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ABSTRACT

A series of substituted B-lactam derivatives (3a-e) were synthesized via Schiff base
intermediates using a Staudinger [2+2] cycloaddition reaction and characterized by FT-IR
and 'H NMR spectroscopy. DFT calculations (B3LYP/6-31G(d)) were performed to
investigate molecular geometry, electronic properties, and reactivity descriptors.
Conceptual DFT analysis revealed that compounds 3c, 3d, and 3e display high
electrophilicity indices (w = 5.84-5.99 eV), indicating strong electrophilic reactivity, while
compound 3b shows the lowest electrophilicity (w = 2.406 eV) and the largest energy gap,
suggesting higher kinetic stability. Molecular electrostatic potential analysis identified key
reactive sites responsible for intermolecular interactions. Molecular docking against
Escherichia coli BepA metalloprotease (PDB: 6SAR) revealed good binding affinities (-7.2 to
-8.1 kcal/mol), with compound 3d showing the strongest interaction. These results suggest
that the synthesized B-lactam derivatives may serve as promising scaffolds for antibacterial
drug development.
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1. Introduction

B-Lactam antibiotics have been widely used since the
discovery of penicillin in 1928, with the B-lactam ring serving
as the key structural motif responsible for their antibacterial
activity [1,2]. However, the rapid emergence of antimicrobial
resistance has significantly compromised the efficacy of
existing B-lactam drugs, creating an urgent need for structural
modification [3]. Beyond their antibacterial activity, $-lactam
scaffolds exhibit diverse biological properties, including
anticancer, antiviral, enzyme-inhibitory, antitubercular, and
antitumoral effects [4-8].

Although B-lactam antibiotics are active against both Gram-
positive and Gram-negative bacteria [9], Gram-negative
pathogens pose a significant challenge because of the limited
permeability of their outer membrane. The rational design of 8-
lactam structures that overcome membrane impermeability
and resistance mechanisms is therefore essential for the
development of next-generation antibiotics [10]. Notably, the
introduction of halogen substituents has been shown to
enhance the stability and biological activity of the B-lactam
framework [11].

From a synthetic standpoint, B-lactams are essential
building blocks for numerous clinically significant antibiotics
[12-17]. Among the available synthetic methodologies, the
[2+2] cycloaddition of imines (Schiff bases) with ketenes
remains one of the most efficient and cost-effective approaches
for constructing azetidin-2-one rings [13,18,19]. Ketenes
generated in situ from acid chlorides readily undergo
cycloaddition with substituted imines, affording (-lactam
derivatives in high yields [1,20].

In this study, we report the synthesis of a series of novel 8-
lactam derivatives using a cost-effective strategy designed to
address the growing challenge of antimicrobial resistance
(Scheme 1). The synthesized compounds were characterized by
FT-IR, NMR, and UV-visible spectroscopy. Furthermore, their
electronic properties and molecular reactivity were evaluated
using density functional theory (DFT) -calculations and
molecular docking studies to identify promising candidates for
future antibiotic development.
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Scheme 1. Synthesis of 3-lactams (3a-€) from Schiff bases (2a-e).

2. Experimental
2.1. Analytical apparatus

A Fisher-Johns electrothermal melting-point apparatus was
used to record the melting temperatures of all synthesized
compounds by the thin-disc method. The infrared (IR) spectra
of the synthesized compounds were recorded using a NICOLET
iS10 IR spectrophotometer with KBr discs. 1H NMR spectra
were obtained using a 400 MHz AVANCE Bruker NMR
spectrometer with CDCls as the solvent and TMS as the internal
standard at the Wazed Miah Science Research Center,
Jahangirnagar University, Savar, Dhaka, Bangladesh. Chemical
shifts are reported in parts per million (ppm). Elemental
analyses for carbon, hydrogen, and nitrogen were conducted
using an Elementar Vario EL Cube instrument. The UV spectra
of the synthesized compounds were recorded using a Shimadzu
UV-1800 UV spectrophotometer at the Department of
Chemistry, Jahangirnagar University, Savar, Dhaka. TLC was
performed on Merck aluminum sheets precoated with Kieselgel
60 GF2s4 to a thickness of 0.25 mm. The spots were developed
in an iodine chamber and observed under an ultraviolet lamp.
The synthesized compounds were purified by column
chromatography using Kieselgel 100, 70-230 mesh, ASTM
(Merck), as the stationary phase.

2.2. Synthesis
2.2.1. Synthesis of Schiff base derivatives (2a-e)

4-Chlorobenzaldehyde (512.00 mg, 3.64 mmol) was
dissolved in anhydrous ethanol (15 mL) in a two-necked round-
bottom flask. A few drops of glacial acetic acid were added to
the stirred solution to control the pH (3.5-5.0). Separately, 3-
nitroaniline (502.76 mg, 3.64 mmol) was dissolved in 15 mL of
anhydrous ethanol, and the solution was added dropwise
through a dropping funnel to the stirred 4-chlorobenzaldehyde
solution. To maintain an anhydrous reaction, the mixture was
flushed with nitrogen gas and refluxed for 6 h. The progress of
the reaction was monitored by TLC using EtOAc:n-hexane (1:4)
as the mobile phase. Upon completion of the reaction, the
mixture was cooled, neutralized with 5% aqueous NaHCO3
solution, poured onto crushed ice, and kept in a refrigerator
overnight. The resulting solid was filtered, washed with water,
and dried in a vacuum desiccator. The dried crude product was
recrystallized from ethanol to afford the titled Schiff base 2a as

a white crystalline solid [21]. All other Schiff bases (2b-e) were
synthesized following the same procedure (Scheme 1).

N-(4-Chlorobenzylidene)-3-nitrobenzenamine (2a): Color:
off white. Yield: 92%. M.p.: 137-138 °C. FT-IR (KBr, v, cm-
1:3093 (C-H) (Aromatic), 2879 (C-H) (Aliphatic), 1627
(C=N),1523 (C=C) (Aromatic), 1571 (N=0). 'H NMR (400 MHz,
CDCl3, 8, ppm):8.49 (s, 1H, -CH=N), 8.12 (d, 1H, Ar-H, /o = 7.6 Hz)
8.06 (s,1H, Ar-H), 7.89 (d, 1H, Ar-H, Jo = 8.4 Hz), 7.56 (t, 1H, Ar-
H, Jo=8.4 Hz) 7.61 (d, 2H, Ar-H, Jo = 8.4 Hz), 7.52 (d, 2H, Ar-H, Jo
= 8.4 Hz). UV/Vis (DMSO, Amax, nm, (log €)): 276 (1.35) (n —» m*).
Anal. calcd. for C13H9Cl N202:C, 59.90; H, 3.48; N, 10.75. Found:
C,60.10; H, 3.39; N, 10.66%.

N-(4-Chlorobenzylidene)-4-methoxybenzenamine (2b):
Color: off white. Yield: 87%. M.p.: 127-128 °C. FT-IR (KBr, v, cm-
1):3010 (C-H) (Aromatic), 2960 (C-H) (Aliphatic), 1620
(C=N),1506 (C=C) (Aromatic). 'H NMR (400 MHz, CDCls, §,
ppm): 8.47 (s, 1H, -CH=N), 7.86 (d, 2H, Ar-H, J,= 8.4 Hz), 7.46 (d,
2H, Ar-H, Jo= 8.4 Hz), 7.27 (d, 2H, Ar-H, J,= 8.8 Hz) 6.96 (d, 2H,
Ar-H, J,=8.8Hz), 3.86 (s, 3H, -OCHs). UV/Vis (DMSO, Amax, nm,
(log€)): 373 (2.6) (n = 1*). Anal. calcd. for C14H12CINO: C, 68.44;
H, 4.92; N, 5.70. Found: C, 68.34; H, 4.88; N, 5.89%.

N-(3-Nitrobenzylidene)-4-methoxybenzenamine (2c): Color:
off white. Yield:95%. M.p.: 89-90 °C. FT-IR (KBr, v, cm): 3097
(C-H) (Aromatic), 2964, 2835 (C-H) (Aliphatic), 1618 (C=N),
1533 (C=C) (Aromatic), 1573 (N=0). 1H NMR (400 MHz, CDCls,
8, ppm):8.75 (s, 1H, -CH=N), 8.59 (s, 1H, Ar-H,) 8.32 (dd,1H, Ar-
H, /,=8.0 Hz, J»=1.6 Hz), 8.26 (d, 1H, Ar-H, J, = 7.6 Hz), 7.67 (t,
1H, Ar-H, J, = 8.0 Hz) 7.32 (d, 2H, Ar-H, J, = 8.8 Hz), 6.98 (d, 2H,
Ar-H, Jo = 8.8 Hz), 3.87 (s, 3H, -OCH3). UV/Vis (DMSO, Amax, nm,
(log €)): 275 (1.37) (n = m*). Anal. calcd. for C14H12N203:C,
65.62; H, 4.72; N, 10.93. Found: C, 65.46; H, 4.83; N, 10.77.

N-(3-Nitrobenzylidene)-4-bromobenzenamine (2d): Color:
off white. Yield: 89%. M.p.: 84-85 °C. FT-IR (KBr, v, cm1): 3076
(C-H) (Aromatic), 2927 (C-H) (Aliphatic), 1627 (C=N), 1521
(C=C) (Aromatic), 1575 (N=0). tH NMR (400 MHz, CDCl3, §,
ppm): 8.76 (s, 1H, -CH=N), 8.54 (s, 1H, Ar-H,) 8.36 (d,1H, Ar-H,
Jo=8.0 Hz,), 8.26 (d, 1H, Ar-H, Jo= 7.6 Hz), 7.71 (t, 1H, Ar-H, Jo=
8.0 Hz) 7.56 (d, 2H, Ar-H, J,= 8.4 Hz), 7.15 (d, 2H, Ar-H, J,= 8.4
Hz). UV/Vis (DMSO, Amax, nm, (log €)): 362 (2.1) (n = m*). Anal.
calcd. for C13H9BrN202:C, 51.17; H, 2.97; N, 9.18. Found: C, 50.94;
H, 2.81; N, 9.32.

N-(4-Nitrobenzylidene)-4-bromobenzenamine (2e): Color:
off white. Yield: 87%. M.p.: 169-170 °C. FT-IR (KBr, v, cm'1):
3099 (C-H) (Aromatic), 2846 (C-H) (Aliphatic), 1624 (C=N),
1559 (C=C) (Aromatic), 1573 (N=0). H NMR (400 MHz, CDCl3,
§, ppm): 8.56 (s, 1H, -CH=N), 8.42 (d, 2H, Ar-H, J, = 8.4 Hz), 8.10
(d, 2H, Ar-H, J,= 8.0 Hz), 7.57 (d, 2H, Ar-H, J,= 8.8 Hz) 6.96 (d,
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2H, Ar-H, J,=8.4 Hz). UV/Vis (DMSO, Amax, nm, (log €)): 366 (2.1)
(n = m*). Anal. calcd. for C13H9BrN202: C, 51.17; H, 2.97; N, 9.18.
Found: C, 50.96; H, 2.82; N, 9.31.

2.2.2. Synthesis of f-lactam derivatives (3a-e) from Schiff
bases (2a-e)

A solution of Schiff base 2a (205.00 mg, 0.78 mmol) in 1,4-
dioxane (10 mL) was added to a well-stirred mixture of
chloroacetyl chloride (0.124 mL, 1.56 mmol) and triethylamine
(0.217 mL, 1.56 mmol) in 1,4-dioxane at 0-5 °C. The reaction
mixture was stirred for 30 min, refluxed for 3 h, and
subsequently kept at room temperature for 24 h. The progress
of the reaction was monitored by TLC using EtOAc:n-hexane
(1:3, v:v) as the mobile phase. The resulting mixture was
concentrated using a rotary evaporator, and the residue was
poured into ice-cold water. The resulting solid was filtered and
dried overnight. The crude solid containing residual Schiff base
was separated by column chromatography using EtOAc:n-
hexane (1:3, v:v) as the eluent. Evaporation of the solvent
afforded the desired (3-lactam 3a. The remaining -lactams (3b-
e) were obtained following a similar procedure (Scheme 1).

3-Chloro-4-(4-chlorophenyl)-1-(3-nitrophenyl)azetidin-2-
one (3a): Color: Brownish red. Yield: 75%. M.p.: 110-112 °C. FT-
IR (KBr, v, cm'): 3084 (C-H) (Aromatic), 2953, 2852 (C-H)
(Aliphatic), 1685 (€=0),1543 (C=C) (Aromatic), 1595 (N=0). 1H
NMR (400 MHz, CDCls, 6, ppm):8.46 (s, 1H, Ar-H), 8.07 (d, 1H,
Ar-H, Jo = 8.0 Hz), 8.00 (d,1H, Ar-H, /,=8.0 Hz), 7.57 (t, 1H, Ar-H,
Jo=8.4Hz),7.61 (d, 2H, Ar-H, Jo = 8.4 Hz), 7.52 (d, 2H, Ar-H, Jo =
8.4 Hz), 4.26 (s, 1H, C-H), 4.22 (s, 1H, C-H). UV/Vis (DMSO, Amax,
nm, (log €)): 331 (0.886) (n — m*). Anal. calcd. for
C1sH13C12N203:C, 53.44; H, 2.99; N, 8.31. Found: C, 53.34; H, 2.80;
N, 8.01%.

3-Chloro-4-(4-chlorophenyl)-1-(4-methoxyphenyl)azetidin-
2-one (3b): Color: reddish-brown. Yield: 72%. M.p.: 130-131 °C.
FT-IR (KBr, v, cm1):3074 (C-H) (Aromatic), 2956, 2852 (C-H)
(Aliphatic), 1664 (C=0),1542 (C=C) (Aromatic). tH NMR (400
MHz, CDCls, 8, ppm): 8.42 (d,2H, Ar-H, J,=8.8 Hz), 8.10 (d, 2H,
Ar-H, J,=8.8 Hz), 7.47 (d, 2H, Ar-H, /,=8.8 Hz), 6.91 (d, 2H, Ar-H,
Jo= 8.8 Hz), 4.21 (s, 1H, C-H), 4.14 (s, 1H, C-H), 3.82 (s, 3H, -
OCH3). UV/Vis (DMSO, Amax, nm, (log €)): 282 (2.25) (n —» m*).
Anal. calcd. for C16H13CI2NO2:C, 59.65; H, 4.07; N, 4.35. Found: C,
59.40; H, 3.92; N, 4.17%.
3-Chloro-1-(4-methoxyphenyl)-4-(3-nitrophenyl)azetidin-2-
one (3c): Color: reddish-brown. Yield: 81%. M.p.: 107-108 °C.
FT-IR (KBr, v, cm): 3076 (C-H) (Aromatic), 2850, 2835 (C-H)
(Aliphatic), 1664 (C=0), 1543 (C=C) (Aromatic), 1550 (N=0).H
NMR (400 MHz, CDCls, 6, ppm): 8.41 (d, 1H, Ar-H, J,=8.4 Hz),
8.25 (d,1H, Ar-H, J,=8.4 Hz), 8.18 (s, 1H, Ar-H), 7.69 (t, 1H, Ar-H,
Jo=8.0 Hz), 7.47 (d, 2H, Ar-H, J, = 8.0 Hz), 6.92 (d, 2H, Ar-H, Jo =
8.0 Hz), 4.21(s, 1H, C-H), 4.12 (s,1H, C-H), 3.82 (s, 3H, -OCH3).
UV/Vis (DMSO, Amax, nm, (log €)): 262 (1.76) (n — m*). Anal
caled. for Ci6H13CI2NO2:C, 57.75; H, 3.94; N, 8.41. Found: C,
57.66; H, 3.74; N, 8.25%.
1-(4-Bromophenyl)-3-chloro-4-(3-nitrophenyl)azetidin-2-
one (3d): Color: Reddish-brown. Yield: 60%. M.p.: 110-112 °C.
FT-IR (KBr, v, cm1): 3097 (C-H) (Aromatic), 2877 (C-H)
(Aliphatic), 1672 (C=0), 1614 (C=C) (Aromatic), 1583 (N=0). H
NMR (400 MHz, CDCls, §, ppm): 8.74 (s, 1H, Ar-H), 8.52 (d, 1H,
Ar-H, J,=8.0 Hz), 8.27 (d,1H, Ar-H, /,=8.0 Hz), 7.79 (t, 1H, Ar-H,
Jo=8.0Hz), 7.49 (d, 2H, Ar-H, /,.=8.8Hz), 7.37 (d, 2H, Ar-H, J,=8.8
Hz), 4.46 (s,1 H, C-H), 4.12 (s, 1H, C-H). UV/Vis (DMSO, Amax, nim,
(log €)): 332 (1.89) (n — m*). Anal. calcd. for C1sH1o BrCIN202:C,
47.21; H, 2.64; N, 7.35. Found: C, 47.11; H, 2.48; N, 7.18%.
1-(4-Bromophenyl)-3-chloro-4-(4-nitrophenyl)azetidin-2-
one (3e): Color: Off-white. Yield: 68%. M.p.: 181-182 °C. FT-IR
(KBr, v, cm1): 3078 (C-H) (Aromatic), 2922 (C-H) (Aliphatic),
1670 (C=0), 1557 (C=C) (Aromatic), 1575 (N=0). 1H NMR (400
MHz, CDCl3, 8, ppm): 8.43 (d, 2H, Ar-H, J, = 8.4 Hz), 8.11 (d, 2H,
Ar-H, J,= 8.0 Hz), 7.49 (d, 2H, Ar-H, /,=8.8 Hz), 6.92 (d, 2H, Ar-H,

J,=8.8 Hz), 4.21 (s, 1H, C-H), 4.11 (s, 1H, C-H). UV/Vis (DMSO
Amax, N, (log €)): 367 (2.49) (n — m*).

3. Computational methods

Theoretical calculations were performed to investigate the
molecular reactivity, intermolecular interaction tendencies,
and potential biological activity of the synthesized molecules.
Density functional theory (DFT) calculations were carried out
to obtain detailed electronic and structural information.

Geometry optimizations were performed using the B3LYP
functional [22]. The 6-31G(d) basis set was employed for the
organic molecular frameworks [23]. The same computational
level was also used to investigate the thermally prohibited
[2+2] cycloaddition reaction and to evaluate global reactivity
descriptors and intermolecular interaction tendencies. All
optimized structures were confirmed to be true minima on the
potential energy surface (PES) by the absence of imaginary
vibrational frequencies.

The electronic structures and global reactivity descriptors
of the studied systems were evaluated using conceptual density
functional theory (CDFT) based on the energies of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). All quantum chemical descriptors
were derived from the fully optimized molecular geometries:
[24]. The chemical hardness (1) was calculated using Equation
1, while the chemical potential () was obtained from Equation
2:

_ ELumo—EnHomo (1)

N 2

_ Enomo+ELumo (2)

" 2

The global electrophilicity index (w) was determined using
Equation 3:

w=%X (3)

The number of electrons transferred (N) from nucleophile
to the reference compound (TCE) was calculated using
Equation 4:

N= EHOMO(Nu) - EHOMO(TCE) (4)

The global softness (S) was determined from Equation 5:

s== (5)

2n

Finally, electronegativity (x) was calculated using Equation.

_ —(ELumo+EnoMO) (6)
2

All calculated quantum chemical descriptors were used to
evaluate the chemical reactivity, stability, and charge--transfer
characteristics of the investigated systems. Initial molecular
geometries were constructed using GaussView 6 [25] and fully
optimized using Gaussian 09 software [26]. Molecular docking
studies were performed using AutoDock Vina 1.2.0 to evaluate
protein-ligand binding interactions. The resulting complexes
were analyzed and visualized using Discovery Studio 2025 to
investigate interaction patterns and binding modes [27,28].
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Figure 1. Optimized geometry of compound 3b.

4. Results and discussion
4.1. Synthesis and characterization

The structures of all compounds were confirmed using
modern spectroscopic methods such as 'H NMR, FT-IR, and UV
analysis. A characteristic singlet at approximately § 8.49 ppm
for the downfield CH=N proton in the 'H NMR spectrum
confirmed the synthesis of Schiff base 2a. Two doubletsat § 7.61
and 7.57 ppm with an ortho coupling constant (/o = 8.4 Hz),
along with a singlet at § 8.06 ppm, confirmed the presence of
substituted aromatic protons in compound 2a. In the 1H NMR
spectra, all other Schiff bases (2b-e) exhibited a strong singlet
in the § 8.47-8.76 ppm range, indicating the formation of the
imine CH=N group. Compound 3a showed two characteristic
singlets at § 4.26 and 4.22 ppm for the -lactam ring protons,
confirming the formation of the azetidinone ring. Two doublets
were observed at § 7.61 and 7.52 ppm with a coupling constant
of Jo = 8.4 Hz for the substituted aromatic ring. Two doublets
were also observed at § 8.07 and 8.00 ppm with coupling
constants of J, = 8.0 and 8.4 Hz, respectively. A triplet at § 7.57
ppm with a coupling constant of J, = 8.4 Hz confirmed the
aromatic ring proton. The IR spectrum of compound 3a showed
characteristic bands at 3084 cm-! for aromatic C-H stretching,
2953 and 2852 cm! for aliphatic C-H stretching, 1685 cm-1! for
the lactam C=0 group, 1595 cm-! for aromatic C=C stretching,
and 1533 cm™! for the nitro group.

The *H NMR spectrum of compound 3b exhibited a singlet
at & 3.82 ppm corresponding to the —OCHs protons. Two
characteristic singlets at § 4.21 and 4.14 ppm were assigned to
the lactam ring hydrogens, confirming the formation of the
azetidinone moiety. Two doublets observed at § 8.42 and 8.10
ppm with a coupling constant of J, = 8.8 Hz indicated a
substituted aromatic system. Additionally, two doublets at §
7.47 and 6.91 ppm (/o = 8.8 Hz) were attributed to aromatic ring
protons. The IR spectrum of compound 3b showed absorption
bands at 3074 cm-! for aromatic C-H stretching, 2956 and 2852
cm-! for aliphatic C-H stretching, 1664 cm-! for the lactam C=0
group, and 1512 cm-! for aromatic C=C stretching.

The 'H NMR spectrum of compound 3c displayed two
characteristic singlets at § 4.21 and 4.12 ppm corresponding to
the lactam ring hydrogens, along with a singlet at § 3.82 ppm
attributed to the methoxy (-OCHs) protons on the aromatic
ring. Two aromatic protons appeared as doublets at § 7.47 and
6.92 ppm with a coupling constant of /] = 8.0 Hz, indicating
substituted aromatic ring protons. Signals corresponding to a
meta-substituted aromatic ring were observed as a singlet at §
8.18 ppm, two doublets at § 8.42 and 8.25 ppm (J = 8.4 Hz), and
atripletat § 7.69 ppm (J = 8.0 Hz). The FT-IR spectrum showed
bandsat 3076, 2850, 1664, 1550, and 1512 cm-1, confirming the

presence of aromatic C-H, aliphatic C-H, lactam C=0, N=0, and
aromatic C=C groups.

B-Lactam 3d showed singlets at § 4.12 and 4.46 ppm
corresponding to the lactam protons. A singlet at § 8.74 ppm, a
triplet at § 7.79 ppm with a coupling constant of J, = 8.0 Hz, and
two doublets at § 8.52 and 8.27 ppm with a coupling constant
of Jo = 8.0 Hz were assigned to substituted aromatic ring
protons. Two additional doublets at § 7.49 and 7.37 ppm with a
coupling constant of J, = 8.8 Hz were assigned to other
substituted aromatic ring protons. The IR absorption bands at
3097, 2877, 1672, 1614, and 1583 cm™! represented aromatic
C-H, aliphatic C--H, lactam carbonyl, aromatic C=C, and nitro
functional groups, respectively.

B-Lactam 3e showed singlets at § 4.11 and 4.21 ppm
corresponding to the lactam protons. Two doublets at § 8.43
and 8.11 ppm with coupling constants of J, = 8.4 and 8.0 Hz,
respectively, were assigned to substituted aromatic protons.
Two additional doublets at § 7.49 and 6.92 ppm with a coupling
constant of Jo = 8.8 Hz were assigned to another substituted
aromatic ring. The IR absorption bands at 3078, 2922, 1670,
1557, and 1575 cm-! represented aromatic C-H, aliphatic C-H,
lactam carbonyl, aromatic C=C, and nitro functional groups,
respectively.

4.2. Theoretical calculations

Theoretical calculations were performed to evaluate the
molecular reactivity, structural stability, and potential
biological relevance of the synthesized compounds. Density
functional theory (DFT) calculations were carried out at the
B3LYP level to obtain reliable electronic and structural
parameters within Koopmans’ conceptual DFT framework.
Geometry optimizations were performed using the B3LYP/6-
31G(d) basis set for organic frameworks. In addition, this
computational protocol was applied to examine the thermally
prohibited [2+2] cycloaddition reaction pathway and to analyze
global reactivity descriptors and intermolecular interaction
tendencies. All optimized structures were confirmed to
correspond to true minima on the potential energy surface
(PES), as evidenced by the absence of imaginary vibrational
frequencies.

Initial molecular geometries were constructed using
GaussView 6 and fully optimized using Gaussian 09 software.
The representative optimized geometry of analogue 3b is
shown in Figure 1. To complement the quantum chemical
results, molecular docking studies were performed using
AutoDock Vina 1.2.0 [28] to investigate protein-ligand binding
affinities. The resulting complexes were further analyzed and
visualized using Discovery Studio 2025 to elucidate interaction
patterns and binding modes.
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Table 1. The reactivity indices at B3LYP/6-31G(d) for the intermediate of compound 3c.

Molecular property n (eV) u(eV) w (eV) N (eV)
Ketene 2.19 -4.38 4.38 2.67
Imine 1.89 -4.16 4.58 3.20
Table 2. Frontier molecular orbital energies of compounds 3a-3e calculated by DFT.
Compound AE (eV) 1 (eV) X (eV) u(eV) w (eV) N (eV) S (eV-1)
3a 4.343 2.172 4.704 -4.704 5.094 2.354 0.460
3b 4.698 2.349 3.362 -3.362 2.406 3.519 0.426
3c 3.139 1.570 4.282 -4.282 5.843 3.378 0.637
3d 3.590 1.795 4.637 -4.637 5.989 2.798 0.557
3e 3.615 1.808 4.645 -4.645 5.968 2.777 0.553
OCH,4 OCH; OCH,3
fo) H
L - — W%
\ %
HT N N J -
0, W o 0, 0,
1c 2c 2c' 3c

Scheme 2. Mechanism of the ketene-imine Staudinger reaction.

4.2.1. Investigating the feasibility of the Staudinger
reaction

The synthesis of B-lactam derivatives proceeds through a
ketene-imine Staudinger reaction via a stepwise mechanism
involving the formation of a zwitterionic intermediate
(compound 2c) (Scheme 2). This polar cycloaddition proceeds
through the nucleophilic attack of the imine nitrogen on the
carbonyl carbon of the ketene [18,19]. This mechanism can be
investigated using conceptual DFT for the ketene and imine. We
selected one f-lactam reaction (3c) to investigate the
mechanism (Scheme 2).

According to the calculated global reactivity indices, the
imine behaves as the nucleophile owing to its higher
nucleophilicity index (N = 3.20 eV), whereas the ketene acts as
the electrophile with an electrophilicity index of 4.38 eV (Table
1). The electronic chemical potentials of the two reactants
(Mimine = =4.16 eV and pketene = —4.38 eV) indicate that electron
density transfer is expected to occur from the imine toward the
ketene. This combination of nucleophilic and electrophilic
character supports the polar nature of the first step of the
ketene-imine Staudinger reaction and is consistent with the
formation of a zwitterionic intermediate through nucleophilic
attack of the imine nitrogen on the electrophilic carbonyl
carbon of the ketene.

4.2.2. Calculation of global physicochemical descriptors

Quantum chemical descriptors such as electronegativity
(x), electrophilicity index (w), softness (S), hardness (1),
chemical potential (t), and nucleophilicity index (N) are global
indicators of molecular chemical behavior [24]. These
parameters were calculated to evaluate molecular stability,
chemical reactivity, and nucleophilic or electrophilic affinity.
The calculated quantum chemical parameters for the
synthesized (3-lactams are summarized in Table 2 [29-32].

4.2.3. Hardness

Hardness (1), a measure of resistance to electron-cloud
deformation, is inversely related to chemical reactivity [33].
The hardness and softness of all compounds (3a-e) were
determined using Equations 1 and 5, respectively. A lower

hardness value (a softer molecule) indicates greater reactivity,
and vice versa. Since compound 3b has the highest hardness
value (2.349 eV) among the compounds studied, it should be
less reactive. In contrast, with a hardness value of 1.57 eV, 3c is
the softest molecule, suggesting greater charge-transfer
capacity and reactivity.

4.2.4. Electrophilicity

A molecule's ability to act as an electrophile can be
predicted using the electrophilicity index (w) [34], which
combines 1 and X. Equation 3 is used to calculate the
electrophilicity index (w), a conceptual DFT descriptor that
measures a molecule's capacity to accept electrons. Compounds
3a-3e have computed w values ranging from 2.406 to 5.989 eV
(Table 2). Compounds 3c-3e are more electrophilic than
compounds 3a and 3b within the studied series. This pattern is
consistent with the presence of electron-withdrawing
substituents, especially the nitro group, which increases the
relative electrophilic character of the molecules by lowering the
electronic chemical potential through its strong inductive (-I)
and resonance (-M) effects.

The computed w values are employed here mainly as
comparative descriptors to rank the electrophilic character of
the synthesized compounds within the current series, despite
the fact that they are relatively high when compared to those
commonly reported for neutral organic molecules. Accordingly,
compounds 3c-3e are interpreted as relatively more
electrophilic than compounds 3a and 3b, rather than being
classified as exceptionally strong electrophiles.

4.2.5. Chemical potential

Molecules with negative chemical potential values are
considered electronically stable. Compared with the other
compounds, compound 3b has the least negative chemical
potential (-3.362 eV), indicating a greater electron-donating
tendency. Compound 3a, on the other hand, has a more negative
chemical potential (-4.704 eV), indicating a relatively lower
electron-donating ability and a greater tendency to accept
electronic charge.
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(a) Compound 3a

(b) Compound 3b

(c) Compound 3c

(d) Compound 3d

(e) Compound 3e

Figure 2. Molecular electrostatic potential (MEP) maps of compounds 3a-e calculated at the B3LYP/6-31G(d) level and mapped onto the 0.001 a.u. electron
density isosurface. The color scale ranges from -0.05 a.u. (red, electron-rich regions) to +0.05 a.u. (blue, electron-deficient regions).

4.2.6. Molecular electrostatic potential

Molecular electrostatic potential (MEP) is a useful method
for predicting relationships between the physicochemical
properties of proposed drugs [35]. Additionally, MEP is useful
for determining whether drug molecules are susceptible to
nucleophilic or electrophilic attack [36]. Thus, MEP has
primarily been used to describe the chemical reactivity of
various biological systems involved in electrophilic and
hydrogen-bonding interactions [37,38]. The MEP diagram is
useful for studying the physicochemical properties of molecules
because it displays their size, shape, and negative, positive, and
neutral electrostatic potentials [39]. In the MEP maps, neutral
regions are represented in green, while electron-rich and
electron-poor regions are shown in red and blue, respectively.
Variations in color correspond to different electrostatic
potential values on the surface [40].

Figure 2a-e shows the clearly visualized isodensity surfaces
of the synthesized molecules. In all molecules, the
electronegative atoms are chlorine, bromine, oxygen, and
nitrogen. However, not all of these atoms act as nucleophiles
because of a lack of available electrons, as clearly shown by the

molecular electrostatic potential calculations. The MEP was
calculated—on the 0.001 a.u. isodensity surface of the
synthesized molecules using a color range from -0.05 a.u. (red)
to +0.05 a.u. (blue). Red indicates electron-rich regions, while
blue indicates electron-poor regions. In molecules 3a, 3b, and
3¢, the deep-red regions localized on the oxygen atoms indicate
electron-rich sites, suggesting their susceptibility to
electrophilic attack. Bromine and chlorine show neither color.
In molecules 3d and 3e, the oxygen atoms are moderately red.

Molecular docking studies were conducted to identify the
most favorable binding conformations of the synthesized
compounds with Escherichia coli BepA metalloprotease (PDB
ID: 6SAR). Because BepA is a conserved periplasmic
metalloprotease involved in outer-membrane protein assembly
and quality control, Escherichia coli BepA metalloprotease (PDB
ID: 6SAR) was selected [41]. The bacterial outer membrane is a
barrier to antibiotics [42]. It has been demonstrated that
disruption of BepA function compromises outer-membrane
integrity, making cells more susceptible to antibiotics.
Therefore, inhibition of BepA may disrupt membrane assembly
and enhance antibacterial susceptibility in Gram-negative
bacteria.
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Table 3. Protein-ligand binding affinity scores, interaction types, and distances for compounds 3a-e.

Compound Interaction types Distance (A) Binding affinity (kcal/mol)
3a Carbon-hydrogen bond 3.1979 -7.7
Pi-sigma 3.58897
Pi-sigma 3.46222
Alkyl 4.17546
Pi-alkyl 4.97035
3b Pi-pi T-shaped 5.28873 -7.2
Alkyl 4.42154
Alkyl 417116
Pi-alkyl 4.25957
Pi-alkyl 4.82342
Pi-alkyl 5.2847
3c Conventional hydrogen bond 2.94235 -7.9
Pi-pi T-shaped 4.85451
Alkyl 5.02735
Pi-alkyl 5.12121
Pi-alkyl 494491
Pi-alkyl 5.20704
3d Conventional hydrogen bond 2.99599 -8.1
Pi-pi T-shaped 4.85255
Pi-alkyl 5.07775
Pi-alkyl 5.20072
3e Alkyl 4.17097 -7.5
Alkyl 4.85083
Alkyl 5.11395
Conventional hydrogen bond 2.23876
Conventional hydrogen bond 2.89618
Conventional hydrogen bond 2.66664
Pi-sigma 3.84718
Pi-sigma 3.55144

Figure 3. Escherichia coli BepA metalloprotease (PDB ID: 6SAR).

AutoDock Vina 1.2.0 was used to prepare the optimized
PDB structures of the ligands for docking. SPDB software was
used to optimize the structure of Escherichia coli BepA
metalloprotease (PDB ID: 6SAR) (Figure 3) [43]. AutoDock Vina
1.2.0 was used to perform the docking calculations, and
Discovery Studio was used to display the results [27,28].

To identify potential interactions, the docking grid was
centered at x = 35.545, y = 52.265, and z = 47.355 A, with a box
size of 60 x 60 x 60 A. After all data were processed in Discovery
Studio Visualizer (DSV), the interactions were displayed as both
2D and 3D structures. The molecules contain various
substituents that provide different electronic environments,
resulting in diverse binding modes and activities against
Escherichia coli BepA metalloprotease. Table 3 provides an
overview of their best binding affinities, interaction types, and
interaction distances.

As shown in Table 3, the calculated binding affinities ranged
from -7.2 to 8.1 kcal/mol. The highest (least favorable) score,
-7.2 kcal/mol, was observed for 3b, whereas the lowest (most
favorable) score, —8.1 kcal/mol, was observed for 3d. Table 3
shows that molecule 3b and Escherichia coli BepA
metalloprotease exhibit three major types of interactions (Pi-
Pi T-shaped, alkyl, and Pi-alkyl). The interactions between

compound 3b and Escherichia coli BepA metalloprotease are
visualized as 2D and 3D structures in Figure 4a and 4b,
respectively. Molecule 3d and Escherichia coli BepA metallo-
protease also exhibit three major types of interactions (Pi-Pi T-
shaped, conventional hydrogen bond, and Pi-alkyl). The
conventional hydrogen bond may play a crucial role in the
interaction between molecule 3d and Escherichia coli BepA
metalloprotease, which is visualized as 2D and 3D structures in
Figure 5a and 5b, respectively.

Table 3 also shows that 3c has a binding score close to the
most favorable score and exhibits four types of interactions (Pi-
Pi T-shaped, alkyl, conventional hydrogen bond, and Pi-alkyl).
These molecules have several substituents attached to their
structures. Compound 3d has nitro and bromine substituents
and both substituents were shown to interact. In compound 3c,
the methoxy and nitro groups were shown to interact. In both
molecules, the nitro group formed a conventional hydrogen
bond. Therefore, nitro groups may play a crucial role in
biological activity. The 2D and 3D structures of the interaction
between compound 3c and Escherichia coli BepA
metalloprotease are shown in Figure 6a and 6b, respectively.

2026 - European Journal of Chemistry - CC BY NC - DOI: 10.5155/eurjchem.17.3.229-238.2761



236 Liza et al. / European Journal of Chemistry 17 (3) (2026) 229-238

ARG
A:466
ARG
A470
PHE
A:404
Interactions
[ Pi-Pi T-shaped [ Pirakyl
[ Akl
(@)

(b)

Figure 4. (a) 2D and (b) 3D interaction diagrams showing the binding mode of compound 3b with Escherichia coli BepA metalloprotease.
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Figure 5. (a) 2D and (b) 3D interaction diagrams showing the binding mode of compound 3d with Escherichia coli BepA metalloprotease.
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Figure 6. (a) 2D and (b) 3D interaction diagrams showing the binding mode of compound 3c with Escherichia coli BepA metalloprotease.

5. Conclusions

A series of novel (-lactam derivatives were successfully
synthesized via Schiff base intermediates and confirmed by FT-
IR and 'H NMR analysis. The calculated CDFT descriptors (i, 7,
w, and N) characterize the relative ability of the synthesized -
lactam derivatives to participate in electron density exchange
during polar processes. The combined analysis of these

descriptors provides a consistent interpretation of the polar
nature of the studied reactions and the relative reactivity of the
investigated compounds. Molecular electrostatic potential
analysis identified oxygen-containing functional groups as the
most favorable sites for intermolecular interactions. Molecular
docking studies demonstrated favorable binding affinities
toward Escherichia coli BepA metalloprotease, particularly for
compound 3d, which showed the best binding score. The
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presence of nitro and halogen substituents appears to enhance
binding interactions. Overall, these findings suggest that the
synthesized B-lactam derivatives may serve as promising
candidates for antibacterial drug development and merit
further biological evaluation.

Acknowledgements

The authors are grateful to the Department of Chemistry, Jahangirnagar
University, for providing chemicals; and reagents,-laboratory facilities, and
support. The authors also acknowledge the contribution of the Wazed Miah
Science Research Centre, Jahangirnagar University, Savar, for recording the
elemental and spectroscopic data of the synthesized compounds.

Disclosure statement ¢

Conflict of interest: Umme Aiman Liza, Sumaiya Khan, Md Aman Ullah Aman,
Md Sarwar Hossen Sogib, Md Alamgir Hossain, Anamika Sultana, and
Mohammad Mamun Hossain declare that they have no conflicts of interest.
Ethical approval: All ethical guidelines were followed.

Sample availability: Samples of the compounds are available from Umme
Aiman Liza, Sumaiya Khan, and Mohammad Mamun Hossain.

CRediT authorship contribution statement @

Conceptualization: ~Mohammad Mamun Hossain, Sumaiya Khan;
Methodology: Sumaiya Khan, Mohammad Mamun Hossain; Validation:
Sumaiya Khan, Umme Aiman Liza, Mohammad Mamun Hossain; Synthesis:
Md. Alamgir Hossain; Formal Analysis: Umme Aiman Liza, Sumaiya Khan, Md
Aman Ullah Aman, Md Sarwar Hossen Sogib, Md. Alamgir Hossain, Anamika
Sultana, Mohammad Mamun Hossain; Investigation: Sumaiya Khan, Umme
Aiman Liza, Mohammad Mamun Hossain; Resources: Mohammad Mamun
Hossain, Umme Aiman Liza, Sumaiya Khan; Data Correction: Umme Aiman
Liza, Sumaiya Khan , Md Aman Ullah Aman , Md Sarwar Hossen Sogib, Md
Alamgir Hossain, Anamika Sultana, Mohammad Mamun Hossain; Writing -
Original Draft: Mohammad Mamun Hossain, Sumaiya Khan, Umme Aiman
Liza, Md Aman Ullah Aman , Md Sarwar Hossen Sogib; Writing - Review and
Editing: Mohammad Mamun Hossain, Sumaiya Khan, Umme Aiman Liza, Md
Aman Ullah Aman, Md. Sarwar Hossen Sogib; Anamika Sultana; Visualization:
Mohammad Mamun Hossain, Sumaiya Khan, Umme Aiman Liza; Funding
acquisition: Mohammad Mamun Hossain, Sumaiya Khan, Umme Aiman Liza;
Supervision: Mohammad Mamun Hossain, Sumaiya Khan; Project
Administration: Mohammad Mamun Hossain, Sumaiya Khan.

Funding @

Jahangirnagar University, Savar, Dhaka, Bangladesh.
https://www.juniv.edu

ORCID (1) and Email ©)

Umme Aiman Liza

aimanliza@juniv.edu
https://orcid.org/0009-0001-5971-7001

Sumaiya Khan

O sumaiya9@juniv.edu
https://orcid.org/0000-0003-1473-7102

Md Aman Ullah Aman

aman.stu2017 @juniv.edu
https://orcid.org/0009-0002-3567-389X

Md Sarwar Hossen Sogib

o sarwarhossensogib@gmail.com
https://orcid.org/0009-0006-4072-7118

Md Alamgir Hossain

o alamgirnur157 @gmail.com
https://orcid.org/0009-0003-4133-8921

Anamika Sultana

anamikasultanaorpa09@gmail.com
https://orcid.org/0009-0003-5607-149X

Mohammad Mamun Hossain

O chemamun@juniv.edu
https://orcid.org/0000-0002-7712-2482

References

[1]. Bortolami, M.; Chiarotto, I.; Mattiello, L.; Petrucci, R.; Rocco, D.; Vetica,
F; Feroci, M. Organic electrochemistry: Synthesis and
functionalization of B-lactams in the twenty-first century. Heterocycl.
Commun. 2021, 27 (1), 32-44.

[2].  Lin, X;; Kiick, U. Cephalosporins as key lead generation beta-lactam
antibiotics. Appl Microbiol Biotechnol 2022, 106 (24), 8007-8020.

[3]. Farhan, M. M,; Guma, M. A.; Rabeea, M. A,; Ahmad, I.; Patel, H.
Synthesizes, characterization, molecular docking and in vitro
bioactivity study of new compounds containing triple beta lactam
rings. J. Mol. Struct. 2022, 1269, 133781.

[4]. Skibinska, M.; Warowicka, A.; Koroniak, H.; Cytlak, T.; Crousse, B.
Synthesis, Reactivity, and Antibacterial Activity of gem-
Difluoroalkene, Difluoromethyl, and Trifluoromethyl -Lactams. Org.
Lett. 2024, 26 (3), 692-696.

[5].  Alves, N. G.; Bartolo, I; Alves, A. ].; Fontinha, D.; Francisco, D.; Lopes, S.
M.; Soares, M. L; Simdes, C. ].; Prudéncio, M.; Taveira, N.; Pinho e Melo,
T. M. Synthesis and structure-activity relationships of new chiral
spiro-B-lactams highly active against HIV-1 and Plasmodium. Eur. J.
Med. Chem. 2021, 219, 113439.

[6]. Mondemé, M.; Carnoy, C,; Sirard, ].-C.; Faveeuw, C. Treatment of
bacterial infections with (-lactams: Cooperation with innate
immunity. Infect. Immun. 2023, 91, e00503-22,
https://doi.org/10.1128/iai.00503-22.

[7].  Alves, A.]; Alves, N. G.; Laranjo, M.; Gomes, C. S.; Cristina Gongalves,
A.; Bela Sarmento-Ribeiro, A.; Filomena Botelho, M.; Pinho e Melo, T.
M. Insights into the anticancer activity of chiral alkylidene-f-lactams
and alkylidene-y-lactams: Synthesis and biological investigation.
Bioorg. Med. Chem. 2022, 63,116738.

[8]. Smith, D. M,; Kazi, A.; Smith, L.; Long, T. E.; Heldreth, B.; Turos, E.; Dou,
Q. P. A novel beta-lactam antibiotic activates tumor cell apoptotic
program by inducing DNA damage. Mol. Pharmacol. 2002, 61, 1348-
1358.

[9]. Moyo, P.; Albert, I. O, Hlungwani, N.; Sibanda, T. Lumu, P;
Khorommbi, N. K.; Kaur, G.; Calvopina Tapia, K.; Siegwart, G.; Buabeng,
N. K,; Danquah, C. A;; McGaw, L. J.; Cosa, S.; Schofield, C. ].; Maharaj, V.
J. B-Lactam antibiotics and f-lactamases: historical perspectives and a
review of B-lactamase inhibitors derived from natural products. Nat.
Prod. Rep. 2026, 43,1511-1541.

[10]. Motz, R. N; Guo, C.; Sargun, A,; Walker, G. T.; Sassone-Corsi, M.;
Raffatellu, M.; Nolan, E. M. Conjugation to Native and Nonnative
Triscatecholate Siderophores Enhances Delivery and Antibacterial
Activity of a B-Lactam to Gram-Negative Bacterial Pathogens. J. Am.
Chem. Soc. 2024, 146 (11), 7708-7722.

[11]. Skibinska, M.; Warowicka, A,; Crousse, B.; Cytlak, T. Synthesis and
Antibacterial Activity of Novel Phosphonated CF3-B-lactams. ACS
Omega 2025, 10 (17), 18062-18072.

[12]. Qi, J; Wei, F.; Huang, S; Tung, C; Xu, Z. Copper(I)-Catalyzed
Asymmetric Interrupted Kinugasa Reaction: Synthesis of o-
Thiofunctional Chiral B-Lactams. Angew Chem Int Ed 2021, 60 (9),
4561-4565.

[13]. Fu, N.; Tidwell, T. T. Preparation of B-lactams by [2+2] cycloaddition
of ketenes and imines. Tetrahedron 2008, 64 (46), 10465-10496.

[14]. Ji, D,; Liang, H.; Yang, K.; Feng, Z.; Luo, Y.; Xu, G.; Gu, Y.; Xu, P. Solvent
directed chemically divergent synthesis of 3-lactams and a-amino acid
derivatives with chiral isothiourea. Chem. Sci. 2022, 13 (6), 1801-
1807.

[15]. Yamamoto, Y.; Kodama, S.; Nishimura, R,; Nomoto, A,; Ueshima, M,;
Ogawa, A. One-Pot Construction of Diverse f3-Lactam Scaffolds via the
Green Oxidation of Amines and Its Application to the
Diastereoselective Synthesis of 3-Amino Acids. J. Org. Chem. 2021, 86
(17),11571-11582.

[16]. Oddy, M. J.; Kusza, D. A,; Epton, R. G,; Lynam, J. M.; Unsworth, W. P.;
Petersen, W. F. Visible-Light-Mediated Energy Transfer Enables the
Synthesis of 3-Lactams via Intramolecular Hydrogen Atom Transfer.
Angew Chem Int Ed 2022, 61 (48),
https://doi.org/10.1002/anie.202213086.

[17]. Saura-Sanmartin, A.; Andreu-Ardil, L. Stereoselective synthesis of -
lactams: recent examples. Org. Biomol. Chem. 2023, 21 (16), 3296-
3306.

[18]. Domingo, L. R; Saez J. A. Understanding the selectivity in the
formation of 8-lactams vs. B-lactams in the Staudinger reactions of
chloro-cyan-ketene with unsaturated imines. A DFT study. RSC Adv,
2014, 4 (102), 58559-58566.

[19]. Domingo, L. R; Rios-Gutiérrez, M.; Sdez, ]. A. Unravelling the
mechanism of the ketene-imine Staudinger reaction. An ELF quantum
topological analysis. RSC. Adv. 2015, 5 (47), 37119-37129.

[20]. Cordero, F. M.; Giomi, D.; Machetti, F. Synthesis of 2-Azetidinones via
Cycloaddition Approaches: An Update. Reactions 2024, 5 (3), 492-
566.

[21]. Saeed, S.; Al-Harbi, T; Alhakimi, A.; Abd El-Hady, M. Synthesis and
characterization of metal complexes based on aniline derivative Schiff

2026 - European Journal of Chemistry - CC BY NC - DOI: 10.5155 /eurjchem.17.3.229-238.2761


https://www.juniv.edu/
mailto:aimanliza@juniv.edu
https://orcid.org/0009-0001-5971-7001
mailto:sumaiya9@juniv.edu
https://orcid.org/0000-0003-1473-7102
mailto:aman.stu2017@juniv.edu
https://orcid.org/0009-0002-3567-389X
mailto:sarwarhossensogib@gmail.com
https://orcid.org/0009-0006-4072-7118
mailto:alamgirnur157@gmail.com
https://orcid.org/0009-0003-4133-8921
mailto:anamikasultanaorpa09@gmail.com
https://orcid.org/0009-0003-5607-149X
mailto:chemamun@juniv.edu
https://orcid.org/0000-0002-7712-2482
https://doi.org/10.1128/iai.00503-22
https://doi.org/10.1002/anie.202213086

238

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

Liza et al. / European Journal of Chemistry 17 (3) (2026) 229-238

base for antimicrobial applications and UV protection of a modified
cotton fabric. Coatings 2022, 12, 1181.

Becke, A. D. Density-functional thermochemistry. III. The role of exact
exchange. J. Chem. Phys. 1993, 98, 5648-5652.

Hariharan, P. C.; Pople, J. A. The influence of polarization functions on
molecular orbital hydrogenation energies. Theor. Chim. Acta 1973, 28,
213-222.

Domingo, L.; Rios-Gutiérrez, M. Pérez, P. Applications of the
Conceptual Density Functional Theory Indices to Organic Chemistry
Reactivity. Molecules 2016, 21 (6), 748.

Dennington, R.; Keith, T. A; Millam, J. M. GaussView, Version 6,
Semichem Inc.; Shawnee Mission, KS, 2016.

Frisch, M. |.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;
Cheeseman, . R.; Montgomery, J. A,; Vreven, T.; Kudin, K. N.; Burant, J.
C.; Millam, J. M,; Iyengar, S. S,; Tomasi, J.; Barone, V.; Mennucci, B,;
Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada,
M.; Ehara, M, Toyota, K; Fukuda, R.; Hasegawa, ].; Ishida, M,
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X;; Knox, J. E.;
Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R;
Stratmann, R. E; Yazyev, O.; Austin, A. J; Cammi, R.; Pomelli, C;
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,; Salvador, P.;
Dannenberg, J. ].; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain,
M. C; Farkas, O.; Malick, D. K, Rabuck, A. D.; Raghavachari, K;
Foresman, J. B;; Ortiz, ]. V.; Cui, Q.; Baboul, A. G; Clifford, S.; Cioslowski,
J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I,;
Martin, R. L; Fox, D. J; Keith, T.; Al-Laham, M. A, Peng, C. Y,;
Nanayakkara, A.; Challacombe, M,; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Gonzalez, C.; Pople, ]J. A. Gaussian 09, Revision D.01.
Gaussian, Inc., Wallingford CT, 2013.

Dassault Systémes BIOVIA. BIOVIA Discovery Studio, Ver. 2025;
Dassault Systémes: San Diego, CA, 2024.

Eberhardt, J.; Santos-Martins, D.; Tillack, A. F.; Forli, S. AutoDock Vina
1.2.0: New Docking Methods, Expanded Force Field, and Python
Bindings. J. Chem. Inf. Model. 2021, 61 (8), 3891-3898.

Ozcan, M.; Dehri, I; Erbil, M. Organic sulphur-containing compounds
as corrosion inhibitors for mild steel in acidic media: correlation
between inhibition efficiency and chemical structure. Appl. Surf. Sci.
2004, 236 (1-4), 155-164.

Hadigheh Rezvan, V. Molecular structure, HOMO-LUMO, and NLO
studies of some quinoxaline 1,4-dioxide derivatives: Computational
(HF and DFT) analysis. Results Chem. 2024, 7, 101437.

Abdelhay, A. H.; Abu Hatab, A. S.; Khaled, M.; Shkoor, M.; Al-Zoubi, R.
M,; Bani-Yaseen, A. D. Nitro functionalization of pyrrole-based bisurea
molecular tweezers for enhanced Fe(110) surface protection: A first-
principles study. J. Mol. Liq. 2026, 441, 128841.

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

Singh, R. K;; Singh, A. K;; Siddiqui, S.; Arshad, M.; Jafri, A. Synthesis,
molecular structure, spectral analysis and cytotoxic activity of two
new aroylhydrazones. J. Mol. Struct. 2017, 1135, 82-97.

Liza, U. A;; Khan, S.; Rahaman, M. S.; Sultana, A.; Hossen sogib, M. S.;
Samsuzzaman, M.; Arjaya, A. C; Jewena, N.; Hossain, M. M. Exploring
microwave-mediated eco-friendly synthesis of iodinated and non-
iodinated pyrazoline derivatives: Synthesis, characterization,
antibacterial activity, DFT, molecular docking. J. Mol. Struct. 2026,
1356, 145066.

Parr, R. G.; Szentpaly, L. v.; Liu, S. Electrophilicity index. J. Am. Chem.
Soc. 1999, 121,1922-1924.

Khan, S.; Ullah, H.; Taha, M.; Rahim, F.; Sarfraz, M.; Igbal, R;; Igbal, N.;
Hussain, R; Ali Shah, S. A.; Ayub, K.; Albalawi, M. A; Abdelaziz, M. A,;
Alatawi, F. S.; Khan, K. M. Synthesis, DFT Studies, Molecular Docking
and Biological Activity Evaluation of Thiazole-Sulfonamide
Derivatives as Potent Alzheimer’s Inhibitors. Molecules 2023, 28 (2),
559.

Hagar, M.; Ahmed, H. A.; Aljohani, G.; Alhaddad, O. A. Investigation of
Some Antiviral N-Heterocycles as COVID 19 Drug: Molecular Docking
and DFT Calculations. Int. J. Mol. Sci. 2020, 21 (11), 3922.

Lipin, R; Dhanabalan, A. K., Gunasekaran, K, Solomon, R. V.
Piperazine-substituted derivatives of favipiravir for Nipah virus
inhibition: What do in silico studies unravel?. SN. Appl. Sci. 2021, 3 (1),
https://doi.org/10.1007 /s42452-020-04051-9

Karthick, T.; Tandon, P. Computational approaches to find the active
binding sites of biological targets against busulfan. J. Mol Model 2016,
22 (6), https://doi.org/10.1007 /s00894-016-3015-z

Basri, R,; Khalid, M.; Shafiq, Z.; Tahir, M. S.; Khan, M. U,; Tahir, M. N,;
Naseer, M. M. Braga, A. A. Exploration of Chromone-Based
Thiosemicarbazone Derivatives: SC-XRD/DFT, Spectral (IR, UV-Vis)
Characterization, and Quantum Chemical Analysis. ACS Omega 2020,
5(46),30176-30188.

Noureddine, O.; Issaoui, N.; Medimagh, M.; Al-Dossary, O.; Marouani,
H. Quantum chemical studies on molecular structure, AIM, ELF, RDG
and antiviral activities of hybrid hydroxychloroquine in the treatment
of COVID-19: Molecular docking and DFT calculations. J. King Saud
Univ. - Sci. 2021, 33 (2), 101334.

Bryant, . A,; Cadby, I. T.; Chong, Z.-S.; Boelter, G.; Sevastsyanovich, Y.
R; Morris, F. C.; Cunningham, A. F.; Kritikos, G.; Meek, R. W.; Banzhaf,
M.; Chng, S.-S.; Lovering, A. L.; Henderson, I. R. Structure-function
characterization of the conserved regulatory mechanism of the
Escherichia coli M48 metalloprotease BepA. J. Bacteriol. 2020, 203,
€00434-20, https://doi.org/10.1128/]B.00434-20

May, K. L; Grabowicz, M. The bacterial outer membrane is an evolving
antibiotic barrier. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 8852-8854.
Lovering, A. L.; Cadby, L. T. E coli BepA/YfgC Protein Data Bank 2020.
https://doi.org/10.2210/pdb6SAR/pdb

-l Copyright © 2026 by Authors. This work is published and licensed by Atlanta Publishing House LLC, Atlanta, GA, USA. The full terms of this

license are available at https:

www.eurjchem.com/index.ph

eurjchem/terms and incorporate the Creative Commons Attribution-Non Commercial (CC BY NC)

(International, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0). By accessing the work, you hereby accept the Terms. This is an open access
article distributed under the terms and conditions of the CC BY NC License, which permits unrestricted non-commercial use, distribution, and reproduction in
any medium, provided the original work is properly cited without any further permission from Atlanta Publishing House LLC (European Journal of Chemistry).
No use, distribution, or reproduction is permitted which does not comply with these terms. Permissions for commercial use of this work beyond the scope of the
License (https://www.eurjchem.com/index.php/eurjchem/terms) are administered by Atlanta Publishing House LLC (European Journal of Chemistry).

2026 - European Journal of Chemistry - CC BY NC - DOI: 10.5155 /eurjchem.17.3.229-238.2761


https://doi.org/10.1007/s42452%E2%80%93020%E2%80%9304051%E2%80%939
https://doi.org/10.1007/s00894%E2%80%93016%E2%80%933015%E2%80%93z
https://doi.org/10.1128/JB.00434-20
https://doi.org/10.2210/pdb6SAR/pdb
https://www.eurjchem.com/index.php/eurjchem/terms
http://creativecommons.org/licenses/by-nc/4.0
https://www.eurjchem.com/index.php/eurjchem/terms

	1. Introduction
	2. Experimental
	2.1. Analytical apparatus
	2.2. Synthesis
	2.2.1. Synthesis of Schiff base derivatives (2a–e)
	2.2.2. Synthesis of β-lactam derivatives (3a–e) from Schiff bases (2a–e)


	3. Computational methods
	4. Results and discussion
	4.1. Synthesis and characterization
	4.2. Theoretical calculations
	4.2.1. Investigating the feasibility of the Staudinger reaction
	4.2.2. Calculation of global physicochemical descriptors
	4.2.3. Hardness
	4.2.4. Electrophilicity
	4.2.5. Chemical potential
	4.2.6. Molecular electrostatic potential


	5. Conclusions
	Acknowledgements
	Disclosure statement
	CRediT authorship contribution statement
	Funding
	ORCID  and Email
	References

	PrintField10: 
	PrintField11: 
	PrintField12: 
	PrintField13: 
	PrintField14: 
	PrintField15: 
	PrintField16: 
	PrintField17: 
	PrintField18: 
	PrintField19: 
	PrintField20: 
	PrintField21: 
	PrintField22: 
	PrintField23: 
	PrintField24: 
	PrintField25: 
	PrintField26: 
	PrintField27: 
	PrintField28: 
	PrintField29: 


