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ABSTRACT
Although phenothiazines have been widely explored in medicinal chemistry for over a century, little attention has been paid to
their pyridine analogs, azaphenothiazines. This article reports the first synthesis, characterization, and antimicrobial evaluation
of S-oxide analogs of N-aminoalkylated azaphenothiazines as antibacterials and antifungals. The optimized synthetic protocol
enabled the production of the desired azaphenothiazine sulfoxides 12a–e and sulfonyls 14a–e, respectively. In addition to the x-
ray crystal structure of azaphenothiazine sulfoxide intermediate 10, each target compound was characterized using spectroscopy
techniques. All of these were investigated in vitro for antibacterial and antifungal activity against several strains of bacteria
and fungi. Biological assays revealed selective antibacterial activity, with sulfoxides (12a–e) exhibiting broad inhibition and
sulfones (14a–e) showing selectivity toward gram-negative bacteria. Compound 12c demonstrated fourfold higher potency against
Escherichia coli than the reference drug. In antifungal studies, compound 14c showed the highest activity (MIC 1.2 µg/mL
against Candida albicans). Our in silico evaluations utilized molecular dynamic (MD) and docking studies for active-site binding
simulations, revealing favorable drug-like properties and pharmacokinetics. Finally, toxicology assays determined all synthesized
analogs to be non-toxic to kidney and hepatic tissues. This report highlights the newly described S-oxide azaphenothiazine
conjugates and their potential as potent antimicrobial agents.

1 Introduction

Infectious diseases remain a major global health challenge,
ranking as the third leading cause of death in developed countries
and the second worldwide [1, 2]. Despite the development
and commercialization of numerous anti-infective drugs, the
rapid emergence of drug resistance in bacteria and fungi poses
a significant threat to public health [3–5]. Pathogens have

evolved various mechanisms to evade the effects of antimicrobial
agents, such as producing enzymes that degrade drugs, mod-
ifying drug targets to render them ineffective, and expressing
efflux proteins that expel the drugs from their cells, reducing
their intracellular concentration [6–9]. This escalating resistance
has highlighted the urgent need for innovative therapeutic
strategies operating through novel mechanisms, minimizing
cross-resistance potential. The growing prevalence of infections
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FIGURE 1 Structure of phenothiazines and azaphenothiazines. (A) Diazaphenothiazine, (B) phenothiazine, and (C) (mono)azaphenothiazine.

driven by antibiotic-resistant bacteria is a pressing health crisis.
Misuse and overuse of antibiotics have exacerbated this issue,
accelerating the development of resistant strains. As multidrug-
resistant pathogens becomemore common, there is an increasing
demand for new antimicrobial agents to combat these resilient
organisms effectively [10, 11]. Among the promising candidates
are heterocycle-based molecules, which have shown versatile
bioactivity, including antimicrobial, antiviral, and anticancer
properties. These molecules hold potential as highly specific and
non-toxic pharmaceuticals, offering new avenues for drug design
[12–16].

Since 1968, there has been a notable absence of new antibiotic
classes effective against gram-negative bacteria. Creating new
drug-likemolecules is essential for understanding bacterialmem-
brane biology and tackling major infectious disease challenges.
The aim is to develop therapeutic agents that effectively target and
eliminate harmful bacteria and fungi that threaten global public
health.

Phenothiazine structures are well-studied heterocyclic scaffolds
in medicinal chemistry [17, 18]. They feature a tricyclic ring
system containing two benzene rings connected by an amine and
sulfide bridge (B, Figure 1). Several 10-substituted aminoalkyl
phenothiazines were first established as antihistamines [17, 18],
antiemetics [19, 20], spasmolytic agents [21], and later, neurolep-
tics and central nervous system depressants [22]. Structurally
related azaphenothiazines (A and C, Figure 1) are another
medicinally relevant class of compounds, differing only by the
replacement of one (or both) benzene ring(s) with an azine-type
heterocyclic ring(s), such as pyridine, pyridazine, pyrimidine,
pyrazine, 1,2,4-triazine, quinoline, quinoxaline, benzoxazine, or
benzothiazine. The heteroaromatic systems can contain up to
4 nitrogen atoms, allowing access to more than 50 types of
azaphenothiazines, depending on the nature of the fused ring
system and the location(s) of the nitrogen atom(s). The variety of
possible substructures gives rise to promising biological activities,
such as anticancer, antiparasitic, antimicrobial, antipsychotic,
and anti-inflammatory (among others) [23–29].

Our group reported the synthesis of novel bis-azaphenothiazines
containing different alkyl linkers and uncovered interesting
antimicrobial activities [30]. Additionally, Morak-Młodawska
et al. reported the synthesis of 10-substituted 1,6-
diazaphenothiazines and found that the parent compound
1,6-diazaphenothiazine, as well as 10-N-substituted propargyl
and nitropyridinyl groups weremost active against several cancer
cell lines [31]. The same group reported the synthesis of previously
unknown 10H-3,6-diazaphenothiazine and their 10-substituted
derivatives. The anticancer studies showed the parent compound
10H-3,6-diazaphenothiazine and two diazaphenothiazines,
with 2-pyrimidinyl and dimethylaminopropyl substituents
at position 10, were selectively active against MCF-7 and C-

32 cancer cell lines [32]. Apart from diazaphenothiazines,
this group has also reported the synthesis of linearly fused
azaphenothiazines—tetracyclic quino[3,2-b]benzo[1,4]thiazines
with substituents (H, CH3, Cl, Br, F, CF3, SCH3) in positions
8–10 and aminoalkyl substituents in position 6 and explored
their immunological properties. The most active compounds
possessed the acetylaminobutyl, chlororoethylureidopropyl,
and chloroethylureidobutyl groups and exhibited anticancer
activities comparable to cisplatin [33].

Among the possible heteroatom and aromatic substitutions
within the azaphenothiazine scaffold, sulfur can assume two
higher oxidation states: sulfoxide (S-monoxide) and sulfone (S-
dioxide). Sulfoxides are highly polar functional groups with
strong hydrogen bond-accepting capabilities. Sulfonyls, due to
canceling dipoles, are less polar but are categorized as mod-
erate hydrogen bond acceptors [34, 35]. Only a few examples
of sulfoxide- and sulfonyl-containing azaphenothiazines and
their documented biological activities are cited in the literature.
For example, substituted N-phenyl 1,3-diazaphenothiazine S-
dioxides I were tested for antimalarial activity using inhibition
of globin proteolysis (IGP) assays, finding derivatives R = H or
CH3 to be most active, having IGP% of 50.09%–92.32% (IGP%
positive controls = 24.12%–92.94%). Additionally, 10-H and 10-
substituted 2,3-diazaphenothiazine-1-one S-dioxides II and III
showed promising analgesic and anti-inflammatory activities
similar to their positive control, phenylbutazone [36]. The 10-H-
and 10-benzyl-substituted 2,3-dichloro-1,4-diazaphenothiazin-5-
sulfoxide derivatives IV (Figure 2) were evaluated for antimicro-
bial activity, with compound IV (R = H) showed 100% growth
inhibition against Trichophyton mentagrophytes, Bacillus subtilis
and Aspergillus terreus at a level of 10–100 ppm [37]. Com-
pounds V also showed preliminary antimicrobial activity against
various bacteria [38]. Derivatives of 1-cyano-3-azaphenothiazin-
3H(2)-one, sulfoxide (VI), and sulfonyl (VII) exhibited signif-
icant binding properties to the benzodiazepine receptor with
IC50 = 0.31–0.91 µM [39].

These data suggest such azaphenothiazines containing S-
oxidation patterns could be a highly valuable area to develop new
therapeutics. We viewed this as an opportunity to design and
develop potential antibacterial and antifungal agents featuring
both S-oxidation patterns of azaphenothiazines. The target com-
pounds share a common azaphenothiazine core, characterized by
an N-substituted lipophilic alkyl bridge linked to one of five pos-
sible terminal secondary amines and a sulfoxide or sulfone at the
sulfur bridge. Our current effort focused on optimizing synthetic
pathways to develop new, diverse N-substituted sulfoxide and
sulfone azaphenothiazines. Our primary objective was to identify
antimicrobial structure–activity relationships (SARs) among all
analogs and derive simulated evidence from our findings using
in silico techniques. All synthesized conjugates were thoroughly
characterized using various spectroscopic techniques.
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FIGURE 2 Reported literature examples of sulfoxide and sulfonyl derivatives of aza- or diaza-phenothiazines.

2 Results and Discussion

2.1 Chemistry

In Scheme 1, initial efforts to synthesizeN-alkylated azaphenoth-
iazine 3 followed our reported method [40], treating azaphe-
nothiazine 1 with 1,6-dibromohexane 2 under basic conditions
in DMF [41]. However, the yield of desired mono-N-alkylated
azaphenothiazine 3 was poor after column chromatography.

To address this issue, we pursued an enhanced protocol as
outlined in Schemes 2 and 3 that utilized a 3,4-dihydro-2H-pyran
(DHP) alcohol protecting group. In this alternative approach, 1,6-
hexanediol 5 was subject to bromination using HBr in hexanes,
utilizing a liquid–liquid extraction. This resulted, primarily, in the
production of 6-bromo-1-hexanol 6 as the major product. The –
OH group of 6 was protected with DHP using concentrated HCl,
leading to the formation of the key intermediate 7 (Scheme 2).
DHP-protected 7was conveniently coupled to azaphenothiazine 1
in the presence of sodiumhydride (NaH), producing intermediate
8, which was subsequently deprotected using p-toluene sulfonic
acid (p-TsOH) in methanol. Finally, intermediate 9 was subject
to bromination, using the same liquid–liquid extraction protocol
as before, to give the desired mono-N-alkylated intermediate 3 in
quantitative yield (Scheme 3).

The final compounds under investigation (12a–e and 14a–e)
were synthesized using the method outlined in Scheme 4,
giving either S-sulfoxide- or S-sulfonyl-azaphenothiazine teth-
ered to one of five secondary amines. By treatment of 10-(6-

bromohexyl)azaphenothiazine 3 undermild oxidizing conditions
using m-chloroperbenzoic acid (m-CPBA), oxidized products 10
and 13 could be obtained up to 91% yield under optimized
conditions. The chemoselectivity was therefore affected by con-
trolling the oxidizing agent’s molar equivalents. Thus, one molar
equivalent of m-CPBA (optimized = 1.2 equiv.) resulted in 10
as the major product, while excess (2.5 equiv.) m-CPBA led
to the production of sulfone 13. The structural integrity was
confirmed using spectroscopic methods (see Supporting Infor-
mation section) and single-crystal x-ray diffraction (SC-XRD).
In the final step, intermediates 10 and 13 were reacted with
five secondary amines 11a–e (piperidine, morpholine, thiomor-
pholine, N-methylpiperazine, or pyrrolidine, respectively) under
microwave irradiation (60◦C) in the presence of K2CO3. This led
to a library of five new sulfoxide-containing azaphenothiazines
(12a–e) and five new sulfonyl-containing azaphenothiazines
(14a–e). Microwave irradiation was found to be superior to
conventional methods regarding purity and yield.

2.2 X-Ray Studies

The x-ray crystallographic data for the key intermediate 10
(molecular formula: C17H19BrN2OS) was analyzed using the
checkCIF/PLATON report, which reveals important structural
and refinement details. The orthorhombic unit cell has dimen-
sions a = 15.6079(8) Å, b = 22.4847(9) Å, c = 4.6998(2) Å, and a
volume of 1649.34(13) Å3, with space group Pna21. The molecular
weight (MW) is 379.31 g/mol, and the density is 1.528 g/cm3,
measured at 293 K. The refinement yielded an R1 value of 0.0376

3 of 19

 16121880, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbdv.202403338 by Indian Institute O

f T
echnology, W

iley O
nline L

ibrary on [05/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SCHEME 1 Traditional synthetic protocol for the synthesis of compound 3.

SCHEME 2 Synthesis of compound 7.

and a wR2 of 0.0648, with a goodness of fit (S) of 0.822, indicating
a good model fit. Data completeness was 126.49%, with 3066
reflections measured to a maximum theta of 28.87◦. However,
there are several significant alerts. A Level B alert points to a
Hirshfeld test deviation between atoms C2 and C3, suggesting
potential local disorder or overestimated thermalmotion. Level C
alerts highlight a short H. . .H contact at 1.95 Å and a discrepancy
in the reported and calculated Hmax values. Additionally, general
alerts suggest inconsistencies in the reported hkl values and a
slight deviation of the Flack parameter from zero, which may
indicate non-centrosymmetry. Although the structure is well-
refined, addressing these alerts, especially those related to the
Hirshfeld test and close H. . .H contact, is necessary to ensure the
structure’s accuracy and clarity (Figure 3).

Deposition number https://www.ccdc.cam.ac.uk/services/
structures?id=https://doi.org/10.1002/cbdv.202403338⟩2418834
(for 10) contain(s) the supplementary crystallographic data
for this article. These data are provided free of charge

by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe http://www.ccdc.cam.ac.
uk/structures⟩Access Structures service.

2.3 Biology Evaluation and SAR

2.3.1 Antibacterial Studies

The antibacterial properties of the synthesized azaphenothiazine
conjugates 12a–e and 14a–e were thoroughly investigated. The
study employed a range of gram-positive bacteria (Staphylococ-
cus aureus ATCC#25923, B. subtilis ATCC#6051, and Staphy-
lococcus epidermidis ATCC#12228) and gram-negative bacteria
(Escherichia coli ATCC#25922, Salmonella typhi ATCC#19430,
Pseudomonas aeruginosa ATCC#27853, and Klebsiella pneumo-
niae ATCC#13883). The standard agar dilution technique [42–
44] was meticulously utilized to ensure the reliability of the
results.

4 of 19 Chemistry & Biodiversity, 2025
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SCHEME 3 Improved synthetic protocol for compound 3.

SCHEME 4 Synthesis of compounds 12a–e and 14a–e.

Our study assessed the effectiveness of different compounds
in fighting various bacterial strains by measuring their min-
imum inhibitory concentrations (MICs) outlined in Table 1.
Ciprofloxacin, a well-known antibiotic, consistently showed the
lowest MIC values across most bacterial strains, indicating its
superior effectiveness to compounds 12a–e and 14a–e. The MICs
of the tested compounds varied significantly, demonstrating
varying effectiveness against different bacteria. For example,
compound 12b exhibited lowMICs for S. typhi and P. aeruginosa,
but high MICs for K. pneumoniae, suggesting a broad but

inconsistent effectiveness. Specifically, compound 12d exhibited
a MIC of 1.2 µg/mL against S. aureus, whereas compound 14a
showed an MIC of 1.2 µg/mL against B. subtilis. Compounds 12b
and 12d demonstrated a 2.4 µg/mL MIC against S. epidermidis.
Furthermore, compound 12c revealed an MIC of 0.6 µg/mL
against E. coli, and compound 12b displayed anMIC of 1.2 µg/mL
against S. typhi. Moreover, compounds 12b and 12d exhib-
ited a 1.2 µg/mL MIC against P. aeruginosa. However, none
of the synthesized conjugates showed effectiveness against K.
pneumoniae. This variability emphasizes the need to customize
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FIGURE 3 ORTEP diagram of the title compound 10.

TABLE 1 Antibacterial activities of the synthesized azaphenothiazine conjugates 12a–e and 14a–e.

Compound

Minimum inhibitory concentrations (MIC) (µg/mL)

Staphylococcus
aureus

Bacillus
subtilis

Staphylococcus
epidermidis

Escherichia
coli

Salmonella
typhi

Pseudomonas
aeruginosa

Klebsiella
pneumoniae

12a 2.4 4.8 4.8 4.8 16 32 4.8
12b 4.8 4.8 2.4 2.4 1.2 1.2 32
12c 4.8 2.4 4.8 0.6 4.8 2.4 4.8
12d 1.2 4.8 2.4 2.4 2.4 1.2 16
12e 16 4.8 8 4.8 16 8 16
14a 4.8 1.2 4.8 2.4 16 4.8 2.4
14b 2.4 4.8 4.8 2.4 4.8 2.4 4.8
14c 2.4 4.8 4.8 4.8 4.8 16 2.4
14d 4.8 16 4.8 4.8 2.4 4.8 16
14e 4.8 4.6 8 8 16 16 8
Ciprofloxacin 0.4 2.8 3.4 2.4 2.4 3.1 1.5

antimicrobial treatments based on the specific bacterial strain and
the compound’s activity. Our findings underscore the importance
of regularly evaluating and comparing antimicrobial agents to
ensure the best therapeutic outcomes and effectively address
emerging bacterial resistance patterns. Additionally, compound
12c demonstrated selective effectiveness against E. coli with an
MIC value of 0.6 µg/mL, which is four times more potent than
ciprofloxacin.

The observed data indicate that most synthesized conjugates
show selective antimicrobial properties instead of a broad spec-
trum. Broad-spectrum antibiotics have saved countless lives till
now. However, excess use of broad-spectrum antibiotics causes
multiple bacteria to acquire resistance. Resistance to broad-

spectrum antibiotics is detrimental irrespective of pathogens
or commensals. Resistant commensals could act as a reservoir
of resistant genes. Furthermore, a broad-spectrum antibiotic
eradicates pathogens and beneficial microbes simultaneously.
Therefore, selective spectrum antibiotics and current interest
could be applied as subtractive therapies. Our results are interest-
ing, and investigating and exploring our scaffold for developing
potential antimicrobial agents will be worthwhile.

2.4 Antifungal Studies

The antifungal properties of the synthesized azaphenothiazine
conjugates 12a–e and 14a–e were thoroughly investigated in this

6 of 19 Chemistry & Biodiversity, 2025
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TABLE 2 Antifungal activities of the synthesized azaphenothiazine conjugates 12a–e and 14a–e.

Compound

Minimum inhibitory concentrations (MIC) (µg/mL)

Aspergillus
niger

Aspergillus
fumigatus

Aspergillus
flavus

Candida
albicans

12a 64 16 64 32
12b 64 32 8 64
12c 64 16 64 16
12d 128 16 32 64
12e 64 16 8 64
14a 64 64 64 64
14b 64 64 32 64
14c 64 32 32 1.2
14d 64 32 8 64
14e 64 64 16 64
Amphotericin B 0.31 0.48 0.24 0.39

study. A variety of fungal strains, including Aspergillus niger
ATCC#16888, Aspergillus fumigatus ATCC#96918, Aspergillus
flavus ATCC#16883, and Candida albicans ATCC#18804, were
employed. The study rigorously utilized the standard agar
dilution technique [37–39] to ensure the reliability of the results.

In this study, we assessed the antifungal activity of various com-
pounds against four fungal species, using Minimum Inhibitory
Concentrations (MICs). Amphotericin B, a well-known antifun-
gal agent, demonstrated exceptional potency with low MICs,
highlighting its superior efficacy to the tested compounds
(Table 2). In contrast, theMIC values for compounds 12a through
14d exhibited a broader range, reflecting variable antifungal activ-
ity. Compound 12c showed notable efficacy against A. fumigatus
and C. albicans with MICs of 16 µg/mL, and compound 14c
was particularly effective against C. albicans with a remarkably
low MIC of 1.2 µg/mL. However, other compounds, such as 12d
and 14a, exhibited high MICs across multiple species, indicating
lower antifungal activity. This variability underscores the need to
carefully select antifungal agents based on their specific activity
profiles against different fungal pathogens. The comparative anal-
ysis reinforces the utility of Amphotericin B as a highly effective
treatment option. The observed data emphasize the importance
of continually developing and evaluating new antifungal com-
pounds to tackle the varying susceptibility patterns that have been
observed. The data on antifungal agents underscore the need for
more SAR studies and the synthesis of sulfonyl azaphenothiazine
derivatives, which could lead to discovering new and effective
antifungal agents.

2.5 In Silico Studies

2.5.1 Molecular Docking Study

Molecular docking studies were performed to evaluate the bind-
ing interactions of the synthesized compounds along with the
reference standard ciprofloxacin against the active site of the E.
coli DNA gyrase enzyme (PDB ID: 7P2M). The docking results

displayed in Table 3 revealed significant binding affinities for
the ligands, with compound 12c exhibiting a docking score of
−8.35 kcal/mol, whereas ciprofloxacin showed a slightly lower
score of −7.96 kcal/mol, indicating comparable yet distinct
binding profiles.

The synthesized compound 12c demonstrated multiple interac-
tions with the active-site residues of the enzyme (Figure 4A,B).
Key hydrogen bonds were formed between the carbonyl oxygen
of 12c and GLY77, ARG136, and VAL167, stabilizing the ligand
within the binding pocket. The phenyl and hydrophobic side
chains of 12c contributed to C─H bonds with ASP73 and π–
alkyl interactions with VAL43, ALA47, and ILE78. The π–anion
interactions observed with the carboxylic acid group of Glu50
and the positively charged guanidine group of ARG76 further
reinforced the ligand’s electrostatic interactions.Notably, a sulfur-
X interaction involving VAL71 highlighted a unique feature of
compound 12c, indicating its potential to exploit underutilized
binding site properties. These interactions collectively high-
light the ligand’s dual ability to engage both hydrophilic and
hydrophobic regions of the enzyme’s active site.

Ciprofloxacin, the reference compound, also exhibited robust
interactions with the active-site residues of the enzyme, albeit
with a slightly lower docking score (Figure 4C,D). Key hydrogen
bonds were observed between the carbonyl and hydroxyl groups
of ciprofloxacin and residues SER112 and THR165, respectively,
anchoring themolecule firmly in the binding pocket. The bicyclic
quinolone core of ciprofloxacin interacted through π–alkyl con-
tacts with ALA47, VAL71, ILE78, VAL120, and VAL167, empha-
sizing its hydrophobic engagement. Additionally, an amide–π
stacked interaction with ASN46 provided further stabilization,
reflecting ciprofloxacin’s well-established binding mode against
DNA gyrase. Ciprofloxacin interactions spanned polar and
hydrophobic regions of the binding pocket, underscoring its
balanced binding profile.

Comparatively, compound 12c showed a slightly stronger binding
affinity, as evidenced by its better docking score and unique
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TABLE 3 Docking scores of the synthesized compounds (12a–e and 14a–e) and their corresponding amino acid interactions with the Escherichia
coli DNA gyrase enzyme.

Compound
Docking score
(kcal/mol) Amino acid interactions between E. coli DNA gyrase and the ligand

12a −9.48 Hydrogen bond (GLY77, ARG136), π–anion (GLU50, ARG76), π–alkyl
(VAL43, ALA47, VAL71, ILE78, PRO79, ILE94, VAL120, VAL167)

12b −9.21 Hydrogen bond (GLY77), C─H bond (VAL43, ASP73), π–anion (GLU50),
π–alkyl (ILE78, PRO79, VAL120, VAL167), π–sigma (ILE94)

12c −8.35 Hydrogen bond (GLY77, ARG136, VAL167), C─H bond (ASP73), π–anion
(GLU50, ARG76), π–alkyl (VAL43, ALA47, ILE78), sulfur-X (VAL71)

12d −9.45 C─H bond (VAL71, ASP73, THR165), π–anion (GLU50), π–alkyl (ILE78,
PRO79, ILE94, VAL120, VAL167), amide–π stacked (GLY77)

12e −7.88 Hydrogen bond (ARG76, GLY77), C─H bond (SER112, THR165), π–anion
(GLU50), π–alkyl (ALA53, ILE78, ILE94), π–sigma (PRO79), amide–π stacked

(ASN46)
14a −8.76 Hydrogen bond (GLU50, ARG76, GLY77), C─H bond (ASP73, ILE78, PRO79),

π–alkyl (VAL43, ALA47, VAL71, VAL120, VAL167), π–sigma (ILE94)
14b −9.01 Hydrogen bond (MET95), C─H bond (ILE78), π–alkyl (VAL43, ALA47,

VAL71, VAL120, VAL167), π–sigma (THR165), π–sulfur (MET95)
14c −8.72 Hydrogen bond (MET95), π–alkyl (VAL43, ALA47, VAL71, ARG76, VAL120,

VAL167), π–sigma (ILE78, THR165), amide–π stacked (ASN46)
14d −9.18 C─H bond (VAL43, GLU50, ASP73, SER112, THR165), π–alkyl (ALA47,

VAL71, VAL120, VAL167), π–sigma (ILE78), amide–π stacked (ASN46)
14e −9.10 Hydrogen bond (MET95), π–alkyl (VAL43, ALA47, VAL71, ARG76, PRO79,

ILE94, VAL120, VAL167), π–sigma (ILE78, THR165), amide–π stacked
(ASN46)

Ciprofloxacin
(reference)

−7.96 Hydrogen bond (SER112, THR165), C─H bond (VAL43, ASP73), π–alkyl
(ALA47, VAL71, ILE78, VAL120, VAL167), amide–π stacked (ASN46)

interactions, such as the sulfur-X interaction with VAL71, which
were absent in ciprofloxacin. The results suggest that the
synthesized compound 12c effectively utilizes the diverse physic-
ochemical environment of the active site, potentially offering an
advantage in binding efficiency and specificity.

3 Molecular Dynamics (MD) Simulation Studies

To comprehensively understand the dynamic behavior of the
protein–ligand complex and assess the stability and interaction
profile of compound 12c under physiological conditions, a 200 ns
MD simulation was performed using the E. coli DNA gyrase
structure (PDB: 7P2M) with compound 12c as the lead molecule.
Ciprofloxacin, a well-characterized DNA gyrase inhibitor, served
as the reference ligand for comparative analysis.

The root-mean-square deviation (RMSD) plot provided insights
into the overall stability of the protein–ligand complex during
the simulation. Compound 12c exhibited an RMSD value of
1.680 nm, indicating moderate stability, whereas ciprofloxacin
displayed a lower and more stable RMSD value of 0.901 nm
(Table 4). The RMSD for compound 12c showed significant
deviation after approximately 150 ns, which could be attributed
to the conformational flexibility of the longer alkyl side chain
(Figure 5A). This side chain likely underwent rearrangement
within the binding pocket but regained stability thereafter. In

contrast, ciprofloxacin maintained a stable binding conformation
throughout the simulation, underscoring its superior structural
rigidity and stability.

The root-mean-square fluctuation (RMSF) analysis elucidated
the dynamic flexibility of amino acid residues and the ligand
within the protein’s binding site. The protein RMSF values for the
12c and ciprofloxacin complexes were comparable, with minor
differences (0.177 and 0.179 nm, respectively). Residues proximal
to the binding pocket exhibited notable flexibility, potentially con-
tributing to interaction dynamics. LigandRMSF analysis revealed
greater flexibility for compound 12c (0.174 nm) compared to
ciprofloxacin (0.099 nm), suggesting that the extended alkyl chain
of 12c contributes to dynamic conformational adjustmentswithin
the active site, whereas ciprofloxacin’s relatively rigid structure
resulted in lower fluctuations (Figure 5B,C).

The radius of gyration (Rg) was monitored to evaluate the
compactness of the protein structure during the simulation [45].
Compound 12c and ciprofloxacin demonstrated comparable Rg
values of 1.763 and 1.764 nm, respectively (Figure 5D). This
consistency suggests that both ligands maintained the structural
integrity of the protein, with minimal conformational devia-
tions observed during the simulation. The solvent-accessible
surface area (SASA) analysis revealed higher values for the 12c
complex (121.83 nm2) compared to the ciprofloxacin complex
(118.49 nm2) (Figure 5E). This difference could be attributed to
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FIGURE 4 3D binding pose and 2D representation of docking interactions for the lead compound 12c (A and B) and ciprofloxacin as reference (C
and D).

TABLE 4 Molecular dynamic (MD) analysis data for the lead compound, 12c, along with the reference protein–ligand complex (ciprofloxacin).

Parameters Compounds in complex with Escherichia coli DNA gyrase

12c
Ciprofloxacin (reference

ligand)

RMSD (nm) 1.680 0.901
Protein RMSF (nm) 0.177 0.179
Ligand RMSF (nm) 0.174 0.099
Rg (nm) 1.763 1.764
SASA (nm2) 121.83 118.49

Abbreviations: Rg, radius of gyration; RMSD, root-mean-square deviation; RMSF, root-mean-square fluctuation; SASA, solvent-accessible surface area.

the increased conformational flexibility and the extended alkyl
chain of 12c, whichmay expose a larger surface area to the solvent
[46].

Hydrogen bond formation is critical for ligand binding and
stabilization. Compound 12c established consistent hydrogen
bonds with the protein, with the number of bonds fluctuating
between two and five throughout the simulation (Figure 5G).

This fluctuation indicates dynamic but stable interactions, likely
facilitated by the flexible functional groups of 12c. Ciprofloxacin,
in comparison, maintained a similar hydrogen bond range but
demonstrated more stability in bond formation due to its rigid
structure and well-optimized binding mode. The hydrogen bond
distance distribution for both complexes revealed similar peaks,
indicating comparable interaction strengths (Figure 5F). The
stable hydrogen bonding interactions suggest that compound 12c
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FIGURE 5 MD simulation data for the lead compound 12c (green) with comparison to the reference ligand (ciprofloxacin in black) in complex
with Escherichia coli DNA gyrase enzyme (PDB ID: 7P2M): (A) RMSD plot, (B) protein RMSF plot, (C) ligand RMSF plot, (D) radius of gyration (Rg)
plot, (E) solvent-accessible surface area (SASA) plot, (F) H-bond distribution (within 0.3 nm distance), and (G) number of intermolecular hydrogen
bonds formed between protein–ligand complex throughout the simulation run of 200 ns. RMSD, root-mean-square deviation; RMSF, root-mean-square
fluctuation.

is capable of forming robust connections with the protein despite
its higher RMSD.

Although ciprofloxacin demonstrated superior stability and
compactness as a reference ligand, compound 12c exhibited

notable flexibility and adaptability within the binding pocket.
The increased ligand RMSF and SASA values for 12c suggest a
dynamic binding mode, likely influenced by the flexible alkyl
side chain (Table 4). This flexibility could be advantageous in
scenarios where adaptable interactions are beneficial. However,

10 of 19 Chemistry & Biodiversity, 2025
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TABLE 5 In silico pharmacokinetic properties of azaphenothiazine conjugates 12a–e and 14a–e.

Compound MW nHBA nHBD nRB logP TPSA MR HIA BBB Lipinski

12a 383.55 3 0 7 4.04 55.65 119.19 High Yes Yes
12b 385.52 4 0 7 2.82 64.88 115.47 High Yes Yes
12c 401.59 3 0 7 3.62 80.95 121.98 High No Yes
12d 398.56 4 0 7 3.00 58.89 126.00 High Yes Yes
12e 369.52 3 0 7 3.68 55.65 114.39 High Yes Yes
14a 399.55 4 0 7 4.05 61.89 119.88 High Yes Yes
14b 401.52 5 0 7 2.83 71.12 116.16 High Yes Yes
14c 417.59 4 0 7 3.63 87.19 122.66 High No Yes
14d 414.56 5 0 7 3.02 65.13 126.69 High Yes Yes
14e 385.52 4 0 7 3.69 61.89 115.07 High Yes Yes

Abbreviations: BBB, blood–brain barrier; HIA, human intestinal absorption; MW, molecular weight; nRB, number of rotatable bonds; TPSA, total polar surface
area.

the moderate RMSD and stable hydrogen bond interactions
highlight the potential of compound 12c as a lead molecule
for further optimization. The structural features of 12c, par-
ticularly its longer alkyl side chain, make it a promising can-
didate for refinement to enhance binding stability and reduce
fluctuations.

3.1 Absorption, Distribution, Metabolism, and
Excretion (ADME) Studies

A computational analysis was conducted to predict the syn-
thesized compounds’ pharmacokinetic properties. The study
focused on pharmacokinetic parameters such as ADME. These
parameters are essential in developing new drugs, as compounds
with suboptimal ADME profiles often fail in clinical trials. The
properties of the compounds were evaluated using the Lipinski
“Rule of Five” and drug-likeness and drug-score metrics through
STARDROP and SwissADME tools [47, 48].

Lipophilicity, in particular, plays a significant role in a drug’s
antimicrobial effects as it directly affects the compound’s abil-
ity to permeate biological membranes. Compounds with high
lipophilicity are distributed into hydrophobic compartments,
such as cell lipid bilayers, whereas those with lower lipophilicity
are more likely to remain in hydrophilic environments like blood
serum. Lipophilicity influences the distribution,metabolism, and
excretion of drugs within the body. Additionally, many proteins
involved in drug transport and metabolism have hydrophobic
binding sites, emphasizing the importance of a compound’s
lipophilic character for its overall pharmacological activity.

The Lipinski “Rule of Five” considers key factors influencing
oral bioavailability, including lipophilicity (cLogP ≤ 5), hydrogen
bond acceptors (nHBA≤ 10), hydrogen bond donors (nHBD≤ 5),
and MW ≤ 500 Da. In addition, other drug-like properties, such
as total polar surface area (TPSA ≤ 140 Å2), human intestinal
absorption (HIA), molar index, and the number of rotatable
bonds (nRB < 10), play essential roles in drug development
(Table 5). In addition, the ability to cross the blood–brain barrier
(BBB) is another aspect of antimicrobial drugs based on the need.

These properties are critical for predicting a compound’s oral
active potential [49].

The term “chemical universe,” often referred to as “chemical
space” or “chemical compound space,” encompasses the entire
set of possible molecules characterized by a multi-dimensional
space that captures their functional and structural properties,
as well as the interrelationships among them. Although this
concept can be applied to any molecule, it has been most
extensively studied with small, quantitative, and qualitative
organic compounds [50–52]. To assess the drug-like properties of
the synthesized conjugates, we analyzed their physicochemical
space, representing thesemolecules in amulti-dimensional space
that highlights their functional and structural attributes (Table 6).

3.2 Toxicity Studies

Antimicrobials are frequently linked to significant toxicities [53–
56]. These can include drug-induced liver injury (DILI) [57],
nephrotoxicity [58], and neurotoxicity [59]. Common agents such
as isoniazid, rifampin, aminoglycosides, andmetronidazole often
lead to adverse effects through mechanisms like oxidative stress,
mitochondrial dysfunction, and immune-mediated damage. In
this study, we predicted the toxicity of the synthesized conjugates
using ProTox-3.0 [60], and the findings are summarized in
Table 7. The predictive data suggest all the synthesized conjugates
do not show toxicity for the liver and kidney. However, all
the conjugates have the possibility of neurotoxicity except 14b.
Our most potent compound, 12c, also has the possibility of
neurotoxicity, but interestingly, it has no permeability for BBB.

4 Conclusion

In summary, we have developed an efficient synthetic path-
way to produce ten S-oxide azaphenothiazine conjugates in
excellent yields. We have thoroughly characterized all products
using standard spectroscopic techniques. Furthermore, we have
assessed all synthesized conjugate’s antibacterial and antifungal
properties. Sulfoxide azaphenothiazines 12a–e exhibited potent
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TABLE 7 Predicted toxicity data.

Compound

Probability

LD50 (mg/kg)Hepatotoxicity Neurotoxicity Nephrotoxicity

12a 0.74 (−ve) 0.71 (+ve) 0.85 (−ve) 502
12b 0.72 (−ve) 0.62 (+ve) 0.69 (−ve) 502
12c 0.74 (−ve) 0.71 (+ve) 0.85 (−ve) 502
12d 0.70 (−ve) 0.72 (+ve) 0.84 (−ve) 503
12e 0.75 (−ve) 0.72 (+ve) 0.86 (−ve) 502
14a 0.74 (−ve) 0.63 (+ve) 0.76 (−ve) 502
14b 0.69 (−ve) 0.51 (−ve) 0.66 (−ve) 502
14c 0.74 (−ve) 0.63 (+ve) 0.76 (−ve) 502
14d 0.72 (−ve) 0.65 (+ve) 0.76 (−ve) 503
14e 0.76 (−ve) 0.65 (+ve) 0.75 (−ve) 502

antibacterial activity against both gram-positive (five entries,
Table 1) and gram-negative strains, with higher selectivity for
gram-negative (eight entries, Table 1). The best of which, product
12c, demonstrated a fourfold greater MIC (0.6 µg/mL) toward E.
coli cultures than ciprofloxacin (MIC = 2.4 µg/mL). Predictive
toxicity data for 12c showed no potential for toxicity to the liver
and kidney and does not have BBB permeability. The sulfonyl
azaphenothiazines (14a–e) showed higher spectrum selectivity
toward gram-negative bacteria. Compounds 14a, 14b, and 14d
showed superior or similar antibacterial activity toward certain
gram-negative strains compared to ciprofloxacin. Among the
compounds tested, only two, 14a and 14c, showed favorable
activity against K. pneumoniae. This study also highlighted the
inactivity of S-oxide azaphenothiazines toward fungal strains.
However, 14c did show effective antifungal activity against C.
albicans, providing an avenue for further SAR investigations
to produce potent antifungals containing sulfonyl- or sulfoxide-
containing azaphenothiazine scaffolds. Additionally, all products
adhere to Lipinski’s rule of five guidelines and showed no
kidney or hepatic toxicities. However, some products did show
the potential to be neurotoxic, despite being impermeable to
the BBB. Physiochemical space data also suggest the new S-
oxide azaphenothiazine derivatives possess drug-like properties,
making them promising candidates for further investigation as
antimicrobial agents.

5 Experimental Section

All heterocyclic secondary amines were purchased from com-
mercial suppliers (Sigma Aldrich and Merck) and used as such.
1,6-Dibromohexanewas also purchased fromSigmaAldrich. Aza-
phenothiazine was synthesized by a previously reported method
from our group [40, 61], and 2-(6-bromohexyloxy)tetrahydro-
2H-pyran was synthesized by a literature procedure starting
from 6-bromo-1-hexanol [62, 63]. Solvents used in the extraction
and purification processes were distilled before use. Products
were purified by column chromatography using silica gel as an
adsorbent. Melting points were determined using a Tropical Lab
equipment and were uncorrected. IR (KBr) and (film) spectra
were recorded on a PerkinElmer FTIR spectrophotometer; these

values are expressed as νmax cm−11H (13C). NMR spectra were
recorded at 400 (100.6) MHz on a Jeol spectrometer and a
Bruker spectrometer and at 300 (75.5) MHz on a DPX-300 Bruker
spectrometer using CDCl3 or DMSO as a solvent, and TMS
(tetramethylsilane) was used as a reference for both 1H and 13C
NMR spectrum. Coupling constants J values were given in hertz,
and the chemical shifts are given in ppm. The coupling patterns
were expressed as d (doublet), dd (double doublet), t (triplet), q
(quartet), p (pentet), td (triplet of doublet), and so on. Elemental
analyses were performed on a PerkinElmer series 11 CHNS/O
analyzer 2400. Mass spectra were recorded on a MicroMass
AutoSpec LCTKC 455, an Agilent 6310 Ion Trap, and a Jeol SX
102 mass spectrometer.

5.1 10-(6-((Tetrahydro-2H-Pyran-2-yl)oxy)
Hexyl)-10H-Benzo[b]Pyrido[2,3-e][1,4]Thiazine (8)

To a cooled solution of sodium hydride (100.0 mmol, 2.4 g)
in dry DMF (20 mL), a solution of 10H-benzo[b]pyrido[2,3-
e][1,4]thiazine (1) (50.0 mmol, 10.0 g) in dry DMF (30 mL)
was added dropwise under inert atomosphere of nitrogen. The
contents were stirred at −5◦C to 0◦C for 30 min, and then a solu-
tion of 2-(6-bromohexyloxy)tetrahydro-2H-pyran (1) (50.0 mmol,
13.2 g) in 30 mL of DMF was added to it dropwise. Stirring was
continued at room temperature for another 14 h. Completion
of reaction was monitored by TLC, and then the contents were
treatedwithwater and extractedwith ethyl acetate. The combined
extract was dried over anhydrous sodium sulfate. The solvent
was removed under reduced pressure, and the crude product
obtained was purified by column chromatography. Elutions
with n-Hex/EtOAC (90:10) yielded 10-(6-(tetrahydro-2H-pyran-2-
yloxy)hexyl)-10H-benzo[b]pyrido[2,3-e][1,4] thiazine (8) as light
yellow oil. Yield: 11.7 g (61%), Rf = 0.54 in n-Hex/EtOAc (90:10).
IR νmax (film): 3063, 2937, 2858, 1593, 1568, 1445, 1414, 1375, 1253,
1135, 1077, 1033, 779, 746 cm−1. 1H NMR (δ, CDCl3, 400 MHz):
7.99–7.97 (dd, 1H, J= 5.0 and 1.8 Hz), 7.23–7.21 (dd, 1H, J= 7.8 and
2.2 Hz), 7.14–7.10 (m, 1H), 7.04–7.02 (dd, 1H, J = 7.3 and 0.9 Hz),
6.91–6.87 (m, 1H), 6.84 (d, 1H, J= 8.7Hz), 6.74–6.70 (m, 1H), 4.56 (t,
1H, J = 2.7 Hz, O─CH─O), 4.06 (t, 2H, J = 8.7 Hz, NCH2), 3.87–
3.83 (m, 2H, CH2-OTHP), 3.50–3.46 (m, 1H, CHH─O─, pyran),
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3.40–3.34 (m, 1H, CHH─O─, pyran), 1.85–1.77 (m, 4H), 1.73–1.67
(m, 2H), 1.62–1.58 (m, 4H), 1.53–1.39 (m, 4H). 13C NMR (δ, CDCl3,
100 MHz): 155.4, 145.4, 143.2, 134.4, 127.8, 127.4, 123.1, 121.7, 118.0,
117.4, 115.8, 99.2, 67.9, 62.7, 45.2, 31.1, 30.1, 27.2, 26.9, 26.4, 25.8, 20.0.
Mass spectral data, TOFES+m/z: 385 [M+ + 1].Anal. calcd for
C22H28N2O2S: C, 68.72; H, 7.34; N, 7.29. Found: C, 68.80; H, 7.33;
N, 7.30.

5.2 6-(10H-Benzo[b]Pyrido[2,3-e][1,4]Thiazin-10-
yl)Hexan-1-ol (9)

To a solution of 10-(6-(tetrahydro-2H-pyran-2-yloxy)hexyl)-10H-
benzo[b]pyrido[2,3-e][1,4] thiazine (8) (26.0 mmol, 10.0 g) in
methanol, catalytic amount of p-toluene sulfonic acid (2.6 mmol,
0.44 g) was added. Contents were stirred at room temperature for
10 h. The progress of reaction was monitored on TLC. After com-
pletion of the reaction, the solvent was removed under reduced
pressure, and the residue left was dissolved in ethyl acetate. The
organic solution was washed with sodium bicarbonate solution
followed by water. The organic layer was dried over anhydrous
sodium sulfate and concentrated under reduced pressure to give
a brownish oil thatwas purified by columnchromatographyusing
silica gel as an adsorbent to obtain 6-(10H-benzo[b]pyrido[2,3-
e][1,4]thiazin-10-yl)hexan-1-ol (9) as a light green oil. Yield: 6.1 g
(78%), Rf = 0.36 in DCM/MeOH (98:2). IR νmax (film): 3368, 3062,
2931, 2857, 1593, 1444, 1413, 1375, 1251, 1129, 1046, 779, 746 cm−1.
1H NMR (δ, CDCl3, 400 MHz): 7.98–7.97 (dd, 1H, J = 4.5 and
1.3 Hz), 7.23–7.21 (dd, 1H, J = 7.3 and 1.8 Hz), 7.14–7.10 (m, 1H),
7.04–7.02 (dd, 1H, J = 7.8 and 1.3 Hz), 6.90–6.86 (m, 1H), 6.84 (d,
1H, J = 7.7 Hz), 6.73–6.70 (m, 1H), 4.06 (t, 2H, J = 7.3 Hz, NCH2),
3.61 (t, 2H, J = 6.6 Hz, CH2OH), 1.80 (p, 2H, J = 6.8 Hz), 1.57 (p,
2H, J= 6.8 Hz), 1.49–1.37 (m, 4H). 13C NMR (δ, CDCl3, 100MHz):
155.0, 144.9, 142.8, 134.2, 127.5, 127.0, 122.7, 121.4, 117.6, 117.2, 115.4,
62.7 (CH2OH), 44.7 (NCH2), 32.6, 26.7, 26.4, 25.4.Mass spectral
data, TOF ES+ m/z: 301 [M+ + 1]. Anal. calcd for C17H20N2OS:
C, 67.97; H, 6.71; N, 9.32. Found: C, 68.12; H, 6.78; N, 9.30.

5.3 10-(6-Bromohexyl)-10H-Benzo[b]Pyrido[2,3-
e][1,4]Thiazine (3)

Aq. hydrobromic acid 48% (83.0 mmol, 6.70 g) was added to a
well-stirred solution of 6-(10H-benzo[b]pyrido[2,3-e][1,4]thiazin-
10-yl) hexane-1-ol (9) (16.6 mmol, 5.0 g) in 100 mL of hexane.
The reaction mixture was stirred at room temperature for 10 min
and refluxed for 6 h. TLC monitored the progress of the reaction.
After the reaction was completed, the reaction mixture was
concentrated under a vacuum and poured into ice-cold water.
After neutralization with sodium bicarbonate, it was extracted
using dichloromethane. The combined chloroform extracts were
first washed with water, followed by a brine solution, and the
organic layer was dried over anhydrous sodium sulfate, filtered,
and the solvent was evaporated under a vacuum. The residue
left was purified by column chromatography using silica gel as
an adsorbent. Elutions with n-Hex/EtOAC (95:5) furnished 10-
(6-bromohexyl)-10H-benzo[b]pyrido[2,3-e][1,4]thiazine (3) as a
light yellow oil. Yield: 4.1 g (68%), Rf = 0.63 in n-Hex/EtOAc
(90:10). IR νmax (film): 3061, 2932, 2855, 1592, 1568, 1444, 1413, 1252,
1127, 1044, 780, 746 cm−1. 1H NMR (δ, CDCl3, 400 MHz): 7.98–
7.97 (dd, 1H, J = 4.8 and 1.4 Hz), 7.23–7.21 (dd, 1H, J = 7.6 and

1.6 Hz), 7.12 (td, 1H, 7.4 and 1.2 Hz), 7.04–7.02 (dd, 1H, J = 7.6
and 1.6 Hz), 6.89 (td, 1H, 7.2 and 0.8 Hz), 6.83 (d, 1H, J = 6.3 Hz),
6.73–6.70 (m, 1H), 4.06 (t, 2H, J = 5.4 Hz, NCH2), 3.38 (t, 2H,
J= 6.8Hz, CH2Br), 1.87–1.80 (m, 4H), 1.47–1.45 (m, 4H). 13CNMR
(δ, CDCl3, 100 MHz): 155.1, 145.1, 142.9, 134.2, 127.6, 127.1, 122.8,
121.5, 117.8, 116.2, 114.6, 44.7 (NCH2), 33.9 (CH2Br), 32.7, 27.9, 26.4,
26.2. Mass spectral data, TOF ES+ m/z: 364 [M+ + 2]. Anal.
calcd for C17H19BrN2S: C, 56.20; H, 5.27; N, 7.71. Found: C, 56.41;
H, 5.30; N, 7.70.

5.4 10-(6-Bromohexyl)-10H-Benzo[b]Pyrido[2,3-
e][1,4]Thiazin-5-Oxide (10)

To a stirred solution of 10-(6-bromohexyl)-10H-
benzo[b]pyrido[2,3-e][1,4]thiazine (3) (2.0 g, 5.52 mmol) in
dry dichloromethane (15 mL) was added m-CPBA (1.13 g,
6.61 mmol) in dichloromethane (10 mL) at 0◦C under nitrogen
atmosphere. The reaction mixture was stirred at 0◦C for the
next 4 h and then at room temperature for 2 h. Progress of
the reaction was monitored by TLC. Solvents were removed in
vacuo, and the resulting residue was poured into ice-cold water
and extracted with chloroform thrice; organic solutions were
combined and dried over anhydrous sodium sulfate. The solvent
was removed under vacuum. TLC showed two spots, therefore,
column chromatography was done to isolate the major product
as 10-(6-bromohexyl)-10H-benzo[b]pyrido[2,3-e][1,4]thiazin-5-
oxide (10) as a white solid. Yield 1.89 g (91%), m.p. 70◦C–72◦C,
Rf = 0.67 in chloroform/methanol (90:10).

IR νmax (KBr): 2932, 2862, 1574, 1451, 1413, 1250, 1149, 1044, 1019,
787, 754, 642, 534 cm−1. 1H NMR (δ, DMSO-d6, 400 MHz): 8.70
(d, 1H, J = 3.9 Hz), 8.43 (d, 1H, J = 7.5 Hz), 8.02 (d, 1H, J = 7.2 Hz),
7.76–7.70 (m, 2H), 7.37–7.29 (m, 2H), 4.58 (m, 2H,─NCH2), 3.60 (t,
2H, J = 6.3 Hz, ─CH2Br), 1.98–1.71 (m, 4H), 1.43–1.32 (m, 4H). 13C
NMR (δ, DMSO─d6, 100 MHz): 152.6, 147.0, 140.7, 136.9, 133.3,
130.7, 123.4, 122.3, 118.0, 117.7, 116.7, 45.2 (─NCH2), 34.9 (─CH2Br),
32.1, 27.1, 26.0, 25.1.Mass spectral data, TOF ES+m/z (%): 380
(M+ + 2).Elemental analysis: C= 53.85%, H= 5.07%, N= 7.37%,
S = 8.42%. Calculated: C = 53.83%, H = 5.05%, N = 7.39%,
S = 8.45%. Empirical formula: C17H19BrN2OS

5.5 10-(6-Bromohexyl)-10H-Benzo[b]Pyrido[2,3-
e][1,4]Thiazin-5,5-Dioxide (13)

To a stirred solution of 10-(6-bromohexyl)-10H-
benzo[b]pyrido[2,3-e][1,4]thiazine (3) (2 g, 5.52 mmol) in dry
dichloromethane (15 mL) was addedm-CPBA (2.36 g, 13.7 mmol)
in dichloromethane (30 mL) at 0◦C under nitrogen atmosphere.
The reaction mixture was stirred at this temperature for 1 h and
then continued for 10 h at room temperature. The progress of
the reaction was monitored by TLC. Solvents were removed in
vacuo, and the resulting residue was poured into ice-cold water
and extracted with chloroform thrice; organic solutions were
combined and dried over anhydrous sodium sulfate. The solvent
was removed under a vacuum. TLC showed two spots; therefore,
column chromatography was done to isolate the major product
as 10-(6-bromohexyl)-10H-benzo[b]pyrido[2,3-e][1,4]thiazin-5,5-
dioxide (13) as a reddish solid. Yield 1.95 g (90%), m.p. 60◦C–62◦C,
Rf = 0.48 in chloroform/methanol (95:5).
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IR νmax (KBr): 2933, 2857, 1583, 1458, 1419, 1365, 1258, 1135, 1086,
759, 723 cm−1. 1H NMR (δ, CDCl3, 300 MHz): 8.62 (d, 1H,
J = 4.5 Hz), 8.37 (d, 1H, J = 7.8 Hz), 8.13 (d, 1H, J = 7.8 Hz), 7.67 (t,
1H, J = 8.4 Hz), 7.44 (d, 1H, J = 8.7 Hz), 7.32 (t, 1H, J = 7.5 Hz),
7.21–7.17 (m, 1H), 4.50 (t, 2H, J = 6.9 Hz, ─NCH2), 3.41 (t, 2H,
J = 6.6 Hz, ─CH2Br), 1.91–1.84 (m, 4H), 1.52–1.39 (m, 4H). 13C
NMR (δ, CDCl3, 100 MHz): 152.5, 149.7, 138.9, 134.1, 133.1, 124.6,
124.1, 122.8, 118.8, 117.6, 116.7, 45.7 (─NCH2), 34.2 (─CH2Br), 30.1,
28.1, 26.3, 25.8. Mass spectral data, TOF ES+ m/z (%): 396
(M+ + 2).

Elemental analysis: observed: C = 51.67%, H = 4.80%,
N = 7.05%, S = 8.10%. Calculated: C = 51.65%, H = 4.84%,
N = 7.09%, S = 8.11%. Empirical formula: C17H19N2O2SBr

5.6 General Procedure for the Synthesis of 12a–e

Secondary amines (11a–e, 3.90 mmol) were added to a well-
stirred solution of dimethyl formamide (2 mL) and anhydrous
K2CO3 (0.538 g, 3.90 mmol) under a nitrogen atmosphere. 10-(6-
Bromohexyl)-10H-benzo[b]pyrido[2,3-e][1,4]thiazin-5-oxide (10)
(0.500 g, 1.32 mmol) in 10 mL of dimethyl formamide was
added dropwise to the previously stirred solution. The reaction
mixture was heated at 40◦C under microwave conditions for
1 h (conventional heating at 60◦C takes 12 h to complete the
reaction). TLC monitored the progress of the reaction. After the
reaction, the contents were cooled and quenched with ice water.
The crystalline, white-colored solids were separated, and they
were filtered and dried to get the desired compounds.

5.6.1 10-(6-(Piperidin-1-yl)Hexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazin-5-Oxide (12a)

Yield 0.429 g (84%), m.p. 68◦C–70◦C, Rf = 0.40 in chloro-
form/methanol (90:10). IR νmax (KBr): 2927, 2806, 1575, 1450, 1414,
1219, 1116, 1045, 765, 523, 529 cm−1. 1H NMR (δ, CDCl3, 400 MHz):
8.64–8.62 (dd, 1H, J = 4.8 and 1.5 Hz), 8.22–8.20 (dd, 1H, J = 7.5
and 1.8 Hz), 7.97–7.95 (dd, 1H, 7.5 and 1.5 Hz), 7.70–7.66 (m, 1H),
7.49 (d, 1H, J = 8.7 Hz), 7.31 (t, 1H, J = 7.3 Hz), 7.19–7.16 (m, 1H),
4.68 (m, 2H, ─NCH2), 2.54–2.52 (m, 4H, 2× NCH2), 2.30 (t, 2H,
H2C─N<), 1.87–1.84 (m, 2H), 1.59–1.57 (m, 4H), 1.56–1.47 (m, 8H).
13CNMR (δ, CDCl3, 100MHz): 151.9, 147.7, 140.5, 137.7, 133.2, 123.3,
122.3, 117.9, 117.4, 116.4, 59.6, 54.7, 45.6 (─NCH2), 27.5, 26.9, 26.6,
26.0, 24.5. Mass spectral data, TOF ES+ m/z (%): 384 (M+ + 1).
Elemental analysis: observed: C = 68.91%, H = 7.60%, N = 10.95%,
S = 8.34%. Calculated: C = 68.89%, H = 7.62%, N = 10.96%,
S = 8.36%. Empirical formula: C22H29N3OS.

5.6.2 10-(6-Morpholinohexyl)-10H-Benzo[b]Pyrido[2,3-
e][1,4]Thiazin-5-Oxide (12b)

Yield 0.424 g (83%), m.p. 54◦C–56◦C, Rf = 0.55 in chloro-
form/methanol (90:10). IR νmax (KBr): 2925, 2854, 1580, 1450, 1414,
1250, 1116, 1044, 765 cm−1. 1H NMR (δ, CDCl3, 300 MHz): 8.63 (d,
1H, J = 4.5 Hz), 8.21 (d, 1H, J = 7.5 Hz), 7.97 (d, 1H, J = 7.8 Hz),
7.68 (t, 1H, J = 7.8 Hz), 7.48 (d, 1H, J = 8.7 Hz), 7.31 (t, 1H,
J = 7.2 Hz), 7.19–7.15 (m, 1H), 4.67–4.65 (m, 2H, ─NCH2), 3.72
(t, 4H, J = 4.2 Hz, 2× OCH2), 2.44–2.42 (m, 4H, 2× NCH2),

2.35 (t, 2H, J = 6.5 Hz, H2C─N<), 1.78–1.69 (m, 4H), 1.55–1.40
(m, 4H). 13C NMR (δ, CDCl3, 75.47 MHz): 151.7, 147.6, 140.1,
137.6, 133.1, 132.1, 123.3, 122.2, 117.9, 117.3, 116.3, 66.8 (2× OCH2),
59.0, 53.7, 45.3 (─NCH2), 27.1, 26.7, 26.5, 26.3. Mass spectral
data, ESI+ m/z (%): 386 (M+ + 1). Elemental analysis: observed:
C = 65.48%, H = 7.02%, N = 10.08%, S = 8.33%. Calculated:
C= 65.42%, H= 7.06%, N= 10.90%, S= 8.32%. Empirical formula:
C21H27N3O2S

5.6.3 10-(6-Thiomorpholinohexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazin-5-Oxide (12c)

Yield 0.432 g (81%), m.p. 56◦C–58◦C, Rf = 0.54 in chloro-
form/methanol (90:10). IR νmax (film): 2925, 2854, 1580, 1450, 1414,
1250, 1116, 1043, 765 cm−1. 1H NMR (δ, CDCl3, 400 MHz): 8.62–
8.61 (dd, 1H, J = 5.0 and 1.8 Hz), 8.20–8.18 (dd, 1H, J = 7.8 and
1.8 Hz), 7.97–7.95 (dd, 1H, J = 7.8 and 1.8 Hz), 7.68–7.64 (m, 1H),
7.47 (d, 1H, J = 8.7 Hz), 7.31 (m, 1H), 7.17–7.14 (m, 1H), 4.64 (m,
2H, ─N─CH2), 2.72–2.67 (m, 8H, thiomorpholine), 2.37 (t, 2H,
J = 7.3 Hz, H2C─N<), 2.01–1.75 (m, 2H), 1.54–1.36 (m, 6H). 13C
NMR (δ, CDCl3, 100 MHz): 151.7, 147.6, 140.4, 137.5, 133.1, 132.0,
123.2, 122.2, 117.8, 117.3, 116.2, 59.1, 54.8, 45.2 (N─CH2), 27.7, 27.1,
26.6, 26.4, 26.1.Mass spectral data, TOFES+m/z (%): 402 (M+ + 1).
Elemental analysis: observed: C= 62.84%, H= 6.77%, N= 10.44%,
S = 15.98%. Calculated: C = 62.81%, H = 6.78%, N = 10.46%,
S = 15.97%. Empirical formula: C21H27N3OS2

5.6.4 10-(6-(4-Methylpiperazin-1-yl)Hexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazin-5-Oxide (12d)

Yield 0.422 g (80%), m.p. 53◦C–55◦C, Rf = 0.46 in chloro-
form/methanol (90:10) as the developing solvent. IR νmax (KBr):
2935, 2856, 1578, 1414, 1163, 1045, 1013, 764 cm−1. 1H NMR (δ,
DMSO-d6, 400 MHz): 8.72–8.71 (dd, 1H, J = 5.1 and 2.2 Hz), 8.46–
8.44 (dd, 1H, J = 8.0 and 2.2 Hz), 8.05–8.03 (dd, 1H, J = 8.0 and
1.4 Hz), 7.78–7.77 (m, 1H), 7.72 (d, 1H, J = 8.0 Hz), 7.37 (t, 1H,
J = 8.0 Hz), 7.34–7.31 (m, 1H), 4.62 (m, 2H,─NCH2), 2.35–2.31 (m,
8H, 4x NCH2, piperazine), 2.23 (t, 2H, J = 7.3 Hz, H2C─N<), 2.15
(s, 3H, N─CH3), 1.87–1.68 (m, 2H), 1.42–1.32 (m, 6H). 13C NMR (δ,
DMSO-d6, 100 MHz): 151.9, 147.5, 141.4, 137.7, 133.0, 132.2, 123.5,
122.1, 117.7, 117.2, 116.1, 57.6, 56.6, 55.4, 46.0, 45.2 (N─CH2), 28.3,
27.5, 27.0, 26.8.Mass spectral data, TOFES+m/z (%): 399 (M+ + 1).
Elemental analysis: observed: C= 66.32%, H= 7.60%, N= 14.02%,
S = 8.07%. Calculated: C = 66.30%, H = 7.59%, N = 14.06%,
S = 8.05%. Empirical formula: C22H30N4OS.

5.6.5 10-(6-(Pyrrolidin-1-yl)Hexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazin-5-Oxide (12e)

Yield 0.401 g (82%), Rf = 0.36 chloroform/methanol (90:10). IR
νmax (KBr): 2927, 1578, 1450, 1415, 1251, 1043, 763, 645 cm−1. 1HNMR
(δ, CDCl3, 400 MHz): 8.64–8.63 (dd, 1H, J = 2.2 and 5.1 Hz), 8.22–
8.20 (dd, 1H, J = 2.2 and 7.3 Hz), 7.98–7.96 (dd, 1H, J = 1.4 and
8.0 Hz), 7.70–7.66 (m, 1H), 7.49 (d, 1H, J = 8.0 Hz), 7.30 (t, 1H,
J = 7.3 Hz), 7.18–7.15 (m, 1H), 4.62–4.56 (m, 2H, N─CH2), 2.72 (m,
4H,─N(CH2)2), 2.59 (t, 2H, J= 7.3Hz), 1.96–1.75 (m, 4H), 1.69–1.64
(m, 2H), 1.51–1.39 (m, 6H). 13C NMR (δ, CDCl3, 100 MHz): 152.0,
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147.6, 140.4, 137.5, 133.4, 131.9, 122.4, 117.5, 116.2, 56.0 (─NCH2), 53.9
(─N(CH2)2), 27.0, 26.4, 23.3. Observed: C = 59.61%, H = 6.99%,
N = 9.55%, S = 5.77%. Calculated: C = 68.26%, H = 7.36%,
N = 11.37%, S = 8.68%.Mass spectral data, LCMSm/z (%): 370
(M+ + 1). Empirical formula: C21H27N3OS.

5.7 General Procedure for the Synthesis of 14a–e

Secondary amines (3.78 mmol) were added to a well-stirred solu-
tion of dimethyl formamide (2mL) and anhydrousK2CO3 (0.521 g,
3.78 mmol) under a nitrogen atmosphere. 10-(6-Bromohexyl)-
10H-benzo[b]pyrido[2,3-e][1,4]thiazin-5,5-dioxide (13) (0.500 g,
1.27 mmol) in 10 mL of dimethyl formamide was added dropwise
to the previously stirred solution. The reaction mixture was
heated at 40◦C under microwave conditions for 1 h (conventional
heating at 60◦C takes 12 h to complete the reaction). TLC moni-
tored the progress of the reaction. After the reaction, the contents
were cooled and quenched with ice water. The crystalline, white-
colored solids were separated, which were filtered and dried to
get the desired compounds.

5.7.1 10-(6-(Piperidin-1-yl)Hexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazin-5,5-Dioxide (14a)

Yield 0.465 g (92%), m.p. 78◦C–80◦C, Rf = 0.61 in chloro-
form/methanol (90:10). IR νmax (KBr): 2931, 2857, 2811, 1579, 1449,
1419, 1364, 1297, 1116, 1135, 758, 528 cm−1. 1H NMR (δ, DMSO-
d6, 400 MHz): 8.69–8.68 (dd, 1H, J = 5.12 and 2.2 Hz), 8.37–8.35
(dd, 1H, J = 8.0 and 2.2 Hz), 8.05 (d, 1H, J = 6.5 Hz), 7.75 (t,
1H, J = 6.6 Hz), 7.56 (d, 1H, J = 8.7 Hz), 7.37 (t, 1H, J = 7.3 Hz),
7.31–7.28 (m, 1H), 4.51 (t, 2H, J = 6.9 Hz, ─NCH2), 2.36–2.34 (m,
4H, 2× NCH2), 2.28 (t, 2H, J = 7.3 Hz, H2C─N<), 1.88–1.84 (m,
2H), 1.57–1.39 (m, 12H). 13C NMR (δ, CDCl3, 100 MHz): 152.1,
148.9, 138.2, 133.7, 132.3, 123.0, 122.2, 117.9, 117.2, 116.5, 58.8, 54.2,
45.0 (─NCH2), 26.9, 26.4, 26.2, 25.5, 24.0. Mass spectral data,
TOF ES+ m/z (%): 400 (M+ + 1). Elemental analysis: observed:
C = 66.17%, H = 7.30%, N = 10.51%, S = 8.04%. Calculated:
C = 66.13%, H = 7.32%, N = 10.52%, S = 8.03%. Empirical formula:
C22H29N3O2S.

5.7.2 10-(6-Morpholinohexyl)-10H-Benzo[b]Pyrido[2,3-
e][1,4]Thiazin-5,5-Dioxide (14b)

Yield 0.472 g (93%), m.p. 74◦C–76◦C, Rf = 0.65 in chloro-
form/methanol (90:10). IR νmax (KBr): 2931, 2857, 2811, 1579, 1449,
1419, 1366, 1297, 1135, 1116, 758, 530 cm−1

.
1H NMR (δ, DMSO-

d6/CDCl3, 300 MHz): 8.64–8.62 (dd, 1H, J = 4.8 and 2.2 Hz),
8.36 (d, 1H, J = 6.8 Hz), 8.11 (d, 1H, J = 6.6 Hz), 7.70–7.69 (m,
1H), 7.48–7.34 (m, 2H), 7.22–7.20 (m, 1H), 4.50 (m, 2H, ─NCH2),
3.72 (m, 4H, 2× OCH2), 2.42–2.40 (m, 4H, 2× NCH2), 2.32 (t,
2H, H2C─N<), 1.88–1.86 (m, 2H), 1.50–1.47 (m, 6H). 13C NMR (δ,
DMSO-d6/CDCl3, 75.47MHz): 151.7, 148.8, 138.1, 133.3, 132.2, 123.7,
123.2, 122.0, 117.9, 116.8, 116.0, 66.5 (2× OCH2), 58.5, 53.4, 45.1 (–
NCH2), 26.7, 26.4, 26.2, 26.0.Mass spectral data, ESI+m/z (%): 402
(M+ + 1). Elemental analysis: observed: C = 62.84%, H = 6.77%,
N = 10.45%, S = 7.98%. Calculated: C = 62.82%, H = 6.78%,
N = 10.47%, S = 7.99%. Empirical formula: C21H27N3O3S.

5.7.3 10-(6-Thiomorpholinohexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazin-5,5-Dioxide (14c)

Yield 0.484 g (91%), m.p. 54◦C–56◦C, Rf = 0.56 in chloro-
form/methanol (95:5). IR νmax (KBr): 2925, 2854, 1583, 1458,
1419, 1370, 1297, 1165, 1137, 759, 723 cm−1. 1H NMR (δ, DMSO-
d6, 300 MHz): 8.73 (dd, 1H), 8.42 (d, 1H, J = 6.6 Hz), 8.03
(d, 1H, J = 6.9 Hz), 7.78–7.72 (m, 2H), 7.39–7.37 (m, 2H), 4.52
(m, 2H, ─NCH2), 2.73–2.54 (m, 8H, thiomorpholine), 2.28 (m,
2H, H2C─N<), 1.71–1.69 (m, 2H), 1.61–1.47 (m, 6H). 13C NMR
(δ, DMSO-d6, 75.47 MHz): 154.3, 148.5, 137.8, 134.1, 132.7, 123.6,
122.8, 122.6, 117.8, 117.7, 117.2, 58.3, 54.5, 44.3 (─NCH2), 27.1, 26.4,
25.7, 25.0. Mass spectral data, TOF ES+ m/z (%): 418 (M+ + 1).
Elemental analysis: observed: C= 60.40%, H= 6.52%, N= 10.06%,
S = 15.36%. Calculated: C = 60.42%, H = 6.50%, N = 10.08%,
S = 15.38%. Empirical formula: C21H27N3O2S2.

5.7.4 10-(6-(4-Methylpiperazin-1-yl)Hexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazin-5,5-Dioxide (14d)

Yield 0.484 g (92%), m.p. 52 C–54 C, Rf = 0.50 chloro-
form/methanol (90:10). IR νmax (KBr): 2932, 2853, 2794, 1582, 1458,
1419, 1297, 1164, 1135, 1086, 759 cm−1. 1H NMR (δ, DMSO-d6,
300 MHz): 8.75 (d, 1H, J = 3.0 Hz), 8.44 (d, 1H, J = 7.2 Hz),
8.05 (d, 1H, J = 7.5 Hz), 7.84–7.72 (m, 2H), 7.45–7.31 (m, 2H),
4.55 (m, 2H, ─NCH2), 2.26–2.15 (m, 8H, 2× (NCH2)2, piperazine),
2.11 (N–CH3), 1.75 (m, 2H, H2C─N<), 1.75 (m, 2H), 1.37–1.21
(m, 6H). 13C NMR (δ, DMSO-d6, 75.47 MHz): 152.7, 148.6, 137.9,
134.2, 132.7, 123.6, 122.8, 122.7, 117.8, 117.7, 117.3, 57.7, 54.7, 52.7,
45.9, 45.7 (─NCH2), 26.5, 26.3, 26.2, 25.8. Mass spectral data,
TOF ES+ m/z (%): 415 (M+ + 1). Elemental analysis: observed:
C = 63.78%, H = 7.23%, N = 13.0%, S = 7.71%. Calculated:
C = 63.74%, H = 7.29%, N = 13.51%, S = 7.73%. Empirical formula:
C22H30N4O2S.

5.7.5 10-(6-(Pyrrolidin-1-yl)Hexyl)-10H-
Benzo[b]Pyrido[2,3-e][1,4]Thiazine-5,5-Dioxide (14e)

Yield 0.465 g (92%), Rf = 0.54 chloroform/methanol (90:10) as a
developing solvent. IR νmax (KBr): 2929, 2857, 2780, 1582, 1458, 1419,
1297, 1165, 1029, 758 cm−1. 1H NMR (δ, DMSO-d6, 300 MHz): 8.63–
8.62 (dd, 1H, J = 1.8 and 4.7 Hz), 8.39–8.37 (dd, 1H, J = 1.8 and
7.8 Hz), 8.15–8.13 (dd, 1H, J = 1.4 and 7.9 Hz), 7.69–7.65 (m, 1H),
7.45 (d, 1H, J = 7.4 Hz), 7.34–7.30 (m, 1H), 7.21–7.17 (m, 1H), 4.49
(t, 2H, N─CH2), 2.51 (m, 4H), 2.26 (t, 2H, N─CH2, J = 7.6 Hz),
1.90–1.87 (m, 2H), 1.80–1.77 (m, 4H), 1.65–1.61 (m, 6H). 13CNMR (δ,
DMSO-d6, 75.47 MHz): 152.2, 149.4, 138.5, 133.7, 132.7, 124.2, 123.8,
122.5, 118.4, 117.2, 56.4, 54.1, 45.5 (─N(CH2)2), 28.5, 27.2, 26.8, 26.6,
23.4. Mass spectral data, TOF ES+ m/z (%): 386 (M+ + 1, 100).
Elemental analysis: observed: C = 56.09%, H = 6.10%, N = 9.06%,
S = 7.12%. Calculated: C = 65.42%, H = 7.06%, N = 10.90%,
S = 8.32%. Empirical formula: C21H27N3O2S.

5.8 Molecular Docking Study

The binding affinity and interaction profiles of synthesized
compounds (12a–e and 14a–e)with theE. coliDNAgyrase enzyme
(PDB ID: 7P2M) were investigated through molecular docking
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studies using AutoDock 4.2 [64]. The crystal structure of E.
coli DNA gyrase was obtained from the Protein Data Bank and
inspected for missing residues using ChimeraX 1.8 [65]. Missing
residues at positions 1–7 (MET1, SER2, ASN3, SER4, TYR5,
ASP6, SER7), 99–116 (HIS99, ALA100, GLY101, GLY102, LYS103,
PHE104, ASP105, ASP106, ASN107, SER108, TYR109, LYS110,
VAL111, SER112, GLY113, GLY114, LEU115, HIS116), and 219–220
(GLU219, GLY220) were modeled using Modeler 10.6 to restore
the complete structure [66]. Unnecessary components, such as
water molecules and co-crystallized ligands, were removed.

Energy minimization of the protein was performed in UCSF
Chimera 1.17.1 using the steepest descent and conjugate gradient
algorithms for 5000 steps [67, 68]. Hydrogen atoms were added,
and Gasteiger charges were assigned to ensure compatibility with
AutoDock. The final energy-minimized protein structure was
saved in PDB format for docking studies.

The 2D chemical structures of the synthesized compounds were
drawn in ChemDraw 22.0.0 and converted into 3D geometries
using Chem3D. Energy minimization of the ligands was carried
out using the MMFF94 force field to optimize their conforma-
tions. The minimized ligands were then saved in PDBQT format
for docking studies.

The active site of E. coli DNA gyrase was defined on the basis
of prior mapping. A grid box was generated with dimensions of
50 × 70 × 52 Å and center coordinates X: −18.6026, Y: −15.0457,
Z: 6.5532, using a grid spacing of 0.375 Å. The synthesized
compounds were docked into the active site of the enzyme, and
the lowest energy docking conformationswere recorded.Docking
resultswere analyzed to evaluate binding energies and interaction
patterns between the ligands and the enzyme’s active site. Key
interactions, such as hydrogen bonds, hydrophobic interactions,
and van der Waals forces, were examined to assess binding
efficiency.

5.9 MD Simulation Studies

MD simulations were performed on the protein–ligand
complexes using GROMACS 2020 software, employing the
CHARMM-36 M force field for atomic interaction modeling [69].
The initial docking conformations, selected based on the most
negative binding energy (indicating maximum binding affinity),
served as starting structures for the simulations. Topology files
for the ligands, including compound 12c and ciprofloxacin,
were generated using the CHARMM-GUI web server to ensure
accurate representation of the ligand parameters and their
interactions within the protein environment [70].

The simulation systems were solvated using the TIP3P water
model, and periodic boundary conditions were applied in all
directions to simulate a realistic biological environment. The
systems were neutralized by adding appropriate numbers of
sodium (Na+) and chloride (Cl–) ions using the Monte Carlo
ion placement method. Energy minimization of the solvated
systems was conducted using the steepest descent algorithm for
5,00,000 steps to eliminate steric clashes and stabilize the initial
configuration. The LINCS algorithm was applied during energy

minimization to constrain hydrogen bond lengths and preserve
the structural integrity of the protein–ligand complexes [71].

Equilibration of the systems was performed in two sequential
phases: the canonical ensemble (NVT) and the isothermal-
isobaric ensemble (NPT). Each phase was executed for 1 ns, with
the temperature maintained at 310.15 K using a velocity-rescaling
thermostat and the pressure set at 1 bar using the Berendsen
barostat. A leap-frog integrator was used for numerical stability
during these steps. Following equilibration, a 200-ns production
MD simulation was conducted under constant temperature and
pressure conditions to capture the long-term behavior of the
complexes.

Trajectory analyses were performed to evaluate the structural
stability and flexibility of the complexes. RMSD and RMSF
were calculated to monitor protein–ligand stability and residue-
level flexibility using the gmx_rms and gmx_rmsf modules,
respectively. Intermolecular hydrogen bonds were quantified
using gmx_hbond, whereas SASA and Rg were computed using
gmx_sasa and gmx_gyrate to analyze the surface exposure and
compactness of the complexes. All MD analysis plots were
generated using the QtGrace tool to ensure clear graphical
representation of results [72, 73].
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