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ABSTRACT

In recent years, imidazothiazole-chalcone conjugates have emerged as notable pharmacophores with potential applications in

discovering biologically active compounds. This study focuses on synthesizing novel imidazo[2,1-b]thiazole chalcone derivatives

through a facile and conventional process adhering to several principles of green chemistry, facilitating scalable production.

The synthesized compounds underwent comprehensive spectroscopic analysis, including 'H NMR, ¥C NMR, LC-MS, and
FT-infrared (IR) techniques. Theoretical FT-IR and NMR analysis, frontier molecular orbitals (FMOs), and global reactivity
descriptors were calculated and interpreted. Furthermore, molecular electrostatic potential (MEP) surface, Mulliken atomic
charge, electron localization function (ELF), localized orbital locator (LOL), and quantum theory of atoms in molecules (QTAIM)
were analyzed. The newly synthesized compounds were screened in vitro for their antibacterial and antibiofilm activities. In

addition, computational docking studies were performed to gain further insights into molecular interactions and found to support

the results.

1 | Introduction

Heterocyclic compounds, which contain at least one carbon
atom and one heteroatom, such as nitrogen, oxygen, or sul-
fur, play a crucial role in various biological processes. Owing
to their diverse pharmacological and therapeutic implications,
fused heterocyclic compounds with five or six members have
gained significant attention in medicinal chemistry [1]. Imida-
zothiazole is a biologically active fused heterocyclic scaffolding
that constitutes a substantial class of nitrogen- and sulfur-
bridged heterocyclic compounds that play a key role in medicinal
chemistry [2]. Due to its vast array of applications, therapeu-
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tic properties, and ability to bind easily with receptors and
enzymes [3], imidazothiazole scaffolds are one of the most
significant derivatives in pharmaceuticals [4a, 4b, 4c, 4d]. The
fused heterocycle imidazo[2,1-b] thiazole core exhibits well-
known therapeutic properties, such as antitumor [5], anticancer
[6a, 6b, 6¢], antimicrobial [4c, 7], antiviral [8], antifungal [9a,
9b], anti-hypertensive [10], anti-inflammatory [11], and antipsy-
chotic [12]. In addition, these therapeutic agents could effectively
cure various diseases [13a, 13b]. This moiety has caught the
interest of medicinal chemists due to its broad range of bio-
logical activities and occupies a prominent place in medicinal
chemistry.
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Recently, the medicinal properties of imidazothiazole and chal-
cone moieties have gained recognition as essential pharma-
cophores possessing multiple medicinal properties [14a, 14b].
Many studies have confirmed their excellent bioavailability and
tolerance in the human body [15a, 15b]. Consequently, researchers
worldwide are focused on synthesizing diverse derivatives to
develop novel and more potent drugs for treating severe diseases
such as cancer, diabetes, HIV, tuberculosis, and malaria [6a, 14a,
15a, 16a, 16b].

Nowadays, computational methodologies have become indis-
pensable in drug discovery and development [17]. Density
functional theory (DFT) and molecular docking studies are par-
ticularly noteworthy for their roles in elucidating the electronic
structures of molecules and predicting their interactions with
biological targets [18]. DFT provides detailed insights into the
electronic properties of compounds [19], aiding in the under-
standing of their stability, reactivity, and potential biological
activity [20]. Molecular docking simulations facilitate the pre-
diction of how small molecules, such as drugs, interact with
target proteins, thereby informing the design of compounds with
enhanced efficacy and specificity [21]. The integration of these
computational techniques with experimental approaches accel-
erates the identification and optimization of novel therapeutic
agents, offering a more efficient pathway in the development of
treatments for various diseases.

Due to the remarkable properties exhibited by both imidazo[2,1-
b]thiazole and chalcone derivatives, we present the synthesis
of novel imidazo[2,1-b]thiazole-based chalcone derivatives as a
moiety that combines both active pharmacophores in a single
scaffold. The synthesis approach employs several principles of
green chemistry and allows for efficient and scalable production.
The DFT method was used for a theoretical spectroscopic investi-
gation, confirming and validating the structural assignment of the
newly synthesized compounds. Additionally, reactivity descrip-
tors, including highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) molecular orbital
energy values, AE,,,, chemical hardness (7)), chemical softness
(0), electronegativity index (x), molecular dipole moment (u), and
global electrophilicity index (w), were computed to deepen our
understanding of the compound’s electronic structure. Molecular
electrostatic potential (MEP), Mulliken atomic charge, electron
localization function (ELF), localized orbital locator (LOL), and
quantum theory of atoms in molecules (QTAIM) analyses were
carried out and investigated to understand and predict the com-
pound’s chemical behavior. The newly synthesized derivatives
were tested in vitro for their antibacterial and antibiofilm activi-
ties against Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Staphylococcus aureus. Furthermore, molecular
docking studies targeting the DNA gyrase subunit B of E. coli were
conducted to predict the potential binding interactions.

2 | Materials and Methods
2.1 | Chemicals and Instrumentation
All chemicals used were of reagent grade and utilized without

further purification. Reaction progress was monitored by TLC.
NMR spectra for both 'H and C were recorded using a JNM-

ECZ500R/S1 FT NMR system (JEOL) operating at 500 MHz for
'H and 126 MHz for BC. Chemical shifts are reported in parts
per million (ppm) relative to the residual solvent peak used as
an internal reference. Mass spectra were acquired with a Thermo
Scientific TSQ 8000 Evo Triple Quadrupole GC-MS/MS system.
The FT-infrared (IR) spectra were obtained using a JASCO FT/IR-
4700 spectrometer over the range 4000-400 cm™. Purity was
determined by Shimadzu LC-20 HPLC system. Melting points
were determined using a Stuart SMP20 melting point apparatus.

2.2 | Synthesis
2.21 | General Synthesis Method for Precursors 2, 4, and
5

Initially, to a solution of 1 (4’-chloroacetophenone, 0.1 mol) and
0.2 mol of 30% H,0, in H,0 (100 mL), 0.1 mol of 48% solution of
HBr was added dropwise and kept overnight at ambient tempera-
tures. The resulting product was filtered and washed with cold
ether to obtain compound 2 (2-bromo-4'-chloroacetophenone).
The preparation of 4 (6-(4-chlorophenyl)imidazo[2,1-b]thiazole)
involved the condensation of 2 (0.1 mol) with 3 (2-aminothiazole,
0.1 mol) in 50 mL ethanol, which was stirred at 60°C for 8 h .
After cooling, ethanol was removed in a vacuum, and the residue
was poured into cold water (100 mL) and alkalinized to a basic
pH. The mixture was extracted with DCM (3 x 30 mL?), dried
over anhydrous MgSO,, and concentrated to yield compound
4, which was not further purified and directly subjected to
Vilsmeier-Haack formylation by the reaction of POCl; (0.1 mol),
which was added dropwise to a solution of DMF (0.1 mol) at
0°C stirred for a few minutes, resulting in the formation of
an orange color solution. Next, 4 (0.1 mol) was added slowly
while stirring, and 0°C temperature was maintained for 1 h
and then refluxed for 6 h at 80°C. The reaction mixture was
cooled, and the resulting product was filtered and washed with
cold ethanol to give a sufficiently pure formylated product
5(6-(4-chlorophenyl)imidazo[2,1-b]thiazole-5-carbaldehyde) that
was utilized in the subsequent step without requiring additional
purification.

2.2.2 | General Method of Synthesis of Chalcone of Imi-
dazothiazole 7a—c

A mixture of intermediate product 5 (0.01 mol), and appropriate
acetophenones 6 (0.01 mol) was mixed in ethanol with 1 mL of
10% aqueous KOH and stirred overnight at room temperature.
The progress of the reaction was monitored by TLC. Upon its
completion, the resulting compound was isolated by filtration
and washed with hot ethanol, yielding the desired product in a
good yield and high purity. Scheme 1 depicts a general strategy
for synthesizing the target compounds.

2.3 | Computational Details

The software Gaussian 09W was employed to carry out the
required DFT calculations. Gaussian calculations are carried out
using the B3LYP/6-311++G (d, p) basis set. To identify the binding
regions and reactive sites, a wave functional analysis was carried
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7a; X=S, R=H
7b ; X=S, R=Cl
7e¢ ; X=0, R=CH;
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SCHEME 1 | Synthesis of compounds 7a-7c. Reagents and condi-
tions: (a) 48% HBr, 30% H,0,, H,O0, rt,24 h; (b) ethanol, reflux, 8 h; (c)
POCl3, DMF, reflux, 6 h; (d) 10% KOH, ethanol, RT, 24 h.

out using the Multiwfn program with the help of the win file of
the optimized geometry [22].

2.4 | Antibacterial Activity

In this study, the antibacterial activity was tested against four
reference bacterial strains (E. coli ATCC 25922, K. pneumoniae
ATCC 13883, S. aureus ATCC 25923, and P. aeruginosa ATCC
27853). The inoculum suspension was obtained by taking colonies
from 24-h cultures. The colonies were suspended in a sterile
0.9% aqueous solution of NaCl. The density was adjusted to the
turbidity of a 0.5 McFarland Standard (10® colony-forming unit
[CFU]/mL).

2.5 | Determination of Minimum Inhibitory
Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The MIC is defined as the lowest concentration of an antimicro-
bial agent required to inhibit the visible growth of microorgan-
isms after 24 h of incubation. MIC determination was performed
using the broth micro-dilution method in 96-well microtiter
plates, following the established protocol [23]. After separating
the bacterial suspension, an overnight culture was adjusted to
a final concentration of 108 CFU/mL in Mueller-Hinton broth
(MHB). Serial dilutions of the tested compounds, ranging from
3.2 to 0.0125 mg/mL, were prepared in MHB with DMSO as
the solvent. MHB with bacterial inoculum served as the positive
control (T*), whereas MHB with DMSO alone was used as the
negative control (T~). The microtiter plates were incubated at
37°C for 24 h.

As the compounds are colored, visually assessing turbidity, “the
standard indicator of bacterial growth,” can be challenging. To
prevent misinterpretation and ensure accurate MIC determina-
tion, an additional step was incorporated. After incubation, 20 L
of the culture from each well was spread onto Luria Bertani
(LB) agar plates, a nutrient-rich medium conducive to bacterial
growth. The plates were subsequently incubated at 37°C for 24 h.
The presence or absence of bacterial colonies on the LB agar
provided a clear, unambiguous indication of bacterial growth or
inhibition at each concentration tested. To enhance accuracy, all

experiments were conducted in triplicate, and consistent results
were observed across replicates, reinforcing the reliability of the
findings. This approach minimized the risk of error introduced
by the compound’s color and ensured precise assessment of
antibacterial activity.

The MBC is the lowest concentration of the antimicrobial agent
capable of reducing 99.9% of the initial bacterial population after
24 h. It was determined as reported by Moreira et al. [24].

2.6 | Biofilm Formation Assay

Biofilm formation was assessed using the microtiter plate method
with crystal violet staining, as described by Toole et al. [25].
Briefly, 200 uL of diluted bacterial culture was added to each well
of a sterile 96-well flat-bottom polystyrene plate and incubated
at 37°C for 24 h under static conditions. After incubation,
non-adherent cells were removed by washing the wells three
times with phosphate-buffered saline (PBS, pH 7.4). The biofilm
biomass was then stained with 0.1% (w/v) crystal violet for 20 min
at room temperature.

2.7 | Molecular Docking Analysis
2.7.1 | Compounds Preparation and Target Protein
Selection

The 2D and 3D structures of the synthesized compounds were
generated from the previously optimized structures using the
Open Babel program. The molecular geometries were visualized
and confirmed using PyMOL, ensuring accuracy and structural
integrity. The finalized structures were saved in Protein Data
Bank (PDB) format and subsequently converted to PDBQT file
format using AutoDockTools 1.5.7. The DNA gyrase subunit B
of E. coli (strain K12) was chosen as the target enzyme for this
study due to its essential role in bacterial DNA replication and
its significance as an antibacterial target. The protein structure
was obtained from the PDB (ID: 4PRX), with a resolution of
1.800 A [26]. Protein preparation involved removing heteroatoms,
water molecules, and cofactors, followed by assigning Gasteiger
charges and polar hydrogens. The processed protein structure was
saved in PDBQT file format using AutoDockTools 1.5.7, ensuring
compatibility with docking simulations [26].

2.7.2 | Molecular Docking

Molecular docking studies were performed using AutoDock Vina
to predict the binding affinities of the synthesized compounds
to the active site of DNA gyrase subunit B. The active site was
defined by centering the grid box at coordinates x = —13.85,
y=—48.58, and z = —9.11, based on prior studies [26]. The docking
scores, expressed in kcal/mol, were used to quantify the binding
affinities of the compounds [26, 27].

2.7.3 | Visualization and Data Analysis

The docking scores obtained from AutoDock Vina were tabulated
and analyzed to determine the relative binding affinities of
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FIGURE 1 | Chemical structures of compounds 7a-c.

7a-c. The results were visualized using BIOVIA Discovery Studio
to depict the interaction of each molecule within the active site of
the enzyme. Figures were generated to illustrate the 2D and 3D
structures of the molecules, the target protein, and the docking
poses of the compounds in the active site [28].

3 | Results and Discussion

3.1 | Chemistry

In this study, imidazo[2,1-b]thiazole-based chalcones were syn-
thesized using a simple and efficient synthetic approach.
Initially, the intermediate 4 (6-(4-chlorophenyl)imidazo[2,1-
b]thiazole) was obtained by the condensation of 2 (2-bromo-4'-
chloroacetophenone) with 3 (2-aminothiazole) [6b]. A Vilsmeier—
Haack treatment on the fused heterocycles 4 yielded the
formylated product 5 (6-(4-chlorophenyl)imidazo[2,1-b]thiazole-
5-carbaldehyde) [29]. Novel chalcone derivatives were prepared
by Claisen-Schmidt condensation by reacting formylated product
5 with different methyl ketones to give the corresponding «,3-
unsaturated ketones 7a-c as pure products in good yields [6a].
All novel synthesized chalcones were fully characterized. 'H, *C
NMR, LC-MS (ESI), HPLC chromatograms, and FT-IR spectra
can be found in the Supporting Information Section.

3.1.1 | (E)-3-(6-(4-Chlorophenyl)imidazo[2,1-b]thiazol-
5-yl)-1-(thiophen-2-yl)prop-2-en-1-one 7a

Obtained from 2-acetyl thiophene as a yellow powder; yield
80%, mp; 218°C-220°C, RMN 'H (500 MHz, CDCl;) & 8.02 (d,
J=15.4 Hz, 1H), 7.84 (d, J = 4.5 Hz, 1H), 7.77 (d, J = 3.8 Hz, 1H),
7.66 (d, J = 4.9 Hz, 1H), 7.65 (d, J = 8.5 Hz, 2H), 7.44 (d, J = 8.5 Hz,
2H), 7.17 (dd, J = 4.9, 3.8 Hz, 1H), 7.14 (d, J = 15.4 Hz, 1H), 7.08 (d,
J=4.5Hz,1H). RMN 3C (126 MHz, CDCl,) §181.32, 153.87, 152.33,
145.48, 135.04, 133.78, 132.07, 131.39, 130.29, 129.76, 129.16, 128.42,
120.53,119.42, 116.68, 114.54. FT-IR: v(C-H) = 3126, 3095 cm™; v(C
=0)=1644 cm™; v(C = C) = 1566 cm™!; v(C = N) = 1413 cm™;
v(C-N) = 1244 cm™; v(C-C) = 1060 cm™; v(C-Cl) = 812 cm™.
LC-MS: m/z =371.006 (M + 1).

3.1.2 | (E)-3-(6-(4-Chlorophenyl)imidazo[2,1-b]thiazol-
5-yl)-1-(5-chlorothiophen-2-yl)prop-2-en-1-one 7b

Obtained from 2-acetyl-5-chlorothiophene as a golden powder;
yield 83%, mp; 209°C-211°C, RMN 'H (500 MHz, DMSO-Dy) 6 8.67
(d,J = 4.5 Hz, 1H), 8.30 (d, J = 4.1 Hz, 1H), 7.75 (d, J = 15.5 Hz, 1H),

7.63(d, J = 8.5 Hz, 2H), 7.59 (d, J = 4.5 Hz, 1H), 7.56 (d, J = 8.5 Hz,
2H), 7.38 (d, J = 15.5 Hz, 1H), 7.33 (d, J = 4.1 Hz, 1H). RMN BC
(126 MHz, DMSO-D;) § 180.84, 154.67, 152.51, 145.17,138.30, 134.14,
134.11, 132.67, 130.99, 129.56, 129.42, 129.12, 122.38, 120.61, 116.16,
115.06. FT-IR: v(C-H) = 3141, 3100 cm™; v (C = O) = 1639 cm™';
(C=C)=1579cm;v(C=N)=1417cm™; v(C -N) = 1248 cm};
v (C-C) =1018 cm™'; v(C-Cl) = 790 cm™!. LC-MS: m/z = 405.971
M +1).

3.1.3 | (E)-3-(6-(4-Chlorophenyl)imidazo[2,1-b]thiazol-
5-yl1)-1-(5-methylfuran-2-yl)prop-2-en-1-one 7c

Obtained from 2-acetyl-5-methyl furan as an orange powder; yield
78%, mp; 150°C-152°C, RMN 'H (500 MHz, CDCL,) & 8.01 (d,
J=15.8 Hz, 1H), 7.86 (d, J = 4.4 Hz, 1H), 7.65 (d, J = 8.6 Hz, 2H),
7.44(d,J=8.6 Hz, 2H), 7.18 (d, J = 3.5 Hz, 1H), 7.13 (d, J = 15.8 Hz,
1H), 7.07 (d, J = 4.5 Hz, 1H), 6.20 (d, J = 3.5 Hz, 1H), 2.43 (s, 3H).
RMN BC (126 MHz, CDCl;) § 176.92, 157.88, 153.67, 152.69, 151.94,
134.92, 132.12, 130.29, 129.13, 128.99, 120.72, 119.57, 119.16, 116.70,
114.35,109.63, 14.34. FT-IR: v(C-H) = 3148, 3094, 2840 cm™!; v(C =
0)=1642cm™;v(C=C)=1553 cm™; v(C = N) =145l cm™; v(C-
N)=1245cm™; v(C-C) =1012 cm™}; v(C-Cl) = 811 cm™'. LC-MS:
m/z = 369.045 (M + 1) (Figure 1).

3.2 | Green Chemistry Metrics Calculations

To assess the environmental sustainability of the synthesized
compounds, we conducted green metrics calculations using
widely recognized metrics such as carbon efficiency (CE), atom
economy (AE), reaction mass efficiency (RME), mass inten-
sity (MI), and environmental impact factor (E-Factor). These
criteria have been delivered over the last decade to evaluate
the environmental impact of chemical processes and products
to reduce theoretical waste and create more environmentally
friendly processes and products. Among these metrics, the E-
Factor has emerged as a critical measure for quantifying the
environmental impact of chemical reactions. It is defined as the
mass ratio of waste to the desired product, including byproducts,
leftover reactants, solvent losses, and anything else that can
be regarded as waste. Given the volatile nature of the used
solvents and their recovery through a simple recycling step using
a standard rotary evaporator, we ensured that the calculations
did not include any amount of solvents that could be recycled
or reused to avoid overestimating the waste generated during
the reactions [30a, 30b]. In the following assessments, the green
metrics were estimated following reported procedures (Table 1)
[31a, 31b, 31c].
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TABLE 1 | Green metrics calculations (including the stoichiometric coefficient).
Reactions Compound Yield (%) CE (%) AE (%) RME (%) MI E-Factor
a 2 98 98 76.93 75.48 1.32 0.32
b. 4 94 94 70.34 66.12 1.51 0.51
C. 5 91 78 56.98 51.84 1.92 0.92
d. 7a 86 86 95.41 81.81 1.22 0.22
7b 92 92 95.74 88.24 1.13 0.13
7c 81 81 95.34 77.32 1.29 0.29
Optimum — 100 100 100 100 1 0
value
Abbreviations: AE, atom economy; CE, carbon efficiency; E-Factor, environmental impact factor; RME, reaction mass efficiency.
The results presented in Table 1 indicate that the chemical 7.65-7.74  7.44-7.61
reactions were conducted with a high degree of efficiency in terms 130.29 - 134.56 129.16 - 132.85

of conversion of starting materials into the desired product with
minimum waste exclusion. This is evidenced by the high CE, AE,
and RME values, which indicate a high degree of selectivity in
producing a large proportion of the desired product with minimal
waste.

The MI and E-factor values also suggest that the reactions
had a relatively low environmental impact, as the amount of
waste generated per product unit was relatively low. This is
an essential consideration for the ecological sustainability of
the synthesized compounds, as the generation of waste can
contribute to environmental pollution and resource depletion.

Overall, the results suggest that the synthesized compounds
have high environmental sustainability, as the reactions were
carried out with a high degree of efficiency and minimized waste
generation. This is an important consideration for developing
sustainable chemical processes and producing environmentally
friendly products.

3.3 | 'Hand 3C NMR Spectral Studies

NMR spectroscopy is one of the most important techniques
for the structural analysis of organic compounds. The 'H and
BC chemical shifts, calculated through gauge-invariant atomic
orbital (GIAO) method using the B3LYP function with the 6-
3114+ G(2d,p) basis set, were compared with experimentally
observed NMR spectral values [32]. The experimental and theo-
retical NMR chemical shifts of the investigated compounds are
given in Figures 2-4 for 7a-c, respectively.

'H NMR spectra of compound 7a revealed the expected charac-
teristic protons, displaying the presence of two doublets with a
high coupling constant corresponding to protons of the functional
group HC = CH of the formed o,3-unsaturated ketone; the
first appeared at § 7.14 ppm, whereas the second appeared at
6 8.02 ppm, and theoretically calculated at 6.68 and 7.91 ppm,
respectively. Moreover, the appearance of two doublets, the first
at § = 7.44 ppm and the other at § = 7.65 ppm, is due to the
aromatic protons of the benzyl group, which were theoretically
observed at 7.61 and 7.65 ppm, respectively. Two doublets, one

153.87 - 164.37 H
7.08 - 7.11
S

H
116.68 - 125.05 ﬁljs oS 135.04 - 148.72
H o — Cl
\ N p

7.84 - 8.02 H
114.54 - 124.96

7.14 - 6.68

8.02-791 H 119.42 - 125.66

131.39 - 136.42
7.77-7.91

I8L32F 19139 H 15976 - 135.85

7.17-7.30

S / H 550 13040

7.66 - 7.82
H 133.78 - 144.81

"H NMR Chemical Shifts in ppm (Experimental - Theoretical)
13C NMR Chemical Shifts in ppm (Experimental - Theoretical)

FIGURE 2 | Experimental and theoretical NMR chemical shifts
of 7a.

at 6 = 7.08 ppm and the other at § = 7.84 ppm, are attributable
to the two protons of the thiophene ring and computed at 7.11
and 8.21 ppm, respectively. However, >°C NMR spectra displayed
a characteristic peak at 6 181.32 ppm corresponding to the C = O
group, which was theoretically observed at 191.39. The benzyl
carbons are experimentally observed at 129.16, 130.29, 132.07,
and 135.04 ppm and calculated at 132.85, 134.56, 139.07, and
148.72 ppm. The imidazothiazole ring carbons were observed at
114.54, 116.68, 120.53, 152.33, and 153.87 ppm experimentally and
at 124.96, 125.05, 126.03, 160.75, and 164.37 ppm theoretically. The
experimental and calculated shifts of the thiophene ring were
observed experimentally at 128.42, 129.76, 133.78, and 145.48 ppm
and theoretically at 130.40, 135.85, 144.81, and 156.01 ppm. The
chemical shifts of the HC = CH of the a,3-unsaturated ketone are
established at 119.42 and 131.93 ppm, and the theoretical & values
are 125.66 and 136.42 ppm.

Similarly, the 'H NMR experimental spectrum of 7b displayed two
doublets corresponding to olefinic protons at 7.38 and 7.75 ppm
and theoretically observed at 6.59 and 7.87 ppm, also the presence
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FIGURE 3 | Experimental and theoretical NMR chemical shifts
of 7b.
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FIGURE 4 | Experimental and theoretical NMR chemical shifts
of 7c.

of two doublets at § = 7.56 ppm and & = 7.63 ppm due to the
aromatic protons of the benzyl group, which were theoretically
computed at 7.60 and 7.66 ppm. Moreover, two doublets at
6 = 7.59 ppm and 8.67 ppm were observed experimentally for
the thiazole ring protons and theoretically at 7.12 and 7.59 ppm.
Finally, two doublets at § = 7.33 ppm and § = 8.30 ppm
correspond to the two thiophene protons, whereas theoretical
values were 7.08 and 7.68 ppm. Moreover, additional confirmation
was obtained by the ¥C NMR spectrum with a characteristic
peak at § = 180.84 ppm due to C = O, which confirmed the
formation of the predicted prop-2-en-1-one derivatives, whereas

it was 190.19 ppm for theoretical *C NMR. The peaks appeared
experimentally at 129.42, 132.67, 134.11, and 148.80 ppm and
are assigned to the benzyl carbons, which were theoretically
observed at 132.85, 134.73, 138.97, and 148.80 ppm. The peaks of
the imidazothiazole ring carbons were observed at 116.16, 120.61,
122.38, 152.51, and 154.67 ppm and predicted at 124.94, 120.61,
122.38,152.51, and 154.67 ppm. In thiophene ring, the experimental
chemical shifts of carbon atoms were observed at 129.12, 129.56,
138.30, and 145.17 ppm and calculated at 130.53, 135.24, 154.84,
and 159.59 ppm. The signals at 115.06 and 130.99 ppm were
assigned experimentally to carbon atoms of the functional group
HC = CH, and calculated values were obtained at 124.41 and
136.96 ppm.

Furthermore, 'H NMR analysis of compound 7c¢ demonstrated
the appearance of coupling between the two olefinic protons,
where two doublet signals appeared at § = 7.13 and 8.01 ppm and
calculated at 6.53 and 8.01 ppm. The experimental chemical shifts
ascribed to aromatic protons of the benzyl group occurred at 7.44
and 7.65 ppm and in simulated spectra, they were observed at
7.62 and 7.65 ppm. The appearance of two doublets at § = 7.07
and 7.86 ppm is attributable to the two protons of the furan ring,
which were theoretically observed at 7.11 and 7.90 ppm. Moreover,
'H NMR spectra displayed a singlet at § = 2.43 ppm clearly
corresponding to the CH; group attached to the furan ring, which
shows excellent agreement with the calculated value at 2.42 ppm,
in addition to two doublets at § = 6.20 ppm and § = 7.18 ppm
attributable to the two protons of the same ring, which agrees with
calculated values identified at 6.26 and 7.26 ppm.

Moreover, *C NMR spectra of 7c showed a peak & = 176.92 ppm
experimentally and 185.62 ppm theoretically corresponding to
C = O group. Moreover, the benzyl carbons chemical shifts are
identified at 128.99, 130.29, 132.12, and 134.48 ppm, which were
theoretically observed at 132.83, 134.48, 132.12, and 147.97 ppm.
The peaks of the imidazothiazole ring carbons were measured
at 119.57, 124.43, 124.74, 152.96, and 153.67 ppm and predicted at
125.70, 124.43, 124.74, 160.02, and 163.91 ppm. The experimental
and calculated shifts of furan ring were observed experimentally
at 109.63, 119.16, 151.91, and 157.88 ppm and theoretically at 111.88,
125.45,156.62, and 167.00 ppm. The signal at 120.72 and 129.13 ppm
were assigned experimentally to carbon atoms of the functional
group HC = CH, and calculated values were obtained at 126.35
and 135.20 ppm. The chemical shifts of the HC = CH of the «,53-
unsaturated ketone are established at 119.42 and 131.93 ppm and
the theoretical § values are 125.66 and 136.42 ppm. The signal at
14.34 ppm assigned to the carbon of the methyl group attached
to the furan ring, which correlated well with the theoretical shift
obtained at 14.25 ppm.

Although the calculated NMR chemical shifts closely align
with experimental values, minor deviations are observed. These
deviations can be attributed to intra-molecular hydrogen bonding
and specific interactions with solvent molecules or neighboring
molecules, which are not included in the computational model.
It should be noted that the theoretical chemical shifts were
obtained for structures frozen in the gas phase, where molecular
rotations are restricted, unlike in solution-phase environments.
This restriction leads to the averaging of chemical shifts in
experimental data, accounting for observed differences.
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FIGURE 5 | Experimental FT-IR and theoretical FT-IR spectra of 7a~c.

3.4 | Vibrational Analysis

The synthesized compounds were subjected to IR spectral anal-
ysis, and both the experimental and theoretical FT-IR spectra
are presented in Figure 5. Vibrational frequencies were deter-
mined on the basis of the optimized structural parameters,
with theoretical IR frequencies visualized using the GaussView
6.0 software. After applying a scaling factor of 0.961 to the
calculated wavenumbers, good correlation was obtained between
the experimental and theoretical IR spectra.

3.4.1 | C-H Vibrations

Literature reports indicate that C-H stretching vibrations gen-
erally fall within the range of 3100-3000 cm™ [28]. In this

investigation, the experimental spectrum displayed C-H stretch-
ing frequencies between 3126 and 3095 cm™! for 7a, between 3141
and 3100 cm™ for 7b, and between 3148 and 2839 cm™' for 7c,
respectively. However, the calculated (C-H) stretching vibrations
were determined at 3133 and 3064 cm™! for 7a, between 3133
and 3079 cm™! for 7b, and between 3159 and 2912 cm™' for 7c,
respectively.

3.4.2 | C=0 Vibrations

Literature data suggest that C = O stretching vibrations typically
occur within the 1800-1600 cm™ range [33]. In this study, the
C = O stretching frequencies were observed at 1644, 1639, and
1642 cm™ for 7a-c, respectively. However, in the computed
spectrum, the (C = O) stretching bands were recognized at 1601,
1598, and 1613 cm ™! for 7a-c, respectively.
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FIGURE 6 | The optimized molecular structures of 7a—c.

3.43 | C=C Vibrations

According to the literature, C = C stretching vibrations typically
fall within the 1650-1200 cm™ range [34]. For the studied
compounds, the theoretical stretching vibration bands were
calculated to lie between 1587 and 1479 cm™! for 7a, 1587 and
1502 cm™! for 7b, and 1590 and 1482 cm™ for 7c. In the experimen-
tal spectra, the C = C stretching vibrations were observed between
1566 and 1509 cm™! for 7a, between 1579 and 1509 cm ™" for 7b, and
between 1599 and 1509 cm™! for 7c.

3.4.4 | C=N Vibrations

The literature reports a range of 1689-1471 cm™ for the C = N
stretching vibrations [35]. In the present molecules, the stretching
vibration bands were recorded at 1413, 1417, and 1451 cm™! for 7a-
c, respectively. In the calculated spectrum, 1446, 1446, and 1447
cm™! vibrations were assigned to the (C = N) stretching bands in
7a-c, respectively.

3.4.5 | C-Nand C-C Vibrations

Assigning the (C-N) and (C-C) vibrations can be complex due to
their overlap within a crowded spectral region featuring multiple
bands. According to the literature, (C-N) stretching vibrations
are generally observed between 1360 and 1000 cm™ [36], whereas
(C-C) vibrations typically appear in the range of 1590-1000 cm ™
[37]. In the compounds under investigation, the calculated (C-N)
modes were identified at 1340, 1229, and 1211 cm™! for 7a, whereas
the (C-C) mode was noted at 1249 cm™'. For 7b, the (C-N) modes
were found at 1347, 1341, and 1230 cm™!, with (C-C) modes at
1478 and 1250 cm™. In 7c, the (C-N) modes appeared at 1348 and
1216 cm™, and the (C-C) mode was identified at 1268 cm™'.The
experimental spectra revealed vibrations assigned to (C-N) and
(C-C) stretching bands, observed between 1244 and 1060 cm™
for 7a, 1248 and 1018 cm™! for 7b, and 1245 and 1012 cm™
for 7c.

3.5 | DFT Calculation Studies

3.5.1 | Geometry and Frontier Molecular Orbitals
(FMOs) Investigations

DFT calculations were performed to gain deeper insight into the
electronic structure, chemical reactivity, and molecular proper-

TABLE 2 | Global reactivity descriptors of 7a—c.

Quantum parameters 7a 7b 7c
Enomo (€V) —6.21263 —6.28311  —6.14351
Erumo (V) —2.54290 —2.66372  —2.41773
AEg, (eV) 3.66973 3.61938 3.72578
7 (eV) 1.83486 1.80969 1.86289
o(evl) 0.54499 0.55257 0.53679
x (V) 4.377717 4.47341 4.28062
w (eV) 5.22242 5.52896 4.91809
u (Debye) 2.41298 3.88955 1.67880

ties of the synthesized imidazo[2,1-b]thiazole-based chalcones.
All calculations were carried out using the Gaussian 09W
software package, employing the B3LYP functional and the 6-
311++G(d,p) basis set. The optimized molecular geometries,
electronic properties, and FMOs were examined to assess the
reactivity of the synthesized compounds [38].

The optimized structures of chalcones 7a-c were obtained by
DFT calculations, as shown in Figure 6. These calculations were
conducted in the gas phase, meaning that the molecules were
assumed to be in a vacuum, excluding solvent interactions and
environmental effects. The optimized geometries reveal that the
imidazo[2,1-b]thiazole ring and the chalcone moiety adopt a
nearly coplanar conformation, with slight deviations in planarity
depending on the substituents attached to the chalcone unit.
The planarity of these conjugated systems is expected to enhance
electronic delocalization across the molecule, contributing to the
electronic properties and reactivity, as well as facilitating 7-7
stacking interactions, which play a significant role in the binding
interactions with biological targets such as bacterial enzymes
and DNA [39].

The HOMO and LUMO are key indicators of a molecule’s chem-
ical reactivity, with the energy gap (AE,,,) between these orbitals
providing insight into the stability and potential for electron
transfer [33]. For compounds 7a-c, the HOMO and LUMO energy
levels were computed and are presented in Table 2. These values
were calculated relative to the vacuum level, which is commonly
used as the reference point in computational chemistry. In this
context, negative HOMO and LUMO energy levels indicate that
the molecules are in a stable bound state compared to free
electrons in a vacuum.
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The HOMO-LUMO energy gaps for compounds 7a-c were
calculated as 3.67, 3.62, and 3.73 eV, respectively. These relatively
small AE,,, values suggest that these compounds are chemically
reactive and capable of undergoing charge transfer interactions,
which are critical in many biological processes, including enzyme
inhibition and bacterial cell membrane disruption. Among the
three, compound 7b exhibited the smallest energy gap (3.62 eV),
indicating that it may be the most reactive and likely to interact
strongly with biological targets [40].

Figure 7 illustrates the spatial distribution of the HOMO and
LUMO orbitals for the synthesized chalcones. The HOMO
orbitals are largely localized on the imidazo[2,1-b]thiazole core,
suggesting that this region is electron-rich and likely to participate
in electron donation during chemical reactions. In contrast, the
LUMO orbitals are predominantly localized on the chalcone
moiety, particularly around the carbonyl group and the phenyl
ring, indicating that these regions are likely to accept electrons
during interactions with biological molecules. This distribu-
tion of FMOs suggests that electron donation occurs from the
imidazo[2,1-b]thiazole scaffold, whereas the chalcone unit serves
as the primary site for electrophilic attack, which is important for
understanding the mechanism of action of these compounds in
biological systems.

Global reactivity descriptors, such as chemical hardness (),
chemical softness (o), electronegativity (y), and the electrophilic-
ity index (w), were calculated using the HOMO and LUMO
energies. These descriptors provide valuable insights into the
compounds’ stability, reactivity, and ability to interact with
biological systems [41].

The chemical hardness indicates a molecule’s resistance to defor-
mation of the electron cloud or, in other words, the resistance to

,%ggc
g 3

Correlation diagram between HOMO and LUMO of 7a-c. HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied

i

‘.. 4
o Tl
('
- 25
J
eV v—— -2,41773 eV ——

v Y
cap—3:01938eV AE =-3,72578eV
A gap A
A ~
A A

)
eV vmf— -6,14351 ¢V vt

8ne
&=,

b 2
J

charge transfer. The hardness values for compounds 7a-c were
calculated to be 1.83, 1.81, and 1.86 eV, respectively. A harder
molecule is less reactive, whereas a softer molecule is more
reactive. Compound 7b, with the lowest hardness value (1.81 eV),
is predicted to be the most reactive, which aligns with its observed
antibacterial efficacy. Conversely, compound 7c, with the highest
hardness value (1.86 eV), is expected to be more stable but
less reactive, which might explain its relatively lower biological
activity [42].

Chemical softness is the inverse of hardness and is a measure of
a molecule’s ability to undergo chemical reactions by accepting
or donating electrons. It is directly related to the molecule’s
reactivity. The softness values for compounds 7a-c were 0.54,
0.55, and 0.53 eV~ respectively. Compound 7b exhibited the
highest softness value (0.55 eV™'), suggesting it is the most
reactive among the three compounds, making it a stronger
candidate for interacting with biological targets, such as bacterial
enzymes. In contrast, compound 7c had the lowest softness
(0.53 V™), indicating relatively lower reactivity and interaction
potential [43].

Electronegativity, another important descriptor, is a measure of
the tendency of an atom or molecule to attract electrons toward
itself. Higher electronegativity values suggest a molecule is more
likely to accept electrons, making it a better electrophile. The
electronegativity values for compounds 7a-c were calculated as
4.38, 4.47, and 4.28 eV, respectively. Among these, compound
7b exhibited the highest electronegativity (4.47 eV), indicating
that it has a greater tendency to attract electrons and participate
in electrophilic reactions [44]. This could explain its enhanced
biological activity, as its higher electronegativity enables stronger
interactions with nucleophilic sites in biological molecules, such
as enzymes and proteins [45].
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The electrophilicity index quantifies the ability of a molecule to
accept electrons. The electrophilicity values for compounds 7a—
c were 5.22, 5.53, and 4.92 eV, respectively. Compound 7b had
the highest electrophilicity (5.53 eV), suggesting it is the strongest
electrophile among the three, making it more likely to engage in
interactions with electron-rich sites in bacterial cells. This high
electrophilicity index correlates well with the enhanced antibac-
terial and antibiofilm activities observed experimentally [46].

The computed values of global reactivity descriptors are con-
sistent with the experimental observations, where compounds
with lower AE,,, and higher electrophilicity showed better
antibacterial and antibiofilm activities. This suggests that DFT
calculations can serve as a reliable predictor of the biological

potential of these chalcones.

3.5.2 | MEP Analysis

The MEP surfaces provide valuable information regarding the
electron density distribution in a molecule, allowing the identifi-
cation of potential reactive sites for electrophilic and nucleophilic
attacks [47]. The MEP surfaces of 7a-c, shown in Figure 8,
illustrate areas of varying electrostatic potential, which are critical
for understanding molecular interactions with biological targets.

For all compounds, the MEP analysis reveals that the regions of
the most negative electrostatic potential (represented in red) are
primarily localized around the oxygen atom of the carbonyl group
in the chalcone moiety. This suggests that the carbonyl oxygen is
a key site for nucleophilic interactions, such as hydrogen bonding
or coordination with positively charged biological molecules.
Additionally, there is a negative electrostatic potential around the
nitrogen atom of the imidazole ring, further indicating its role
as a nucleophilic site. In contrast, the most positive electrostatic
potential (represented in blue) is centered around the hydrogen
atoms attached to the carbon atoms between the imidazo|2,1-
b]thiazole ring and the chalcone moiety, as well as in the vicinity
of the thiazole sulfur atom. This positive potential highlights
regions where electrophilic attack is likely to occur, particularly
through interactions with electron-rich biological targets such as
bacterial enzymes or DNA [48].

The electron density distribution observed in the MEP surfaces
of these chalcone derivatives suggests that the molecules are well
suited for interaction with both nucleophilic and electrophilic
sites in biological systems. The localization of negative potential
on the oxygen and nitrogen atoms facilitates strong hydrogen

bonding interactions, whereas the positive potential regions make
the compounds capable of engaging in 77— stacking interactions
or other electrophilic reactions [49].

3.5.3 | Mulliken Charge Analysis

To further investigate the charge distribution within the
molecules, Mulliken atomic charge analysis was conducted; this
analysis aids in understanding the electronic environment
around individual atoms [50]. The Mulliken charges of
compounds 7a—-c depicted in Figure 9 reveal distinct patterns in
the distribution of electron density. For all compounds, certain
atoms display positive and negative charges, indicating electron-
deficient and electron-rich regions, respectively. These regions
can serve as potential sites for electrophilic and nucleophilic
attacks [46].

In the imidazo[2,1-b]thiazole-based chalcone derivatives, carbon
atoms exhibit varying degrees of charge, ranging from positive to
negative values. For instance, carbon atoms C-2, C-7, C-9, C-12,
and C-18 show positive charges, suggesting they are electron-
deficient. This electron deficiency is likely due to electron
withdrawal by more electronegative atoms or functional groups
within the molecule. In contrast, carbon atoms C-4, C-11, C-16,
and C-18 display relatively high negative charges, due to possible
resonance effects or interaction with neighboring atoms [51].

Nitrogen atoms N-3 and N-6 in 7a and 7b show a positive charge,
indicating electron deficiency, which could be attributed to their
role in the conjugated ring system. On the other hand, nitrogen
atom N-6 in 7c carries a negative charge, indicating a higher
electron density localized at this position [44]. The oxygen atom
(0-19) and sulfur atom (S-1) exhibit negative charges, which
is expected due to their electron-withdrawing nature [52]. This
makes the oxygen and sulfur atom a key site for hydrogen bond-
ing and nucleophilic interactions, particularly with biological
receptors or enzymes [53]. Conversely, hydrogen atoms in the
synthesized chalcones generally carry positive charges, indicating
electron deficiency, which is a typical characteristic of hydrogen
atoms in organic molecules [54].

3.5.4 | ELF and LOL Analyses

The ELF and LOL analyses were utilized to assess the electron
pairing and distribution within the molecules [55]. As illustrated
in Figure 10, areas of intense electron localization, highlighted
in red, are primarily located around the hydrogen atoms of the
imidazothiazole core and the hydrogen atoms in the functional
group HC = CH of the a,f-unsaturated ketone. This indicates
significant electron localization, which is typically associated
with covalent bonding or the presence of lone pairs and nuclear
shells in these areas.

Additionally, the oxygen atoms within the carbonyl groups
exhibit a distinctive blue color, indicating the presence of more
diffuse electron clouds surrounding them. The blue regions
around the carbonyl oxygen atoms in the LOL maps point
toward potential electron-deficient zones between the valence
shell and inner core. Conversely, high LOL values, depicted in red,
correspond to areas of stronger electron localization, particularly
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The ELF and LOL maps suggest that the m-electrons in the
conjugated chalcone system are relatively delocalized, further
supporting the notion that these molecules can engage in 77—
7 stacking interactions with biological macromolecules. This
delocalization is important for stabilizing the molecules when
interacting with biological targets, such as enzymes or cell
membranes.
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3.5.5

| QTAIM Analysis

QTAIM serves as a powerful and flexible tool within
computational chemistry, especially designed to analyze
non-covalent interactions (NCIs) in molecular systems.
Utilizing principles of electron density and its derivatives,
the reduced density gradient (RDG) method generates detailed
3D isosurfaces and scatter plots. These visual representations
offer valuable insights into the spatial arrangement and strength
of both attractive (such as van der Waals [VDW] forces and
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hydrogen bonding) and repulsive interactions, like steric
effects [57].

In this study, NCIs were examined and visualized through
QTAIM molecular plots (Figure 11). The analyzed compounds dis-
played a variety of intra-molecular interactions, particularly VDW
forces represented by (H...H) linkages with sign(42)p values
(<—0.01a.u.), along with (N...H) interactions. These interactions
were marked by green spikes in the plots. Moreover, red regions

steric effect in ring...

NCI and RDG plot of 7a-c. RDG, reduced density gradient.

observed within the cores of the imidazole, thiophene, and
thiazole rings indicate substantial steric repulsion, characterized
by peaks at positive sign(42)p values (>0.02 a.u) [58].

3.6 | Antibacterial Activity

The antibacterial activity of compounds 7a-c was evaluated by
determining their MIC and MBC against four bacterial strains: P.
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TABLE 3 | The minimum inhibitory concentrations (MICs) and minimum bactericidal concentration (MBCs) in mg/mL of the studied compounds.

7a 7b 7c
Bacterial strains MBC MIC MBC MIC MBC MIC
P. aeruginosa 3.2 1.4 1.2 1 3.2 1.6
S. aureus 3.2 1.6 1.2 1 1.6 1.2
E. coli 1.4 1.2 1.2 1 1.4 1.2
K. pneumoniae 3.2 1.6 1.6 14 1.6 14
aeruginosa, S. aureus, E. coli, and K. pneumoniae. As reported in
Tal?le 3, the.compounds exhibited varying c%egrees of antibacterial r BN 3\ B2\ - ~ : /’__\ ,
efficacy, with compound 7b demonstrating the most notable ﬂ - - brf
activity, particularly against E. coli and P. aeruginosa, with e ——n - -'v:;-;-".—r- i
MIC values around 1 mg/mL; these results indicate that the LR BT T TI IS G NI A0 WL RIS WO
compounds possess a degree of inhibitory potential. Compound
7b, in particular, showed measurable effects at relatively low con-
centrations, which may be attributed to the presence of a chlorine FIGURE 12 | Example of Pseudomonas aeruginosa biofilm in the

atom attached to the thiophene group. This structural feature
may enhance the compound’s interaction with bacterial mem-
branes, contributing to its bactericidal effect. Compounds 7a and
7c, though showing activity, required higher concentrations to
achieve inhibition, with less pronounced effects against S. aureus
and K. pneumoniae. These observations suggest that structural
variations, particularly in functional groups, may influence the
efficacy of the compounds, and further structural optimization
could potentially enhance their antibacterial properties.

In comparison with other studies, the MIC values for com-
pound 7b (1 mg/mL) align favorably with those reported for
other synthetic antibacterial agents. For instance, Khatoon et al.
[59] investigated 2,3-dichloroquinoxaline derivatives, and the
most effective derivatives exhibited MIC values between 2.5
and 5 mg/mL against Bacillus pumilus, E. coli, Salmonella
Typhimurium, and Enterobacter aerogenes. Similarly, Dadou et al.
[60] evaluated chalcone-based imidazo[2,1-b]thiazole derivatives,
where compound ITC-2 showed antibacterial activity with MICs
of 500 pg/mL against E. coli and 200 pg/mL against P. aeruginosa.
Moreover, Koudad et al. [61] reported that imidazopyridine
Schiff base derivatives exhibited MIC values as low as 50 pg/mL
against P. aeruginosa and E. coli. Comparatively, Erol et al. [62]
demonstrated the antibacterial activity of benzoxazole derivatives
with MICs ranging from 16 to 64 pg/mL against S. aureus.
Celik et al. [63] synthesized triazole-based compounds, where
the most potent derivative showed MIC values between 312 and
5000 pg/mL against various bacterial strains.

The comparison highlights that although compound 7b demon-
strates notable antibacterial activity, its MIC values are higher
than some more potent compounds in the literature, indicating
room for further optimization. However, the observed activity of
7b against multiple strains suggests its potential as a promising
scaffold for the development of novel antibacterial agents.

3.7 | Antibiofilm Activity

The ability of compounds 7a-c to inhibit biofilm formation
was tested across various bacterial strains (Figure 12), and the

presence of decreasing concentrations of 7a.

findings are presented in Table 4. The results obtained reveal
a generalized capacity of compounds 7a-c to inhibit biofilm
formation across multiple bacterial strains. In Well 3, which
contained a concentration of 0.8 mg/mL, bacterial growth was
observed, but no biofilm was detectable for any of the strains
exposed to the three compounds. This antibiofilm effect was
particularly noticeable with compound 7b, which was able to
inhibit biofilm formation at concentrations as low as 0.4 mg/mL
for P. aeruginosa, S. aureus, and E. coli strains. The chlorine atom
attached to the thiophene ring in compound 7b may play a role
in enhancing its ability to penetrate biofilm matrices and disrupt
quorum sensing [64].

Compound 7a showed some efficacy in inhibiting biofilm forma-
tion, particularly against S. aureus and E. coli, though it was less
effective than 7b. In contrast, 7c displayed antibiofilm activity
only against E. coli, with no observable effects on P. aeruginosa
or S. aureus.

These findings suggest a variation in the antibiofilm potential
of the compounds depending on the bacterial strain and the
concentration of the compound used. Although the antibiofilm
activities are encouraging, further investigation would be needed
to optimize the compounds for stronger biofilm disruption
capabilities.

3.8 | Molecular Docking Analysis

Molecular docking simulations were performed to evaluate the
binding affinity of the synthesized compounds against the DNA
gyrase subunit B of E. coli (strain K12). DNA gyrase is a key
enzyme involved in bacterial DNA replication, and inhibiting its
function can lead to the suppression of bacterial growth, making
it a significant target for antibiotic development. By assessing the
interaction of these compounds with the enzyme, this research
aims to identify potential inhibitors that could be developed as
antibacterial agents [65].
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TABLE 4 | Antibiofilm activity of 7a-c against various bacterial strains.

Conc. (mg/mL) 3.2 1.6 0.8 0.4

o
(5]
(=]
[

0.05 0.025 0.0125 T+ T

7a P. aeruginosa - - - +
S. aureus - - - -
E. coli - - - -
K. pneumoniae - - — +
7b P. aeruginosa - - - -
S. aureus - - - -
E. coli - - - -
K. pneumoniae - - - +
7c P. aeruginosa - - - +
S. aureus - - - +
E. coli - - - -

K. pneumoniae - - - +

+ + + + + + + + + 4+ +

+ + + + + + 4+ + + o+ o+
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Note: “—” means no biofilm; “+” means the presence of biofilm; “T*” means MHB with inoculum as the positive control; “T~” means MHB with DMSO as the

negative control.

TABLE 5 | Docking scores of 7a-c against DNA gyrase subunit B of
Escherichia coli (strain K12).

Docking score

Molecules (Kcal/mol)
7a -9.0
7b -9.2
7c -9.3

The docking scores, presented in Table 5, reveal the interaction
dynamics between the synthesized compounds and DNA gyrase.
Compounds 7a-c exhibited promising binding affinities, ranging
from —9.0 to —9.3 kcal/mol. These scores suggest robust interac-
tions with amino acid residues within the enzyme’s active site,
potentially impeding its functional integrity [66].

The interaction analysis reveals crucial insights into how these
molecules engage with the enzyme’s active site. Each compound
demonstrates a unique interaction profile, which is likely to
influence its binding affinity and potential inhibitory activity.
7a (Figure 13a, 13b) demonstrates a robust interaction profile,
forming hydrogen bonds with VAL120 and ASN46. The interac-
tion with ASN46 is particularly significant, as it is a key residue
in the ATP-binding site of DNA gyrase. Mutations at ASN46
are known to reduce inhibitor affinity and catalytic activity,
highlighting the importance of maintaining this interaction.
Additionally, 7a establishes pi-sigma interactions with ILE78, a
residue critical for ATPase activity, and pi-alkyl interactions with
PRO79, which contribute to the structural stabilization of the
binding pocket. The pi-cation stacking with LYS103 and multiple
VDW interactions further enhance the binding stability of 7a,
resulting in a strong docking score. Collectively, these interactions
underscore the potential of 7a as a DNA gyrase inhibitor. 7b
(Figure 13c, 13d) engages in a diverse array of interactions
within the active site, including pi-pi T-shaped interactions with

GLY77 and TYR109, amide-pi stacked interactions with ASN46,
and pi-cation interactions with LYS103. The involvement of
GLY77 and ILE78 is particularly noteworthy, as mutations at
these residues can significantly reduce ATPase activity, a critical
function of GyrB. The pi-alkyl interactions with PRO79 and
ILE78, coupled with VDW interactions, anchor 7b effectively
within the binding pocket. Its docking score of —9.2 kcal/mol
reflects the stability and strength of these interactions, making
7b a promising candidate for further development. 7c (Figure 13e,
13f), exhibits the most comprehensive interaction profile, forming
pi—cation interactions with ARG76 and ARG136. These residues
are critical to the active site’s negatively charged environment,
and ARGI36, in particular, is a frequently mutated residue in
novobiocin-resistant strains. By interacting with ARGI136, 7c
may retain efficacy even in the presence of certain resistance
mechanisms. Additional interactions include pi-alkyl bonds with
PRO79, pi-sigma interactions with ILE78, and VDW interactions
with GLY77. These interactions contribute to the compound’s
docking score of —9.3 kcal/mol, emphasizing its potential as a
potent inhibitor of DNA gyrase [67a, 67b, 67c].

The molecular docking results align well with experimental data,
demonstrating the compounds biological potentials. However,
further structural optimization may enhance their antibacterial
efficacy. These preliminary findings are encouraging; they high-
light the potential of these imidazo[2, 1-b]thiazole-based chalcone
derivatives as DNA gyrase inhibitors and lay a groundwork
for subsequent research into their mechanism of action against
bacterial infections [26].

4 | Conclusion

This study presents a simple and efficient method for synthesiz-
ing novel imidazo[2, 1-b] thiazole-based chalcones from readily
available reactants. The green chemistry metrics demonstrated
that the synthesis process is environmentally friendly, with high
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FIGURE 13 2D and 3D views of interaction between 7a-c and protein (PDB ID: 4PRX).

AE and low waste generation. The synthesized compounds were
characterized using various techniques, including 'H and BC
NMR, LC-MS, and FT-IR. The theoretical FT-IR and NMR
analyses correlated well with the experimental findings. Com-
putational studies using DFT/B3LYP/6-311++G(d,p) basis set

provided insight into the compounds’ reactivity and behav-
ior. Furthermore, these compounds were evaluated for their
antibacterial and antibiofilm activities, with promising results;
particularly, 7b demonstrated superior activity with an MIC
of 1 mg/mL against E. coli and P. aeruginosa, outperforming
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other compounds. Compound 7b also showed strong antibiofilm
activity, with complete inhibition of biofilm formation at a
concentration of 0.4 mg/mL, highlighting its potential as a
potent antibiofilm agent. Molecular docking studies supported
these findings, with 7b exhibiting a binding affinity score of
—9.2 kcal/mol with DNA gyrase subunit B, indicating robust
interactions with bacterial targets.

However, further structural optimization and investigations are
still required to enhance the compounds’ therapeutic potential
and fully explore their spectrum of biological activities. Future
studies should focus on improving their efficacy, optimizing
pharmacokinetic properties, and expanding investigations to
other pathogenic strains.
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