1649 and 1589 cm− 1 for com-
pound 1 and 2 respectively indicating that condensation between 
hydrazide and carbonyl compound has resulted in the formation of 
desired hydrazone. C=N stretching vibrations also correlated excellently 
between theory and experiment. Similarly, the computed aromatic C=C 

vibrations showed very nice agreement between theory and experiment. 
The bands appearing in the spectrum at 1307,1255, 1313 and 1240 
cm− 1 correspond to the stretching vibrations of the C–O groups. The 
calculated bands were found at 1332,1290, 1268 and1230 cm− 1. N–N 
and C–N stretching modes for both compounds show also a good 
agreement with the theoretical results. The CH out-of-plane and in-plane 
bending vibrations appear in the range of 750–1000 cm− 1 respectively 
in compound 1 and 2 [56]. From these observations it can be inferred 
that both hydrazones exist as amido form in the solid state.

The experimental absorption behaviour and TD-SCF DFT-B3LYP/ 
6–311 G(d,p) computation were conducted in DMF solvent and shown in 
Fig. 13. Compound 1 exhibits absorption bands at 353 nm, and Com-
pound 2 shows bands at 342 nm, which are linked to π → π * and n → π * 
transitions involving the carbonyl groups, benzene rings, and imine 
structures in hydrazones. he theoretical predictions indicate that 

Fig. 12. Theoretical and experimental FT-IR spectra of compound 1 and 2.
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compound 1 absorbs at 376 nm and compound 2 absorbs at 350 nm. The 
close match between the theoretical predictions and the experimental 
observations validates these transitions.

3.3. In vitro antibacterial studies

The in vitro antibacterial activity of the synthesized hydrazones was 
assessed against a Gram-positive bacterium (S. aureus) and a Gram- 
negative bacterium (E. coli) using the well diffusion method. The anti-
bacterial effectiveness, as measured by the diameter of the inhibition 
zones, is summarized in Table S5. According to the results the com-
pounds 1 and 2 have the capability to act as effective antibacterial agent 
against S.aureus. The compounds shown significant growth-inhibitory 
potency. As the concentration of the chemical increased, the zone of 
inhibition expanded proportionally, indicating that higher chemical 
concentrations more effectively inhibit bacterial growth. Compound 1 
possess slightly better activity against S. aureus since it showed a 
diameter zone of 17 mm with concentration 3mg/mL whereas that of 

Table 3 
Theoretical and experimental FT-IR spectral data of compound 1 and 2.

Assignments Compound 1 (cm− 1) Compound 2 (cm− 1)

Exp Cal Exp Cal

N-H stretching 3185 3566, 3340 3317 3471
C-H aromatic 

stretching
3097 3132, 3070, 

3004
3059 3117,3124, 

3073,3011
C-H aliphatic 

stretching
2890 2947 2949 2992

C=O stretching 1714, 1681 1740,1705 1665 1732
C=N stretching 1649 1618 1589, 

1535
1617,1566

C=C(phenyl) 
stretching

1596 1591 1480 1499

C-O 1307,1255 1332,1290 1313,1240 1268,1230
C-N stretching 1217,1179, 

1143
1264, 1220, 
1161

1174,1115 1172,1141

N-N hydrazine 
stretching

1112 1104 1170 1168

Fig. 13. Experimental and theoretical electronic spectra of compound 1 and 2.

Fig. 14. Graphical representation of the antibacterial activity of aroylhydrazones against S. aureus and E. coli.
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compound 2 was 15 mm (Fig. S4). The antibacterial activity of the 
synthesized aroylhydrazones against test organisms is depicted graphi-
cally in Fig. 14.

3.4. Molecular docking analysis

Molecular docking is a computer approach that predicts how small 
compounds, such as medications or inhibitors, would attach to a certain 
protein. Molecular docking involves modelling the interaction between 
a ligand (a small molecule) and a receptor (a protein) to predict the 
optimal binding conformation and affinity, making it an effective 
method for understanding ligand-protein interactions in pharmaceutical 
design. The in vitro antibacterial study revealed that compounds 1 and 2 
displayed the strongest antibacterial activity, as indicated by the largest 
zone of inhibition, against S. aureus. Molecular docking studies were 
done to explain the promising in vitro findings for the hydrazones with 
four different proteins of S. aureus (Table S4). It provides the optimum 
position in connection with the target protein. The stability of the 
protein-ligand complex is assessed by examining both the highest 
binding energy and the number of ligand-active site residues. During 
docking into the active site, ligands can primarily interact via hydrogen 
bonding, Van der Waals, electrostatic, and hydrophobic interactions. 
Literature indicates that in order to anticipate the optimal binding mode, 
binding energy is a more important factor than the number of in-
teractions. From the data on binding energy and interactions with the 
proteins, it is evident that both hydrazones exhibit a higher binding 
affinity for the protein dehydrosqualene synthase (CrtM) (PDB ID: 
2ZCO).

Dehydrosqualene synthase is an enzyme that catalyzes the formation 
of dehydrosqualene from farnesyl pyrophosphate, a key step in the 
biosynthesis of carotenoids such as staphyloxanthin, which is important 
for the virulence of S. aureus. The primary function of the pigment is to 

act as an antioxidant, protecting S. aureus from oxidative stress caused 
by host immunological defence mechanisms including reactive oxygen 
species and neutrophils [57]. Compound 1 demonstrates binding affin-
ities of − 8.0, − 8.3, − 8.0, and − 9.2 kcal/mol for the target proteins 5IIP, 
6FXP, BOE, and 2ZCO from S. aureus, respectively. In comparison, 
compound 2 exhibits binding affinities of − 8.3, − 7.8, − 7.7, and − 9.1 
kcal/mol for these same proteins. Both the hydrazones show highest 
binding affinity towards 2ZCO and are found to bind within the same 
binding pocket (Fig. 15) of coordinate (56,11,53) with cavity volume 
2489 Å3 of 2ZCO. The binding interactions of the studied molecules with 
receptor 2ZCO are depicted in detail in Fig. S5 and S6. Several 
non-bonding interactions were identified in both the 1–2ZCO and 
2–2ZCO complexes (Table 4). In compound 2 two conventional 
hydrogen bonds with distance 2.27 Å and 2.39 Å are observed. One of 
the hydrogen bonds is formed between the nitrogen atom of the NH 
group of 2 with GLN165 and the second hydrogen bond is formed be-
tween –NH groups ARG45 with oxygen of the O=C group of 2. Whereas 
in compound 1 the conventional hydrogen bonds are absent. In com-
pound 2 pi-anion and pi-sigma bonds are observed with ASP45 and 
PHE22. LEU164, VAL137, ALA134 and VAL133 amino acid residues 
present in 2ZCO interacted by means of pi-alkyl bonds. 
Carbon-hydrogen bond is also observed with HIS18. The significant 
non-bonding interaction of 1 with 2ZCO are pi-sigma bond with 
LEUA160 and pi-alkyl bonds with ALA157, LEU141, GLY161, LEU164, 
ALA134, VAL137 and HIS18. With GLY161 Carbon-hydrogen bond is 
also present. Based on interactions and binding energy, it may be 
inferred that both 1 and 2 have a higher binding energy in site 1 of the 
protein target 2ZCO. Surface structure of compound 1 and 2 with 2ZCO 
is represented in Fig. 16. Thus, the observed inhibition of S. aureus by 
compounds 1 and 2 may be due to their effect on the Dehydrosqualene 
synthase enzyme. This suggests that deactivation of this enzyme is a key 
component of their antibacterial activity.

Fig. 15. Two-dimensional and three-dimensional structures of 2ZCO with Compound 1(a) and 2 (b).
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3.5. ADME analysis

ADME analysis, which examines a drug’s absorption, distribution, 
metabolism, and excretion in a biological system, is crucial in drug 
development and pharmacokinetics for optimizing effectiveness and 
minimizing potential side effects. The pharmacokinetic characteristics 
of the synthesized hydrazones were computed using SWISSADME in 
order to analyse the ADME properties of these compounds. This website 
allows you to figure out physicochemical descriptors and estimate 
ADME parameters, druglike nature, pharmacokinetic characteristics, 
and pharmacological compatibility of small compounds to aid in drug 
discovery. The obtained parameters are shown in Table 5. Lipinski’s rule 
illustrates molecular features rather than pharmacological activity [58]. 
According to this rule, a drug has strong oral action if it has not more 
than one violation of the following criteria. 1. Molecular weight (MW) 

less than 500, 2. Octanol-water partition coefficient (log P) < 5, 3. The 
total number of NH and OH bonds < 5 hydrogen bond donors, 4. A total 
of less than ten hydrogen bond acceptors (N and O atoms), 5. The molar 
refractivity ranges from 40 to 130. From the table it is clear that both of 
the hydrazones are not showing any violation indicating the possibility 
of these substances acting as oral active drug. Assessment of 
drug-likeness was analysed by bioavaliability radar (Fig. 17), which 
indicates six physicochemical properties such as size, lipophilicity, sol-
ubility, polarity, flexibility and saturation.

3.6. Conclusion

The condensation reaction of 4-methoxybenzhydrazide with 1H- 
Indole-2,3‑dione and 2-(4‑chloro) benzoyl pyridine yielded two new 
aroylhydrazones,1H-Indole-2,3‑dione 4-methoxybenzhydrazone and 2- 
(4‑chloro) benzoyl pyridine 4-methoxybenzhydrazone. The structures of 
the newly synthesized compounds were confirmed through physico- 
chemical analyses. Differently substituted hydrazones change 
hydrogen bonding patterns, thereby impacting intermolecular forces, 
molecular packing, and the overall supramolecular structure. DFT 
studies provide valuable insights into the molecular geometry and 
electronic structure of the investigated compounds. While some de-
viations from the crystal structure parameters are observed, these dif-
ferences are attributed to intermolecular interactions present in the solid 
state. Anti-bacterial data suggest that the studied compounds could 
serve as effective inhibitors against Gram-positive bacteria. Further-
more, molecular docking calculations provided deeper insights, 
revealing that one of these compounds demonstrates a significantly 
stronger binding affinity to the target bacterial enzymes, which corre-
lates with its enhanced biological activity. This combination of experi-
mental and computational evidence highlights the potential of the 
compound as a potent antibacterial agent.
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Table 4 
Interactions of hydrazones with the amino acid residues of the target protein 
2ZCO in S.aureus.

Ligand Active 
target

Active 
site

BE 
Kcal/ 
mol

Interactions with amino acid residue

Vander 
Waals

H-Bond Hydrophobic

1 2ZCO 1 − 9.2 GLY138, 
VAL133, 
GLN45, 
ASN168, 
PHE22, 
TYR248, 
TYR41, 
LEU145, 
PHE261, 
ILE241

0 GLY161, (C- 
H), LEU160 
(Pi-sigma), 
ALA157, 
LEU141, 
LEU164, 
VAL137, 
ALA134, 
HIS18, (Pi- 
alkyl)

2 2ZCO 1 − 9.1 CYS44, 
GLY161, 
ASN168, 
TYR129, 
VAL111, 
TYR41

GLN165 
(2.39 Å), 
ARG45 
(2.27 Å)

ASPA48 (Pi- 
anion) PHE22 
(Pi-sigma), 
HIS18 (C-H), 
VAL137, 
ALA134, 
VAL133, 
LEU164(Pi- 
alkyl)

Fig. 16. Surface structure of compound 1 and 2 with 2ZCO.

Table 5 
Lipinski rule of five-In silico physicochemical and pharmacokinetic parameters of the synthesized hydrazones.

Compound log P 
<5

MW 
<500g/mol

H-Bond 
acceptor 
<10

H-Bond 
donor 
<5

n-rot TPSA (oA) Molar refractivity 
40–130

1 1.80 295.29 4 2 4 79.79 84.43
2 3.67 365.81 4 1 6 63.58 101.39
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