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ABSTRACT
Diseases resulting from bacterial invasion have consistently posed a substantial threat to public health and safety. To address
this problem, this study aimed to discover novel chemical structures with antibacterial activity by using flavonols as lead
compounds. Through structural modifications, we introduced various N-substituted piperazine compounds to synthesize ten
previously unreported compounds. Subsequently, the antibacterial activities of these compounds against Staphylococcus aureus
and Escherichia coli were evaluated. Compound 2g was identified as the most potent compound, exhibiting minimum inhibitory
concentration (MIC) values of 6.25 µg/mL against S. aureus and 25 µg/mL against E. coli. Additionally, compound 2g effectively
inhibited the growth of S. aureus andE. coli, with inhibition zonesmeasuring 16mmand 15mm, respectively. At a concentration of
8 ×MIC, the bacterial counts of both strains were reduced by 1.75 and 0.72 logCFU/mLwithin 60min. Furthermore, compound 2g
significantly inhibited the formation of S. aureus biofilms. Molecular docking studies suggested that the staphylococcal accessory
regulator might be its potential target. This study provides valuable insights into the antibacterial activity of flavonoids and offers
a scientific foundation for the development of novel antibacterial agents.

1 Introduction

For a long time, infectious diseases caused by bacterial invasion
have been posing a huge threat to public health and safety. A large
amount of clinical data indicates that Escherichia coli, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
and Pseudomonas aeruginosa are common pathogenic bacteria
[1]. Meanwhile, the incidence of multi-drug-resistant bacteria
worldwide is constantly increasing, which makes the treatment
of bacterial infections even more challenging. Therefore, there is
currently an urgent need to identify novel scaffolds with potent

antibacterial activity. In recent years, researchers have discov-
ered numerous antibacterial compounds featuring heterocyclic
scaffolds [2–6]. Among them, flavonoids are naturally present in
many plants and possess a wealth of pharmacological activities,
including antibacterial [6], anti-aging [7, 8], antioxidant [9],
antiviral [10, 11], and central nervous system regulatory properties
[12]. More and more research is being carried out in this field,
and researchers are exploring its antibacterial mechanisms from
multiple perspectives. The antibacterial mechanisms mediated
by flavonoids mainly include interfering with the synthesis
of bacterial nucleic acids [13, 14], damaging the bacterial cell
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FIGURE 1 Design of target compounds based on the structure combination principle.

SCHEME 1 Synthetic route of target compounds.

membrane [15, 16], and inhibiting energy metabolism [17, 18].
Additionally, studies have found that flavonoids exhibit broad-
spectrum antibacterial effects [19].

In the field of medicinal chemistry, piperazine is a basic
nitrogen-containing heterocyclic compound with natural biolog-
ical activity and is a high-quality active fragment widely used for
structural modification. According to the data on drugs contain-
ing piperazine compounds approved by the U.S. Food and Drug
Administration (FDA), most of these compounds areN-acyl orN-
aryl piperazines, such as those containing phenyl, benzyl, methyl,
or carboxylic acid groups [20]. Piperazine can interact with cer-
tain biological target molecules through hydrogen bonds or ionic
bonds by using its nitrogen atom as a hydrogen bond acceptor
or undergoing ionization under physiological conditions, thereby
exerting its pharmacological effects [21–23]. Meanwhile, it can
enhance the water solubility of lead compounds and serve as a
good splicing fragment in drug design. In addition, acyl functional
groups play a crucial role inmany bioactivemolecules. During the
optimization of lead compounds, they can maintain or enhance
the activity, selectivity, and pharmacokinetic properties of these
compounds [24].

The aforementioned findings have piqued our interest in utilizing
3-hydroxyflavone (Flavonol) as a lead compound and incorporat-
ing acylated piperazine moieties into its scaffold (Figure 1), with
the objective of enhancing the antibacterial efficacy of flavonols
and offering novel insights for the development of innovative
flavonoid-based antibacterial agents.

2 Results and Discussion

2.1 Chemistry

Scheme 1 shows the procedure adopted to obtain the target
compounds. Intermediates 1a–1k were synthesized according to
the procedure outlined in the reference [25]. The final products
2a–2kwere obtained via nucleophilic substitution reactions of the
corresponding intermediates using potassium carbonate as the
base in N, N-dimethylformamide at 80◦C. This method yielded
good to excellent results (67-89%). Before biological evaluation,
all target compounds were characterized via mass spectrum,
1H-NMR, and 13C-NMR.

2.2 The Minimum Inhibitory Concentration of
the Target Compounds and Their Preliminary
Structure–Activity Relationship

S. aureus is a Gram-positive bacterium, and E. coli is a Gram-
negative bacterium. Since levofloxacin is the most widely pre-
scribed quinolone antibacterial drug in clinical practice and
exhibits highly favorable antibacterial activity, it was selected as
the positive control drug. Meanwhile, flavonol was used as the
parent compound for reference in this experiment. Theminimum
inhibitory concentration (MIC) values of all compounds against
the above two bacteria are shown in Table 1. The antibacterial
activity of flavonol against S. aureus and E. coli is relatively weak,
with MIC values exceeding 100 µg/mL. In contrast, levofloxacin
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TABLE 1 The minimum inhibitory concentration (MIC) values of
the target compounds.

MIC, µg/mL

Comp.
S. aureus
ATCC29213

E. coli
ATCC25922

2a >100 >100
2b >100 >100
2c >100 50 ± 2.12
2d >100 >100
2e >100 >100
2f 12.5 ± 0.89 50 ± 2.46
2g 6.25 ± 0.26 25 ± 0.14
2h >100 >100
2i >100 >100
2j >100 >100
2k >100 >100
Flavonol >100 >100
Levofloxacin 0.195 ± 0.03 0.195 ± 0.02

TABLE 2 Cytotoxicity of compounds 2f and 2g.

Comp.

IC50, µM
L02

2f >100
2g >100

exhibits potent activity against both bacteria, with MIC values
of 0.195 µg/mL. Among the 11 compounds synthesized in this
experiment, although their antibacterial activity did not exceed
that of levofloxacin, three compounds showed better antibacterial
activity against the above two bacteria compared to flavonol.
Notably, the inhibitory activity of compounds 2f and 2g against
S. aureuswas significantly enhanced, withMIC values of 12.5 and
6.25 µg/mL, respectively, which were 8 and 16 times lower than
that of the lead compound. The MIC values of compounds 2c, 2f,
and 2g againstE. coliwere 50, 50, and 25 µg/mL, respectively, with
compound 2g demonstrating the most potent antibacterial activ-
ity. The preliminary structure-activity relationship (SAR) analysis
revealed that introducing a benzene ring on the piperazinemoiety
and substituting electron-donating groups at the ortho or meta
positions of the benzene ring significantly enhanced antibacterial
activity. Notably, meta-substitution resulted in higher activity
compared to ortho-substitution.

2.3 Cytotoxicity

Given that the antibacterial activities of compounds 2f and 2g
were significantly enhanced compared to flavonol, their cytotox-
icity against L02 human normal hepatocytes was evaluated using
the MTT assay in this study. As shown in Table 2, the IC50 values
of both compounds against L02 cells exceeded 100 µM, suggesting

that these compounds exhibit potent antibacterial activity while
maintaining low cytotoxicity.

2.4 The Antibacterial Efficacy of Compound 2g
Was Assessed Using the Oxford CupMethod

Since compound 2g exhibited the strongest antibacterial activity
among all the compounds, it was selected as the representative
compound for further in-depth study of its antibacterial activity.
First, levofloxacin was used as a positive control to evaluate
the antibacterial efficacy of compound 2g using the Oxford cup
method. The results are presented in Figure 2. An inhibition
zone with a diameter of 16 mm was observed around the Oxford
cup containing compound 2g at a concentration of 8 × MIC,
indicating its significant inhibitory effect on S. aureus growth.
Similarly, an inhibition zone of 15 mm was observed against E.
coli, demonstrating that compound 2g also effectively inhibited
the growth and reproduction of this bacterium (Figure 3).

2.5 The Time-kill Curve of Compound 2g

The time-kill curve can help researchers accurately analyze the
effectiveness of the bactericide. To further evaluate the bacterici-
dal potential of the synthesized flavonoid derivatives, a time-kill
kinetics experiment was conducted to investigate the inhibitory
and bactericidal effects of compound 2g on S. aureus and E.
coli. The experimental results presented in Figure 4 demonstrate
that at a concentration of 8 × MIC for compound 2g, the initial
population of S. aureus decreased by 1.75 logCFU/mL within the
first hour and by 2.29 logCFU/mL after 24 h, with no regrowth
observed during this period. Similarly, the initial population of
E. coli decreased by 0.72 logCFU/mL within the first hour and by
1.70 logCFU/mLafter 24 h,with no regrowth detectedwithin 24 h.

2.6 The Effect of Compound 2g on S. aureus
Biofilm

Since compound 2g demonstrated superior antibacterial activity
against S. aureus, this study further explored the impact of
compound 2g on the formation of S. aureus biofilms. The
experimental results presented in Figure 5 demonstrate that
the biofilm quantity of S. aureus in the control group increased
over time. In contrast, the biofilm formation in the compound
2g treatment group was significantly lower at all time points
compared to the control group (p< 0.001). These findings suggest
that compound 2g effectively inhibits the formation of S. aureus
biofilms.

2.7 Molecular Docking andMolecular Dynamic
Simulation Analysis

The staphylococcal accessory regulator (SarA) serves as a pivotal
regulatory component that governs the expression of S. aureus
virulence factors and has been recognized as indispensable for
biofilm formation [26]. Since our previous experiments demon-
strated that compound 2g significantly inhibits the formation of
S. aureus biofilms, we hypothesized in this study that SarA is
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FIGURE 2 Growth of S. aureus after treatment with compound 2g and levofloxacin (In the left image, A is the control group, B is the levofloxacin
treatment group, and C is the compound 2g treatment group). ****p < 0.0001 (n = 3).

FIGURE 3 Growth of E. coli after treatment with compound 2g and levofloxacin (In the left image, A is the control group, B is the levofloxacin
treatment group, and C is the compound 2g treatment group). ****p < 0.0001 (n = 3).

FIGURE 4 The time-kill kinetics of compound 2g against two bacterial strains.

a potential target of compound 2g. To elucidate the structural
mechanism of action,molecular docking analysis was performed,
providing insights for identifying targets of similar compounds.
The experimental results are shown in Figure 6. The oxygen atom
at position 1 of the flavonol scaffold can act as a hydrogen bond
acceptor, forming a hydrogen bond with the hydroxyl hydrogen
atom of Ser114 in subunit A. Meanwhile, the methoxy group at

the meta position of the N-substituted phenyl side chain can
also serve as a hydrogen bond acceptor, forming an additional
hydrogen bond with the amino hydrogen atom of Asn161 in
subunit B. This result, to some extent, elucidates the reason
for the ideal antibacterial activity observed when a methoxy
group is introduced at the meta position of the benzene ring.
In addition, the piperazine moiety forms a carbon-hydrogen

4 of 9 Chemistry & Biodiversity, 2025
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FIGURE 5 Inhibitory effect of compound 2g on S. aureus biofilm
formation. ***p < 0.001 (n = 3).

bond with the His159 residue of subunit B. Furthermore, the
flavonol scaffold engages in multiple interactions with various
amino acid residues through diverse intermolecular forces. The
LibDockScore is 92.3068 and theAbsoluteEnergy is 83.1059. These
results indicate that compound 2g exhibits a strong binding
affinity for SarA and thus has the potential to act as a SarA
inhibitor.

To evaluate the stability of the 2FRH-2g docked complex, a
molecular dynamics simulation experiment was conducted on
the 2FRH-2g docked complex. The experimental results are
shown in Figure 7. The root-mean-square deviation (RMSD)
value remained within the range of 0.63 to 2.27 Å throughout
the 1000 ps simulation, with an average of 1.65 ± 0.29 Å. These
results indicate that the complex exhibited relatively high stability
throughout the simulation process.

3 Conclusions

In this study, 11 novel flavonoid derivatives were synthesized
using flavonol as the lead compound. Their structural charac-
terization and antibacterial efficacy were thoroughly evaluated.
The results demonstrated that flavonol modified with an N-
substituted piperazine group exhibited superior antibacterial
activity against S. aureus and E. coli. Notably, compound 2g
achieved an MIC of 6.25 µg/mL and also showed significant
inhibition of S. aureus biofilm formation. Molecular docking
studies suggested that SarA might be the target responsible
for this biofilm inhibition. These findings provide valuable
insights and directions for the development of novel flavonoid-
based antibacterial agents, offering experimental data to support
potential future clinical applications.

4 Experimental

4.1 Synthesis of Compounds 2a–2k

In a 100 mL round-bottomed flask, sequentially add flavonol
(5 mmol, 1.1912 g), anhydrous potassium carbonate (15 mmol,
2.0731 g), and N, N-dimethylformamide (DMF, 20 mL). Stir the
reaction mixture at room temperature for 1 hour. Separately,
measure 10 mL of DMF and transfer it to a beaker to dissolve the
intermediates (1a–1k, 6 mmol). Transfer this solution to a con-
stant pressure-dropping funnel and slowly drip it into the reaction

flask at a constant rate. Upon completion of dripping, gradually
increase the temperature to 80◦C and continue stirring for 6 h.
Monitor the reaction progress using thin-layer chromatography
(TLC) until completion. Once the reaction is complete, cool the
mixture to room temperature and pour it into a beaker containing
100 mL of cold water. Filter the precipitated solids under suction.
The collected solid is purified by column chromatography using
a dichloromethane/methanol (20:1) eluent to yield the final
products 2a–2k.

4.2 3-(2-Oxo-2-(4-Phenylpiperazin-1-Yl)Ethoxy)-
2-Phenyl-4H-Chromen-4-One (2a)

White solid, yield 72.7%, melting point (m.p.) 138.4–139.6◦C, 1H-
NMR (400 MHz, DMSO-d6): δ 8.14 (d, J = 15.7 Hz, 3H), 7.90-7.75
(m, 2H), 7.57 (d, J = 5.3 Hz, 3H), 7.52 (t, J = 7.4 Hz, 1H), 7.23 (t,
J = 7.7 Hz, 2H), 6.94 (d, J = 8.1 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H),
4.97 (s, 2H), 3.55 (d, J = 5.2 Hz, 4H), 3.10 (d, J = 5.4 Hz, 4H); 13C-
NMR (101 MHz, DMSO-d6): δ 173.79, 165.68, 154.67, 154.64, 150.69,
139.23, 134.15, 130.87, 130.45, 128.94 (2C), 128.64 (2C), 128.51 (2C),
125.12, 124.90, 123.33, 119.31, 118.40, 115.85 (2C), 69.06, 48.47, 48.18,
44.08, 40.90; ESI-MS m/z: Anal. Calcd. for C27H25N2O4

+ [M +
H]+(441.18), Found: 441.17.

4.3 3-(2-(4-(4-Nitrophenyl)Piperazin-1-Yl)-2-
Oxoethoxy)-2-Phenyl-4H-Chromen-4-One (2b)

Yellow solid, yield 67.2%, m.p. 173.4–174.3◦C, 1H-NMR (400 MHz,
DMSO-d6): δ 8.21–8.11 (m, 3H), 8.11–8.04 (m, 2H), 7.91–7.77 (m,
2H), 7.64–7.49 (m, 4H), 7.03 (d, J = 9.5 Hz, 2H), 5.00 (s, 2H), 3.67–
3.59 (m, 3H), 3.59–3.50 (m, 4H), 3.50 (s, 1H); 13C-NMR (101 MHz,
DMSO-d6): δ 173.78, 166.00, 154.68, 154.63, 154.25, 139.21, 136.96,
134.15, 130.88, 130.43, 128.63 (2C), 128.51 (2C), 125.66 (2C), 125.12,
124.89, 123.31, 118.39, 112.52 (2C), 69.05, 45.95, 45.64, 43.34, 40.46;
ESI-MS m/z: Anal. Calcd. for C27H24N3O6

+ [M + H]+(486.17),
Found: 486.16.

4.4 3-(2-(4-(4-Fluorophenyl)Piperazin-1-Yl)-2-
Oxoethoxy)-2-Phenyl-4H-Chromen-4-One (2c)

White solid, yield 82.9%, m.p. 138.5–139.1◦C, 1H-NMR (400 MHz,
DMSO-d6): δ 8.19–8.08 (m, 3H), 7.81 (d, J = 24.4 Hz, 2H), 7.60–
7.48 (m, 4H), 7.11–7.00 (m, 2H), 6.96 (d, J = 9.3 Hz, 2H), 4.97 (s,
2H), 3.55 (d, J = 5.7 Hz, 3H), 3.33 (d, J = 2.2 Hz, 1H), 3.03 (d, J =
6.1Hz, 4H); 13C-NMR (101MHz,DMSO-d6): δ 173.80, 165.68, 156.27
(JC-F = 235 Hz), 154.69, 154.66, 147.60 (JC-F = 2 Hz), 139.23, 134.18,
130.89, 130.46, 128.65 (2C), 128.53 (2C), 125.15, 124.91, 123.33, 118.42,
117.75 (JC-F = 7Hz, 2C), 115.31 (JC-F = 22Hz, 2C), 69.05, 49.29, 49.00,
44.13, 40.92; ESI-MS m/z: Anal. Calcd. for C27H24FN2O4

+ [M +
H]+(459.17), Found: 459.16.

4.5 3-(2-(4-(4-Chlorophenyl)Piperazin-1-Yl)-2-
Oxoethoxy)-2-Phenyl-4H-Chromen-4-One (2d)

White solid, yield 88.6%, m.p. 136.5–137.0◦C, 1H-NMR (400 MHz,
DMSO-d6) δ 8.19–8.08 (m, 3H), 7.90–7.75 (m, 2H), 7.57 (d, J =
5.2 Hz, 3H), 7.52 (d, J = 8.0 Hz, 1H), 7.32–7.20 (m, 2H), 7.00–6.91

Chemistry & Biodiversity, 2025 5 of 9

 16121880, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbdv.202500272 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [20/11/2025]. 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



FIGURE 6 Computer modeling of compound 2g binding to SarA (2FRH).

FIGURE 7 Root-mean-square deviation (RMSD) graph of protein backbone with ligands at 1000 ps simulation (The unit of the vertical axis is Å).

6 of 9 Chemistry & Biodiversity, 2025
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(m, 2H), 4.97 (s, 2H), 3.55 (t, J = 11.2 Hz, 4H), 3.10 (d, J = 5.8 Hz,
4H); 13C-NMR (101 MHz, DMSO-d6): δ 173.79, 165.72, 154.70,
154.65, 149.49, 139.22, 134.18, 130.88, 130.45, 128.64 (4C), 128.52 (2C),
125.15, 124.91, 123.33, 122.79, 118.42, 117.27 (2C), 69.05, 48.22, 47.90,
43.93, 40.74; ESI-MS m/z: Anal. Calcd. for C27H24ClN2O4

+ [M +
H]+(475.14), Found: 475.14.

4.6 3-(2-(4-(2,3-Dichlorophenyl)Piperazin-1-Yl)-2-
Oxoethoxy)-2-Phenyl-4H-Chromen-4-One (2e)

White solid, yield 66.9%, m.p. 129.4–130.0◦C, 1H-NMR (400 MHz,
DMSO-d6) δ 8.21–8.12 (m, 2H), 8.11 (d, J = 1.6 Hz, 1H), 7.85 (d, J =
8.6 Hz, 1H), 7.78 (d, J= 8.6 Hz, 1H), 7.59 (d, J= 5.1 Hz, 3H), 7.52 (d,
J = 8.1 Hz, 1H), 7.36–7.27 (m, 2H), 7.16–7.07 (m, 1H), 4.98 (s, 2H),
3.61–3.54 (m, 4H), 2.93 (t, J = 4.9 Hz, 4H); 13C-NMR (101 MHz,
DMSO-d6): δ 173.78, 165.81, 154.71, 154.64, 150.65, 139.20, 134.15,
132.60, 130.88, 130.46, 128.67 (2C), 128.53 (2C), 128.46, 126.16, 125.13,
124.90, 124.76, 123.33, 119.83, 118.40, 69.07, 50.97, 50.67, 44.52, 41.23;
ESI-MSm/z: Anal. Calcd. for C27H23Cl2N2O4

+ [M + H]+(509.10),
Found: 509.09.

4.7 3-(2-(4-(2-Methoxyphenyl)Piperazin-1-Yl)-2-
Oxoethoxy)-2-Phenyl-4H-Chromen-4-One (2f)

White solid, yield 76.6%, m.p. 142.9–144.0◦C, 1H-NMR (400 MHz,
DMSO-d6) δ 8.20–8.14 (m, 2H), 8.12 (d, J = 8.0 Hz, 1H), 7.85 (t, J
= 7.7 Hz, 1H), 7.78 (d, J = 8.8 Hz, 1H), 7.58 (d, J = 5.2 Hz, 3H),
7.52 (t, J = 7.5 Hz, 1H), 7.02 - 6.91 (m, 2H), 6.87 (d, J = 5.7 Hz,
2H), 4.97 (s, 2H), 3.79 (s, 3H), 3.55 (d, J = 4.6 Hz, 4H), 2.89 (d, J
= 4.7 Hz, 4H); 13C-NMR (101 MHz, DMSO-d6): δ 173.82, 165.65,
154.67, 154.65, 151.95, 140.68, 139.23, 134.18, 130.89, 130.48, 128.66
(2C), 128.54 (2C), 125.15, 124.92, 123.34, 122.87, 120.79, 118.43, 118.26,
111.84, 69.03, 55.33, 50.23, 49.93, 44.58, 41.30; ESI-MS m/z: Anal.
Calcd. for C28H27N2O5

+ [M + H]+(471.19), Found: 471.18.

4.8 3-(2-(4-(3-Methoxyphenyl)Piperazin-1-Yl)-2-
Oxoethoxy)-2-Phenyl-4H-Chromen-4-One (2g)

White solid, yield 70.6%, m.p. 146.3–147.0◦C, 1H-NMR (400 MHz,
DMSO-d6) δ 8.18–8.14 (m, 2H), 8.12 (d, J = 8.1 Hz, 1H), 7.85 (d,
J = 8.6 Hz, 1H), 7.78 (d, J = 8.6 Hz, 1H), 7.62–7.53 (m, 3H), 7.53-
7.48 (m, 1H), 7.12 (t, J = 8.2 Hz, 1H), 6.56-6.49 (m, 1H), 6.46 (t,
J = 2.3 Hz, 1H), 6.39 (d, J = 7.8 Hz, 1H), 4.97 (s, 2H), 3.72 (s,
3H), 3.54 (s, 3H), 3.33 (s, 1H), 3.10 (d, J = 5.6 Hz, 4H);13C-NMR
(101MHz, DMSO-d6): δ 173.80, 165.69, 160.17, 154.68, 154.66, 152.05,
139.23, 134.15, 130.87, 130.45, 129.64, 128.64 (2C), 128.51 (2C), 125.12,
124.90, 123.33, 120.79, 118.40, 104.65, 101.94, 69.07, 54.86, 48.42,
48.13, 44.06, 40.89; ESI-MSm/z: Anal. Calcd. for C28H27N2O5

+ [M
+ H]+(471.19), Found: 471.18.

4.9 3-(2-(4-(4-Methoxyphenyl)Piperazin-1-Yl)-2-
Oxoethoxy)-2-Phenyl-4H-Chromen-4-One (2 h)

Light yellow solid, yield 75.3%, m.p. 100.2–101.5◦C, 1H-NMR
(400 MHz, DMSO-d6) δ 8.17–8.11 (m, 3H), 7.87–7.77 (m, 2H), 7.58–
7.50 (m, 4H), 6.90 (d, J = 8.8 Hz, 2H), 6.83 (d, J = 9.2 Hz, 2H), 4.97
(s, 2H), 3.69 (s, 3H), 3.55 (s, 4H), 2.96 (s, 4H);13C-NMR (101 MHz,

DMSO-d6): δ 174.34, 166.18, 155.21, 153.84, 145.60, 139.78, 134.71,
131.42, 131.01, 129.18 (3C), 129.06 (2C), 125.68, 125.45, 123.88, 118.96,
118.57 (2C), 114.78 (2C), 69.60, 55.68, 50.54, 50.29, 44.83, 41.61; ESI-
MS m/z: Anal. Calcd. for C28H27N2O5

+ [M + H]+(471.19), Found:
471.13.

4.10 3-(2-Oxo-2-(4-(Pyrimidin-2-Yl)Piperazin-1-
Yl)Ethoxy)-2-Phenyl-4H-Chromen-4-One (2i)

White solid, yield 71.0%, m.p. 139.8–140.0◦C, 1H-NMR (400 MHz,
DMSO-d6) δ 8.38 (d, J = 4.8 Hz, 2H), 8.20–8.14 (m, 2H), 8.12 (d, J
= 8.0 Hz, 1H), 7.85 (d, J = 8.6 Hz, 1H), 7.78 (d, J = 8.4 Hz, 1H), 7.56
(d, J = 5.3 Hz, 3H), 7.54-7.48 (m, 1H), 6.66 (t, J = 4.8 Hz, 1H), 4.98
(s, 2H), 3.72 (d, J = 7.4 Hz, 4H), 3.48 (t, J = 5.2 Hz, 4H); 13C-NMR
(101 MHz, DMSO-d6): δ 173.78, 165.92, 161.01, 157.94 (2C), 154.69,
154.64, 139.23, 134.14, 130.84, 130.46, 128.65 (2C), 128.49 (2C), 125.11,
124.90, 123.33, 118.40, 110.42, 69.06, 43.89, 43.23, 42.89, 40.78; ESI-
MSm/z: Anal. Calcd. for C25H23N4O4

+ [M + H]+(443.17), Found:
443.16.

4.11 Ethyl 4-(2-((4-Oxo-2-Phenyl-4H-Chromen-3-
Yl)Oxy)Acetyl)Piperazine-1-Carboxylate (2j)

White solid, yield 85.3%, m.p. 117.0–117.2◦C, 1H-NMR (400 MHz,
DMSO-d6) δ 8.20–8.15 (m, 2H), 8.13 (d, J = 8.1 Hz, 1H), 7.86 (d, J
= 6.9 Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.65–7.57 (m, 3H), 7.54 (d,
J = 8.1 Hz, 1H), 4.96 (s, 2H), 4.06 (d, J = 8.8 Hz, 2H), 3.42 (d, J
= 5.8 Hz, 4H), 3.35 (d, J = 5.5 Hz, 4H), 1.23–1.18 (m, 3H);13C-NMR
(101MHz,DMSO-d6): δ 173.78, 165.89, 154.70, 154.64, 154.52, 139.20,
134.16, 130.87, 130.45, 128.65 (2C), 128.51 (2C), 125.13, 124.90, 123.31,
118.41, 69.02, 60.90, 54.89, 43.93, 43.17, 40.76, 14.51; ESI-MS m/z:
Anal. Calcd. for C24H25N2O6

+ [M + H]+(437.17), Found: 437.17.

4.12 Benzyl 4-(2-((4-Oxo-2-Phenyl-4H-Chromen-
3-Yl)Oxy)Acetyl)Piperazine-1-Carboxylate (2k)

White solid, yield 67.8%, m.p. 125.7–127.0◦C, 1H-NMR (400 MHz,
DMSO-d6) δ 8.13 (d, J = 14.5 Hz, 3H), 7.85 (d, J = 8.6 Hz, 1H),
7.81–7.74 (m, 1H), 7.61–7.47 (m, 4H), 7.41-7.28 (m, 5H), 5.10 (s, 2H),
4.94 (s, 2H), 3.44–3.40 (m, 5H), 3.39 (s, 2H), 3.33 (s, 1H); 13C-NMR
(101MHz, DMSO-d6): δ 173.77, 165.91, 154.71, 154.64, 154.35, 139.20,
136.72, 134.17, 130.86, 130.45, 128.65 (2C), 128.51 (2C), 128.41 (2C),
127.87, 127.60 (2C), 125.14, 124.90, 123.32, 118.41, 69.03, 66.37, 43.92,
43.20, 43.07, 40.76; ESI-MSm/z: Anal. Calcd. for C29H27N2O6

+ [M
+ H]+(499.19), Found: 499.18.

4.13 Determination of MIC

The culture medium and the test drug solution were sequentially
added to a sterile 96-well plate, ensuring a total volume of 100
µL per well. Subsequently, 100 µL of bacterial suspension (1.5 ×
106 CFU/mL) was added to each well and mixed thoroughly. The
final concentrations of the test compounds in each well were
100, 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39, and 0.195 µg/mL,
respectively. The 96-well plates were then incubated at 37◦C
for 24 h in a constant temperature incubator, after which the
OD600 values were measured using a microplate reader. The
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bacterial strains used in the experiments included S. aureusATCC
29213 and E. coli ATCC 25922, both of which were obtained
from commercial suppliers. Each experimental condition was
performed in triplicate.

4.14 Cytotoxicity Assay

Logarithmic phase L02 cells were harvested and approximately
8,000 cells were seeded into each well of a 96-well plate. The cells
were then cultured in a CO2 incubator at 37◦C for 24 h. Subse-
quently, the culture medium was replaced with test compounds
dissolved in dimethyl sulfoxide (DMSO) at concentrations of 0.1,
1, 10, 25, 50, 75, and 100 µM. Six replicates were prepared for each
concentration, and a blank control groupwithout test compounds
was established. After 48 h of incubation, the supernatant was
removed, and 100 µL of cell culture medium containing MTT
reagent was added to each well. The plate was incubated in the
dark at 37◦C for 4 h. Following this, the medium was aspirated,
and 150 µL of DMSOwas added to dissolve the formazan crystals.
The plate was shaken gently on a shaker at low speed for 15 min,
and the absorbance of each well was measured at 490 nm using a
microplate reader. Finally, the IC50 value was calculated based on
the obtained data.

4.15 The Oxford CupMethod for Assessing
Compound Antibacterial Effects

In a laminar flow hood, 100 µL of bacterial suspensions of S.
aureus and E. coli (1.5 × 106 CFU/mL) were separately inoculated
onto two sterile agar plates. Then, they were spread three times
evenly with a sterile cotton swab, rotating the plate 60◦ each time,
and spreading along the edge of the plate in a circular motion.
A sterilized Oxford cup was carefully placed on the inoculated
medium using sterile forceps to ensure complete contact with
the surface. Each cup received 200 µL of the test compound at a
concentration of 8×MIC,while an equal volumeof solvent served
as the negative control. The plates were incubated at 37◦C in a
constant temperature incubator for 24 h. Following incubation,
the diameters of the inhibition zones were measured, and the
entire experiment was repeated in triplicate.

4.16 Time-Kill Kinetics Experiment

Single colonies of S. aureus andE. coli, which had been previously
subcultured, were separately inoculated into brain heart infusion
(BHI) agar medium and incubated at 37◦C in a constant temper-
ature shaking incubator for 16-18 h. The bacterial suspensions
were then adjusted to a concentration of 1.5 × 106 CFU/mL
using sterile broth. Test compounds were dissolved in DMSO
and subsequently diluted with distilled water to prepare stock
solutions with a final concentration of 8 times the MIC for
subsequent use.

Twenty-one sterile 5 mL tubes were prepared and labeled for the
negative control group, sample group, and positive control group
at time points of 0, 0.5, 1, 2, 4, 8, and 24 h. The negative control
group was prepared by combining 1 mL of bacterial suspension
with 1 mL of broth medium. For the sample group, 1 mL of

bacterial suspension was mixed with 1 mL of an 8 × MIC test
compound solution. The positive control group was prepared by
mixing 1 mL of bacterial suspension with 1 mL of an 8 × MIC
levofloxacin solution. All tubes were incubated at 37◦C. At each
designated time point (0.5, 1, 2, 4, 8, and 24 h), 100 µL aliquots
were taken from each tube and serially diluted in fresh sterile
brothmedium to achieve dilutions ranging from 10−1 to 10−7. Each
dilution was then spread on agar plates, which were incubated at
37◦C for 24 h. Plates containing colony counts between 30 and
300 colonies were selected for enumeration. The experiment was
replicated twice.

4.17 Effects of Compound 2g on Biofilms

In a laminar flow hood, 100 µL of compound 2g at a concentration
of 8 × MIC and 100 µL of S. aureus bacterial suspension were
added to each well of a 96-well plate. An equal volume of BHI
served as the blank control group, with three replicates for each
condition. The plates were incubated at 37◦C for 4 h, 20 h,
and 24 h. Following incubation, the supernatant was carefully
aspirated from each well, and the wells were gently washed three
times with sterile distilled water. Subsequently, 200 µL of crystal
violet staining solution was added to each well and incubated at
room temperature for 15 min. Excess stain was discarded, and the
wells were rinsed three times with sterile distilled water before
being allowed to air dry. Finally, 30% acetic acid solution was
added to eachwell and incubated for 20min to dissolve the bound
stain. The OD570 value was measured using a microplate reader.

4.18 Molecular Docking andMolecular
Dynamics Simulation Experiments

Molecular docking simulations were conducted using Discovery
Studio (DS) 2021 software. The protein and ligand structures were
preprocessed by removing water molecules, adding hydrogen
atoms via the DS Server, and preparing the samples for docking
analysis. The docking calculations were performed and analyzed
using DS-Client. Specifically, the crystal structure of SarA (PDB
ID: 2FRH) [26] was selected as the target protein for this study.
The binding site was defined as a sphere centered at the XYZ
coordinates (-0.1483, -18.0931, and 29.2759) with a radius of 8.3
Å. The LibDock protocol was employed to perform the docking
studies. The resulting ligand poses were evaluated based on their
LibDockScore values.

The molecular dynamics simulations were conducted using DS
software version 2021. The protein-ligand complexes obtained
from the aforementioned molecular docking studies were
imported into DS software. The CHARMM36 force field was
employed to generate the protein topology file, and the system
was solvated using the default TIP3Pwatermodel in a cubic box to
mimic physiological conditions. Subsequently, counterions (Na+
or Cl-) were added to neutralize the system charge. Production
molecular dynamics simulations were performed for 1000 ps
with the CHARMM36 force field and a time step of 2 fs. The
resulting trajectories were analyzed to calculate the RMSD of
the protein-ligand complexes and assess their conformational
stability (Supporting Information).
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