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To address the urgent need for novel antibacterial drugs, herein, a series of 27 novel matrine derivatives
incorporating hydroxamic acid and benzene sulfonamide moieties were designed and synthesized.
Antimicrobial testing demonstrated exceptional inhibitory activity against Candida albicans, with the
most potent compound (10g) showing a MIC value of 0.062 mg mL™, which was significantly lower
than that of the clinical antibiotic fluconazole (8.590 mg mL™Y). 3D-QSAR analysis identified the
phenylsulfonyl group as crucial for activity, particularly when substituted with a 4-(CHs)s group. The
hydroxamic acid moiety was also found to contribute positively to the antifungal effects. Mechanistic
studies indicated that these compounds act by both preventing biofilm formation and disrupting
established biofilms. Furthermore, molecular docking studies of compounds 9j and 10g with fungal
proteins (PDB: 2QZX) revealed that their antifungal activity involves multiple interactions, including
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DOI: 10.1035/d5ra01685d hydrogen bonding, hydrophobic interactions, and van der Waals forces. These findings position
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Introduction

Fungal infections represent a significant cause of morbidity,
mortality, and healthcare burden in critically ill patients.
Candida albicans is the predominant causative agent of candi-
diasis in clinical settings and represents the third most
commonly isolated pathogen in hospital-acquired bloodstream
infections.” This organism typically colonizes the human oral
cavity, gastrointestinal tract, and vaginal mucosa, but in
immunocompromised individuals, it can disseminate hema-
togenously to invade multiple organs, leading to life-
threatening systemic infections.®* While polyenes, azoles, and
echinocandins remain the primary therapeutic options,* the
emergence of drug resistance in C. albicans due to prolonged
antimicrobial exposure has created substantial challenges in
clinical management.® These pressing concerns underscore the
urgent need for novel antifungal agents with improved efficacy.

Nitrogen-containing heterocyclic alkaloids have attracted
much attention for their superior biological activities, rich
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structural diversity, and significant chemical effects. Matrine,
a natural tetracyclic quinolizidine alkaloid derived from
ginseng, possesses diverse pharmacological activities including
antitumor,*® antifibrotic,>'* anti-inflammatory,">*> antibacte-
rial,**** and antiviral*>'® properties. Current literature demon-
strates that matrine can significantly enhance antimicrobial
efficacy and reverse bacterial resistance to drugs when
combined with antibiotics or other therapeutic agents.'”'®
Moreover, matrine derivatives exhibit broad-spectrum antibac-
terial activity through multi-target mechanisms."** The natural
abundance and accessibility of matrine have also enhanced its
potential as a lead compound.

In recent years, compounds containing hydroxamic acid
groups have emerged as a promising focus in antimicrobial
drug development due to their unique mechanisms of action.
These compounds can form stable chelates with metal ions
(e.g., Zn**, Fe®"), selectively inhibiting bacterial metal-
loenzymes,* an approach that offers high specificity and low
toxicity, given the structural differences between bacterial and
human metalloenzymes.*® Additionally, the hydroxamic acid
moiety competitively disrupts bacterial siderophore-mediated
iron uptake, inducing iron starvation.* Since iron metabolism
is essential for bacterial growth and difficult to bypass, this
mechanism effectively suppresses bacterial proliferation while
minimizing the risk of resistance development.” The benzene
sulfonamide moiety represents a privileged pharmacophore in
medicinal chemistry, extensively incorporated in various classes
of antimicrobial agents. These compounds exert antibacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rationale design strategy of derivatives.

effects through multiple mechanisms, including competitive
inhibition of bacterial dihydropteroate synthase*® and
suppression of carbonic anhydrase catalytic activity.**

In this work, we implemented a rational pharmacophore
fusion approach for antimicrobial discovery, utilizing matrine,
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a naturally occurring alkaloid, as the central scaffold function-
alized with two mechanistically distinct antibacterial motifs:
a hydroxamic acid group and a benzene sulfonamide unit
(Fig. 1). The rationally designed dual-pharmacophore strategy is
expected to substantially enhance the antimicrobial potency of
these compounds through synergistic multi-target mechanisms
of action. To optimize the drug design, we adopted a structure—
activity relationship (SAR)-driven strategy involving: (i) system-
atic variation of linker chain length and composition, and (ii)
strategic modification of substituents to probe electronic and
steric effects, thereby generating a comprehensive library of
structural analogs.

Results and discussion
Chemistry

As shown in Fig. 2, commercially available matrine (1) was used
as the starting material. Heating and refluxing in an aqueous
solution of potassium hydroxide afforded intermediate 2.
Treatment with SOCI, yielded the ester derivative 3,"* followed
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Fig.2 Synthetic routes and the substituent for the derivatives. (a) KOH, H,O; (b) SOCl,, MeOH; (c) K,COs, CH3CN; (d) 3 N HCL; (e) NH,OH-HCL,

CHzONa; (f) EDCI, HOBT, TEA.
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Table 1 Exploration of reaction conditions Table 2 Antibacterial activity (MIC mg mL™Y) of compounds’
Factors MIC(mg mL ")
Temperature  Reaction time  Feed Efficiency Gram-negative Gram-positive
Number pH (°C) (h) ratio (%) bacterium bacterium Fungus
1 5 25 2 1:1 0 Compounds ~ MICze,  MICpge  MICpee  MICsq  MICey
2 7 25 2 1:1 6%
3 10 25 2 1:1 40% 9a 2.162 1.674 1.385 1.625 1.149
4 10 0 2 1:1 19% 9b 2.910 1.989 1.158 2.778 0.945
5 10 0 6 1:1 35% 9c 0.667 1.338 1.568 0.800 1.022
6 10 70 2 1:1 14% 9d 1.258 2.157 1.274 1.853 0.891
7 10 25 1 1:1 37% 9e 2.349 2.805 1.016 2.486 0.944
8 10 25 4 1:1 41% of 0.766 2.482 1.599 2.319 1.313
9 10 25 6 1:1 38% 9g 3.138 3.104 1.941 3.201 1.203
10 10 25 2 1:2 50% 9h 1.432 1.373 1.823 1.418 3.438
11 10 25 2 1:1.5  64% 9i 1.433 0.980 1.017 0.759 0.977
12 10 25 2 1:12  63% 9 1.458 1.362 0.241 0.780 0.234
9k 1.205 1.431 5.858 0.712 0.988
91 0.778 1.381 2.916 1.601 1.808
9m 1.468 1.545 10.674 1.439 1.968
9n 1.404 2.263 1.347 1.420 1.366
by N-phenylsulfonylation to obtain phenylsulfonyl-containing 9o 0.696 3.236 1.826 1.836 0.678
ester 4. This key intermediate was then divergently trans- 9P 1.747 1.843 1.532 1.787 1.371
formed: (i) reaction with alkalinized hydroxylamine solution 99 1.076 1.253 2.853 1.941 2414
d dt t ds 9a-9¢.25 while (ii) hvdrolvsi fa 10a 2.858 0.580 1.841 2.365 0.484
produced target compounds 9a-9q,** while (if) hydrolysis o 10b 2.713 1.098 1640  4.858 0.822
followed by EDCI/HOBT-mediated condensation with methyl 4- 1o, 1.629 1.981 1.577 5.683 0.788
(aminomethyl) benzoate generated the extended-chain methyl 10d 2.078 2.906 2.485 5.146 0.356
benzoate intermediate,® which was similarly converted to 10e€ 1.362 1.436 2.784 0.770 1.194
target compounds 103_10‘]'. 10f 1.347 1.382 0.327 0.781 0.249
. ield 1 . led th h inal 10g 4.798 3.936 0.249 1.288 0.062
Stepw1s.e y.1e eva.uatlon 'reveae t fit .t e terminal | p 2.573 1.374 6.646 1.974 1.720
hydroxamic acid formation constituted the principal bottleneck  1¢j 0.715 1.399 4.201 0.664 1.254
in the synthesis, exhibiting both incomplete reactant 10j 1.318 1.675 3.016 0.745 0.419
consumption and undesirable side-product generation. To SD 0.108 0.121 0.092 0.110 0.062
optimize the reaction efficiency, we systematically investigated Matrine 5'459a 6‘731b 15'9626 7:432 P 14‘8495
Std 0.145 0.238 0.031 0.508 8.590

several critical factors using compound 10g as a model
substrate, including: pH, temperature, reaction time, and feed
ratio (ester : hydroxylamine hydrochloride). The detailed opti-
mization results are presented in the Table 1.

The table data demonstrate that proper pH control is
essential for successful reaction progression. Under acidic
conditions, the protonation of hydroxylamine diminishes its
nucleophilicity while simultaneously promoting ester hydro-
lysis, ultimately leading to reaction failure. Lower temperatures
significantly reduce the reaction rate, whereas excessive
temperatures facilitate over-attack by hydroxylamine, gener-
ating undesired byproducts. Prolonged reaction times increase
the risk of either over-substitution or decomposition of the
hydroxamic acid product. Furthermore, a 1 : 2 feed ratio (ester:
hydroxylamine hydrochloride) leads to disubstituted byprod-
ucts and complicates purification. Based on comprehensive
consideration of cost efficiency and workup feasibility, an
optimal 1: 1.2 molar ratio was selected for the process.

A total of 27 novel matrine derivatives were successfully
synthesized and structurally characterized by comprehensive
spectroscopic analyses, including "H NMR, *C NMR, and HR-
MS. The purity of all compounds was verified by HPLC to be
=97%, confirming the high quality of the synthesized deriva-
tives for subsequent biological evaluation (ESIT).

16512 | RSC Adv, 2025, 15, 16510-16524

“ Kanamycin. ? Ceftazidime. © Doxycycline hydrochloride. ¢ Penicillin G
sodium. ¢ Fluconazole.” SD = Standard deviation. Std = Standard. S. au:
Staphylococcus aureus; P. ac: Propionibacterium acnes; P. ae: Pseudomonas
aeruginosa; E. co: Escherichia coli and C. al: Candida albicans.

Antimicrobial activity

The minimum inhibitory concentrations (MIC, mg mL ") of the
synthesized matrine derivatives, negative control, and positive
control drugs against each bacterial strain are shown in Table 2.
Analysis of the tabulated data reveals that all derivatives
exhibited superior inhibitory activity compared to matrine
against all five bacterial species. Notably, as anticipated, every
derivative demonstrated lower MIC values against Candida
albicans than the positive control drug fluconazole, with
compound 10g showing the most potent activity (MIC =
0.0621 mg mL ™).

Notably, between the two series of compounds sharing
identical R; groups (series 9 and 10), those from series 10
demonstrated superior inhibitory potency. While compounds
bearing electron-withdrawing substituents (-CF3, -X, -NO,) on
the benzene sulfonamide moiety generally showed lower MIC
values compared to their electron-donating counterparts (-CHs,
-OCHj), the most potent analog 10g (MIC = 0.0621 mg mL )

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The datas of compounds toxicity prediction
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Property Compound 9j Compound 10g Fluconazole
AMES toxicity No No No

Max. tolerated dose (log mg per kg per day) —0.95 —0.594 0.627

Oral rat acute toxicity (mol kg™ ") 2.763 2.782 2.272

Oral rat chronic toxicity (log mg per kg per day) 1.051 1.24 1.081

Skin sensitisation No No No
T.Pyriformis toxicity (log ug L") 0.419 0.294 0.288
Minnow toxicity (log mM) 4.331 2.939 2.989

paradoxically contained a 4-(CHj); group. This unexpected
observation prompted further consideration of steric effects
imposed by bulky substituents on the aromatic ring, suggesting
that spatial constraints may play a more significant role in
antimicrobial activity than electronic properties alone.

Toxicity predictions

To evaluate potential toxicity risks, compounds 9j and 10g were
subjected to toxicity prediction using the pkCSM platform.
Fluconazole as a control. Their respective SMILES strings were
input to assess mutagenicity and biological toxicity parameters.
The computational toxicity profiles of compounds are compre-
hensively summarized in Table 3.

The comparative toxicity assessment reveals that compound
10g (MIC = 0.0621 mg mL ') exhibits superior antifungal
potency compared to fluconazole (MIC = 8.590 mg mL '), while
maintaining a favorable safety profile. Although 10g's
maximum tolerated dose in humans (—0.594 log mg per kg per
day) is lower than fluconazole (0.627 log mg per kg per day), its
100-fold greater efficacy may allow for lower therapeutic doses,
potentially mitigating this difference. Both compounds show no
mutagenicity (AMES-negative) or skin sensitization risk, sup-
porting their clinical potential. Notably, 10g demonstrates
comparable acute toxicity, similar chronic toxicity and lower
ecological impact. Further in vivo pharmacodynamic/toxicity
validation is required to confirm its clinical translational
potential.

3D-QSAR

To elucidate the structure-activity relationship, we performed
3D-QSAR studies using the MIC data of derivatives against

Fig. 3 The backbone (A) and stacked diagram (B).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Candida albicans. For analytical convenience, MIC values were
converted to pMIC** (pMIC = —log MIC), where pMIC > 0 indi-
cates MIC < 1 mg mL ™', and pMIC < 0 corresponds to MIC >
1 mg mL ™. Three-dimensional conformations of all derivatives
were generated, and after selecting the common backbone
(Fig. 3A), manual molecular alignment was performed using
10g as the template molecule, yielding the superimposed
structure (Fig. 3B).>”

The partial least squares (PLS) statistics of the COMFA and
CoMSIA models for Candida albicans are shown in Table 4. The
g* values for both models were higher than 0.5, indicating
satisfactory prediction accuracy. High N values of 20 and 15
further support the reliability of the prediction models. The
correlation coefficients () for the COMFA and CoMSIA models
are 0.999 and 0.983, respectively, which are very close to 1,
indicating a robust constitutive relationship. The standard
errors (SE) of 0.020 (CoMFA) and 0.073 (CoMSIA) suggest that
the models exhibit stable predictions. Notably, the test value of
the CoMFA model was as high as 417.012, reflecting an excellent
model fit.

In the CoMFA model, the spatial and electrostatic field
contributions were 50.6% and 49.4%, respectively, highlighting
the nearly equal importance of steric hindrance and charge
distribution on activity. For the CoMSIA model, the contribu-
tions were 8.9% (steric), 31.4% (electrostatic), 36.6% (hydro-
phobic), 8.7% (hydrogen bond donor), and 14.3% (hydrogen
bond acceptor), indicating that charge distribution and hydro-
phobic interactions dominate, followed by hydrogen bonding,
with steric effects playing a minor role. Both models consis-
tently emphasize the significant influence of charge distribu-
tion on activity.

To further validate the models’ predictive ability, Table 5 lists
the derivative pMIC values alongside their predicted values.
Fig. 4 shows the linear correlation between experimental and
predicted activities for both models, with minimal deviations
confirming their high reliability and accuracy. Notably, the
CoMFA model exhibited superior predictive performance. Fig. 5
visualizes the COMFA (A: steric field; B: electrostatic field) and
CoMSIA (C: steric; D: electrostatic; E: hydrophobic; F: hydrogen-
bond donor/acceptor) contour maps, using 10g as the reference
molecule. These maps intuitively link structural features to
activity. While both models highlight electrostatic and steric
effects, CoMSIA provides a more comprehensive analysis by
incorporating hydrophobic and hydrogen-bonding

RSC Adv, 2025, 15, 16510-16524 | 16513
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Table 4 PLS statistics for COMFA and CoMSIA 3D-QSAR models of pMICc 4
Fraction (field contribution)

7 N I SE F Steric Electrostatic Hydrophobic Donor Acceptor
COMFA 0.56 20 0.999 0.020 417.012 0.506 0.494 — — —
COMSIA 0.555 15 0.983 0.073 41.254 0.089 0.314 0.366 0.087 0.143
Table 5 Experimental and predicted pMICc , values of matrine derivatives in the CoMFA and CoMSIA models

pMICQal pMICc.al

Compound (Experimental) COMFA (predicted) Residues COMSIA (predicted) Residues
9a —0.0603 —0.06 —0.0005 —0.050 —0.0104
9b 0.0246 0.024 0.0004 0.045 —0.0201
9c —0.0095 —0.011 0.0016 —0.021 0.0117
9d 0.0501 0.051 —0.0005 0.052 —0.0018
9e 0.0250 0.027 —0.0015 0.029 —0.0039
of —0.1183 —0.116 —0.0018 —0.153 0.0349
9g —0.0803 —0.082 0.0012 —0.086 0.0053
9h —0.5363 —0.538 0.0012 —0.546 0.0101
9i 0.0101 0.012 —0.0017 0.009 0.0014
9j 0.6308 0.631 —0.0002 0.635 —0.0045
9k 0.0052 0.004 0.0014 0.002 0.0032
91 —0.2572 —0.257 —0.0004 —0.242 —0.0150
9m —0.294 —0.287 —0.0070 —0.361 0.0674
9n —0.1355 —0.1650 0.0291 —0.041 —0.0948
90 0.1688 0.191 —0.0219 0.157 0.0118
9p —0.1370 —0.137 —0.0005 —0.144 0.0071
9q —0.3827 —0.383 0.0004 —0.380 —0.0027
10a 0.3152 0.316 —0.0010 0.299 0.0164
10b 0.0851 0.086 —0.0004 0.097 —0.0121
10c 0.1035 0.103 0.0009 0.112 —0.0080
10d 0.4486 0.447 0.0015 0.460 —0.0112
10e —0.077 —0.076 —0.0011 —0.072 —0.0052
10f 0.6038 0.604 —0.0002 0.605 —0.0008
10g 1.2069 1.207 0.0003 1.199 0.0083
10h —0.2355 —0.241 0.0055 —0.252 0.0165
10i —0.0983 —0.074 —0.0245 0.047 —0.1454
10j 0.3778 0.359 0.0019 0.236 0.1418

interactions. 3D-QSAR visualization analysis reveals key struc-
ture-activity relationships. (1) Steric effects: both models
display prominent green contour maps around the R; substit-
uent region, with the CoMFA model additionally showing
extensive yellow contours. These features indicate that intro-
ducing substituents with moderate bulk (e.g., halogens, methyl
groups) on the benzene ring enhances activity, but the steric
tolerance has an optimal range. (2) Electrostatic properties: the
coexistence of red (negative charge-favorable) and blue (positive
charge-favorable) electrostatic fields near the R; position
suggests a bidirectional electronic effect. This implies that
either small electron-withdrawing groups (e.g., -F, —Cl) or bulky
electron-donating groups (e.g., -C(CHz3)3;, -NMe,) can be bene-
ficial at this site. (3) Hydrophobic and hydrogen-bonding
features: yellow hydrophobic contours localize around both
the R; group and hydroxamic acid moiety, while hydrogen-
bonding fields (blue donor/magenta acceptor) precisely map
onto the hydroxamic acid group. This confirms that (i)

16514 | RSC Adv,, 2025, 15, 16510-16524

hydrophobic interactions significantly contribute to activity, (ii)
the hydroxamic acid acts as a critical pharmacophore via
hydrogen-bond networks, and (iii) the linker region must
balance hydrophobicity with hydrogen-bonding capacity.

=

Y=0.999281X + 4.34876¢-05 Y=0.982534X + 0,0010567

R2=0.9993 R3=0.9825

Predicated pMIC ¢,
Predicated pMIC ¢

Actual pMIC ¢, Actual pMIC ¢y

Fig. 4 Calculated pMICc 5 and experimental pMIC ,, values for target
compounds obtained by PLS analysis using CoMFA (A) and CoMSIA (B)
models.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CoMFA steric field (A) and electrostatic field (B); CoMSIA steric
field (C), electrostatic field (D), hydrophobic field (E), hydrogen bond
acceptor and donor field (F).

The analysis provides clear optimization strategies. (1) The
R; position should incorporate substituents with balanced
steric bulk and electronic properties (electron-withdrawing/
donating). (2) The hydroxamic acid moiety's structural integ-
rity and spatial orientation must be preserved. (3) The linker
region requires tailored hydrophobicity to maintain optimal
activity.

Biofilm experiments

The high MIC value of fluconazole (positive control) is likely due
to drug resistance,® which is closely associated with biofilm
formation. When bacteria adhere to surfaces and develop bio-
films, they become more resistant to antimicrobials as they are
encased in a protective extracellular polymeric matrix.”> To
explore the derivatives' antimicrobial mechanism, we selected
compounds 9j and 10g (the lowest-MIC derivatives from series 9

FMIC  Negative

10g Disruption

9y Disruption

Fig. 6 The results of biofilm experiments.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The histogram of biofilm formation rate.

and 10, respectively) for biofilm assays, evaluating both biofilm
prevention and mature biofilm disruption.*

As shown in Fig. 6A and C, biofilm formation increased as
the concentration of compounds decreased. Similarly, Fig. 6B
and D demonstrate reduced biofilm disruption at lower
compound concentrations. This confirms that compounds 9j
and 10g exhibit dose-dependent inhibition of biofilm formation
and disruption of mature biofilms. Notably, both compounds
showed significant anti-biofilm effects at MIC concentrations,
with 10g demonstrating particularly strong activity.

To visualize trends, Fig. 7 plots the biofilm formation rates
calculated from OD values using the formula

(As95drug — As95p1ank)(As95pMs0 — As95b1ank) X 100%.

The analysis of biofilm inhibition and disruption activities
reveals that compounds 9j and 10g exhibit significant dose-
dependent antibiofilm effects. At their respective MICs, 9j and
10g suppressed biofilm formation to 6.43% and 0.01%, with 10g
demonstrating near-complete inhibition, while also reducing
preformed biofilms to 6.67%and 3.61%, respectively. This dual
activity, both preventing biofilm establishment and degrading
existing structures, highlights their potential as novel anti-
biofilm agents. Notably, 10g showed superior performance in
both assays, particularly in biofilm prevention, with its activity
strongly correlating with the excellent antifungal MIC values,
supporting our hypothesis of biofilm interference as a key
mechanism of action.

These findings carry important clinical implications given
the critical role of biofilms in Candida albicans drug resistance
and persistent infections.** The exceptional biofilm blockade by
10g at MIC concentrations (Fig. 7) suggests promising applica-
tions for preventing device-related infections and treating
recalcitrant fungal infections, addressing a major clinical
challenge posed by biofilm-associated resistance to conven-
tional antifungals.* The compounds’ ability to simultaneously
inhibit biofilm formation and disrupt mature biofilms posi-
tions them as valuable leads for developing next-generation
anti-biofilm therapeutics.

RSC Adv, 2025, 15, 16510-16524 | 16515
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Table 6 The difference between matrine derivatives and azoles
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Feature Matrine derivatives (10g)

Azoles (fluconazole)

Structural formula

MIC (mg mL™")
Core scaffold
Pharmacophores
Mechanism

0.062
Tetracyclic alkaloid

Biofilm

Building upon the remarkable biofilm inhibition efficacy
demonstrated by compound 10g (0.01% formation at MIC), we
conducted a systematic comparison with fluconazole to eluci-
date the structure-activity advantages underlying this perfor-
mance (Table 6).
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Molecular docking studies

We performed molecular docking using Discovery Studio to
investigate the binding mechanisms of compounds 9j and 10g
with bacterial proteins. The study targeted SAP5 (PDB: 2QZX),
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Fig. 8 Binding pattern of compound 9j to amino acids in the active site of the 2QZX protein (A), 3D (B), 2D (C) and docking pocket of hydrogen
bonding (D), hydrophobic (E), aromatic (F), SAS (G), ionization (H), and interpolated charge (I) interaction diagrams.
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Fig.9 Binding pattern of compound 10g to amino acids in the active site of the 2QZX protein (A), 3D (B), 2D (C) and docking pocket of hydrogen
bonding (D), hydrophobic (E), aromatic (F), SAS (G), ionization (H), and interpolated charge (I) interaction diagrams.

a key virulence factor associated with Candida albicans biofilm
formation.*

SAP (secreted aspartic protease) facilitates fungal pathogen-
esis by hydrolyzing host cell surface proteins to promote
adhesion and tissue invasion, while also disrupting host
defense molecules to evade antifungal responses.*®* SAP5,
predominantly expressed in hyphal cells, plays a crucial role in
systemic infections and biofilm formation.**

Fig. 8 reveals that compound 9j interacts with the target
protein through hydrogen bonds, van der Waals forces, alkyl
interactions, and m-alkyl interactions, enabling stable binding
within the protein's cavity. The hydroxamic acid group in the
side chain forms hydrogen bonds with residues GLN282 and
PHE291, demonstrating its contribution to enhancing
matrine's pharmacological activity. The opened-ring structure's
phenyl sulfonamide group at the 12-position nitrogen interacts
with SER277 via van der Waals forces, while establishing alkyl
and m-alkyl interactions with PHE281 and LYS257, further
improving antibacterial activity. The 3D structure shows 9j
adopting a “sheet-like” conformation at the protein's active
center.

Comparative analysis of 10g (Fig. 9) demonstrates similar
interaction patterns (hydrogen bonds, m-m stacking, alkyl/m-

© 2025 The Author(s). Published by the Royal Society of Chemistry

alkyl interactions), but with key differences. (1) The extended
linker positions the hydroxamic acid group deeper into the
hydrophobic pocket, forming additional hydrogen bonds with
ARG297, ARG312, and ALA11. (2) The inserted benzene ring
engages in t—alkyl interactions with LYS257 and ALA162. These
features force the side chain into a unique spatial arrangement
- initially perpendicular then parallel to the matrine-phenyl
sulfonamide core. The 3D visualization clearly shows 10g
adopting an “H”-shaped topology that tightly fits the hydro-
phobic cavity.

This superior binding mode explains 10g's enhanced anti-
bacterial activity over 9j, and consistently accounts for the
observed higher potency of series 10 compared to series 9 in
antimicrobial assays.

Experimental
Instruments and materials

Matrine 98%, 4-(aminomethyl) benzoic acid 98% and other
reagents were analytically pure. Gram-negative bacteria: Pseu-
domonas aeruginosa #5336, provided by Guangxi Medical
University; Escherichia coli, provided by Guangxi University of
Traditional Chinese Medicine. Gram-positive bacteria:
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Staphylococcus aureus, provided by Guangxi University of
Traditional Chinese Medicine. Propionibacterium acnes, ob-
tained from Guangdong Microbial Strain Preservation Center.
Fungus: Candida albicans, obtained from Guangdong Microbial
Species Preservation Center. Melting point meter: XT-4 melting
point meter. AVANCE III HD600-type nuclear magnetic reso-
nance instrument. Impact I ultra-high performance liquid
chromatography-mass spectrometry (Bruker, Germany).
Enzyme labelling instrument: M200PRO, TECAN.

Synthesis of target compounds

Synthesis of intermediates (2-4). Matrine was dissolved in
an aqueous solution of KOH(excessive) and refluxed at 120 °C
for 12 h. Filtering was carried out and the filter cake was the
crude product of compound 2. Ice methanol solution add SOCI,
(1.50 eq), stirring at 0 °C for 1 h then slowly add 10% of the
methanol solution of compound 2 (1.00 eq) dropwise, stirring
for 30 min then heating at 60 °C for 3 h. After the reaction is
complete, add chloroform to dissolve, adjust the pH 7-8 with
sodium bicarbonate, pumping and filtration, to obtain the
compound 3. Raw material ester (1.00 eq) is dissolved in the
appropriate amount of CH3;CN, K,CO; and benzenesulfonyl
chloride (1.20 eq) is added, overnight. Quenched with water, EA
extracted to obtain 4.

Synthesis of intermediates (6-8). Compound 6 was synthe-
sized in the same way as that of compound 3 above. 3N HCI
dissolved compound 6 and reacted at 75 °C for 3 h and then
adjusted the pH to 5-6 to obtain compound 7. Its dichloro-
methane (1.00 eq) solution was added with EDCI (2.00 eq) and
HOBT (1.20 eq) and stirred for 30 min. Raw material 5 (1.50 eq)
and appropriate amount of TEA (2.00 eq) were added and
reacted at room temperature for 5 h to obtain 8.

Synthesis of target compounds (9a-9q, 10a-10j). Hydroxyl-
amine solution is prepared by mixing hydroxylamine hydro-
chloride (1.20 eq) with excess sodium methanol, ready-to-use.
The ester was dissolved in it and stirred at room temperature for
2-4 h to gain the target compounds (9a-9q, 10a-10j).

Compound 9a. 4-(2-((2-Chlorophenyl)sulfonyl) decahydro-
1H,4H-pyrido[3,2,1-if] [1,6] naphthyridin-1-yl)-N-hydrox-
ybutanamide, C21H30CIN304S, white power, yield 78%, mp:
70-72 °C. 'H NMR (600 MHz, DMSO-dg) 6 9.31 (s, 1H), 7.78-7.74
(m, 1H), 7.22 (dd, J = 7.9, 1.6 Hz, 1H), 6.82-6.76 (m, 2H), 6.69
(td, J = 7.5, 1.5 Hz, 1H), 2.88-2.80 (m, 2H), 2.64-2.59 (m, 1H),
1.87 (dd,J = 12.9, 9.3 Hz, 2H), 1.66 (p, ] = 1.9 Hz, 2H), 1.29 (t, ] =
3.0 Hz, 1H), 1.21-1.17 (m, 1H), 1.07-1.00 (m, 3H), 0.96-0.91 (m,
1H), 0.74 (d, J = 13.6 Hz, 3H), 0.68-0.59 (m, 3H), 0.52 (d, J =
4.2 Hz, 1H), 0.50 (dq,/ = 7.0, 3.7, 3.1 Hz, 1H), 0.46 (d, J = 3.8 Hz,
1H), 0.24-0.18 (m, 1H). "*C NMR (151 MHz, DMSO-d,) 6 168.39,
139.70, 133.97, 131.90, 131.05, 129.98, 127.71, 63.24, 59.11,
56.49, 56.44, 49.13, 36.30, 31.56, 27.54, 27.41, 27.33, 22.20,
20.51, 20.13. HR-MS (ESI), measured values, m/z: 456.1746
(456.1646) [M + H]".

Compound 9b. N-Hydroxy-4-(2-((2-(trifluoromethyl) phenyl)
sulfonyl) decahydro-1H,4H-pyrido[3,2,1-§] [1,6] naphthyridin-1-
yl) butanamide, C22H30F3N304S, white power, yield 72%,
mp: 66-67 °C. 'H NMR (600 MHz, dimethyl sulfoxide-de) 6 10.23
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(d, 1H), 8.62 (d, 1H), 8.39 (d, 1H), 7.97 (dd, 1H), 7.87 (td, 1H),
7.82 (t, 1H), 3.71 (q, 1H), 3.45 (dd, 1H), 3.30 (d, 1H), 2.72 (dd,
2H), 2.09 (t, 1H), 1.93 (s, 1H), 1.84 (dd, 3H), 1.69 (m, 3H), 1.58 (q,
2H), 1.51 (d, 2H), 1.44 (td, 2H), 1.33 (m, 3H), 1.28 (m, 1H), 1.17
(m, 1H). *C NMR (151 MHz, dimethyl sulfoxide-ds) 6 188.54,
140.57, 133.30, 132.93, 130.18, 126.50, 123.78, 121.97, 62.46,
58.24, 56.23, 56.15, 47.49, 40.06, 34.78, 31.84, 30.67, 27.99,
27.38, 22.06, 20.34. HR-MS (ESI), measured values, m/z:
490.1977 (490.1909) [M + HJ".

Compound 9c. N-Hydroxy-4-(2-((2-nitrophenyl)sulfonyl)deca-
hydro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl) butana-
mide, C21H30N406S, white power, yield 82%, mp: 60-61 °C. 'H
NMR (600 MHz, DMSO-dg) 6 10.28 (s, 1H), 8.64 (s, 1H), 8.11 (dd,
J =7.4,1.9 Hz, 1H), 7.91 (dd, J = 7.4, 1.8 Hz, 1H), 7.83 (td, ] =
7.0, 1.7 Hz, 2H), 3.67 (q, J = 6.9 Hz, 1H), 2.58 (dd, J = 30.1,
10.9 Hz, 2H), 1.99 (s, 1H), 1.87 (d, J = 9.0 Hz, 1H), 1.76 (dt,J =
16.3, 8.1 Hz, 5H), 1.67 (d, J = 11.6 Hz, 1H), 1.57 (ddd, J = 15.3,
11.1, 5.9 Hz, 2H), 1.49 (d, J = 9.7 Hz, 1H), 1.44-1.38 (m, 3H),
1.37-1.28 (m, 6H), 1.23 (s, 1H). "*C NMR (151 MHz, DMSO-d)
6 168.89, 148.01, 134.46, 132.95, 132.21, 130.11, 124.13, 62.23,
57.69, 56.27, 56.16, 46.11, 34.05, 32.22, 31.91, 28.57, 27.82,
22.23, 20.55, 20.33. Measured values, m/z: 467.1948 (467.1886)
[M + HJ".

Compound 9d. N-Hydroxy-4-(2-((3-(trifluoromethyl) phenyl)
sulfonyl) decahydro-1H,4H-pyrido[3,2,1-§] [1,6] naphthyridin-1-
yl) butanamide, C22H30F3N304S, white power, yield 78%,
mp: 71-72 °C., 'H NMR (600 MHz, DMSO-d¢) 6 10.37 (s, 1H),
8.70 (s, 1H), 8.17 (d, J = 7.9 Hz, 1H), 8.08-8.03 (m, 2H), 7.85 (t, ]
= 7.8 Hz, 1H), 3.54 (q,J = 6.4 Hz, 1H), 3.10 (dd, ] = 12.8, 9.4 Hz,
1H), 2.37-2.29 (m, 1H), 2.21 (d,J = 11.3 Hz, 1H), 1.95 (td, / = 7.1,
1.9 Hz, 2H), 1.89-1.80 (m, 2H), 1.69-1.64 (m, 1H), 1.63-1.58 (m,
4H), 1.56-1.51 (m, 2H), 1.43 (t, ] = 7.7 Hz, 1H), 1.36-1.28 (m,
4H), 1.22-1.11 (m, 2H). >C NMR (151 MHz, DMSO-d,) 6 168.95,
140.94, 131.61, 130.40, 129.19, 124.56, 123.76, 123.73, 122.75,
61.42, 55.79, 55.71, 55.61, 43.66, 38.86, 34.07, 32.36, 32.27,
28.74,27.56,21.48, 20.42, 19.80. Measured values, m/z: 490.1969
(490.1909) [M + HJ".

Compound 9e. 4-(2-((3-Bromophenyl) sulfonyl) decahydro-
1H,4H-pyrido[3,2,1-if] [1,6] naphthyridin-1-yl)-N-hydrox-
ybutanamide, C21H30BrN304S, white power, yield 80%, mp:
80-83 °C. 'H NMR (600 MHz, DMSO-d,) 6 10.35 (s, 1H), 8.68 (s,
1H), 7.98 (t,J/ = 1.9 Hz, 1H), 7.84 (ddd, J = 9.1, 7.5, 1.8 Hz, 2H),
7.53 (t, ] = 7.9 Hz, 1H), 3.48 (q, J = 6.3 Hz, 1H), 3.34-3.30 (m,
1H), 3.04 (dd, J = 12.6, 9.4 Hz, 1H), 2.48 (d,J = 2.9 Hz, 1H), 2.38
(dt,J=11.5, 3.5 Hz, 1H), 1.93 (td,/ = 7.1, 3.2 Hz, 2H), 1.84 (q, ] =
3.7, 3.0 Hz, 2H), 1.67-1.63 (m, 2H), 1.61 (d, = 3.6 Hz, 1H), 1.59
(tt,/ = 8.5, 6.1, 4.8 Hz, 3H), 1.51 (q,/ = 7.2 Hz, 2H), 1.44-1.40 (m,
1H), 1.35-1.29 (m, 4H), 1.18 (tdd, J = 12.8, 9.1, 5.4 Hz, 2H). *C
NMR (151 MHz, DMSO-d¢) ¢ 168.87, 141.45, 135.23, 130.89,
129.81, 126.53, 121.74, 61.37, 55.78, 55.62, 43.87, 38.75, 33.54,
32.46, 32.19, 28.56, 27.50, 21.25, 20.35, 19.80. Measured values,
m/z: 500.1205 (500.1140) [M + HJ".

Compound 9f. N-Hydroxy-4-(2-(m-tolylsulfonyl) decahydro-
1H,4H-pyrido[3,2,1-if] [1,6] naphthyridin-1-yl) butanamide,
C22H33N304S8, yellow oily liquid, yield 49%, 'H NMR (600 MHz,
DMSO-dg) 6 10.33 (s, 1H), 8.66 (s, 1H), 7.62 (d, J = 2.3 Hz, 1H),
7.60 (dt, J = 6.8, 2.1 Hz, 1H), 7.46 (d, ] = 6.7 Hz, 2H), 3.40 (dt, ] =
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8.0, 5.6 Hz, 1H), 3.10 (dd, J = 12.4, 10.5 Hz, 1H), 2.52 (s, 1H),
2.44 (d, J = 10.9 Hz, 1H), 2.39 (s, 3H), 1.90 (qd, J = 6.2, 4.5,
1.9 Hz, 2H), 1.85 (dd, J = 14.4, 7.1 Hz, 2H), 1.76-1.68 (m, 3H),
1.68-1.65 (m, 3H), 1.61-1.57 (m, 1H), 1.51 (q, / = 6.3 Hz, 1H),
1.48-1.44 (m, 2H), 1.39-1.35 (m, 1H), 1.35-1.33 (m, 1H), 1.28
(dt,J = 12.6, 3.8 Hz, 3H), 1.23 (d, / = 7.3 Hz, 1H). *C NMR (151
MHz, DMSO-d;) 6 168.78, 139.30, 138.51, 132.97, 128.62, 127.31,
124.26, 61.91, 56.08, 55.88, 45.78, 38.62, 33.31, 32.04, 31.10,
27.78,27.40,20.76, 20.19, 19.99. Measured values, m/z: 436.2265
(436.2192) [M + H]".

Compound 9g. 4-(2-((4-Chlorophenyl) sulfonyl) decahydro-
1H,4H-pyrido[3,2,1-if] [1,6] naphthyridin-1-yl)-N-hydrox-
ybutanamide, C21H30CIN304S, white power, yield 76%, mp:
77-78 °C. "H NMR (600 MHz, DMSO-d,) 6 10.34 (s, 1H), 8.68 (s,
1H), 7.83-7.81 (m, 2H), 7.67-7.65 (m, 2H), 3.42 (dd, J = 8.0,
5.8 Hz, 1H), 3.36 (d, J = 6.8 Hz, 1H), 3.34 (s, 1H), 3.08 (dd, J =
12.4, 10.2 Hz, 1H), 2.41 (d,J = 11.2 Hz, 1H), 1.96-1.91 (m, 1H),
1.89 (t,J = 5.3 Hz, 2H), 1.86-1.83 (m, 1H), 1.73-1.66 (m, 3H),
1.66-1.61 (m, 3H), 1.61-1.56 (m, 1H), 1.53-1.44 (m, 3H), 1.38-
1.34 (m, 1H), 1.30 (d, J = 7.7 Hz, 3H), 1.23 (dd, J = 8.6, 3.9 Hz,
1H). >C NMR (151 MHz, DMSO-d,) 6 168.89, 138.29, 137.37,
129.24, 128.98, 61.80, 56.33, 56.14, 55.90, 55.84, 45.45, 38.77,
33.21, 32.16, 31.70, 28.02, 27.52, 20.95, 20.34, 20.05. Measured
values, m/z: 456.1708 (456.1646) [M + H]".

Compound 9h. N-hydroxy-4-(2-tosyldecahydro-1H,4H-pyrido
[3,2,1-7] [1,6] naphthyridin-1-yl) butanamide, C22H33N304S,
white power, yield 75%, mp: 67-69 °C. H NMR (600 MHz,
DMSO-dg) 6 10.33 (s, 1H), 8.67 (s, 1H), 7.69-7.67 (m, 2H), 7.40 (d,
J = 8.1 Hz, 2H), 3.39-3.36 (m, 1H), 3.33-3.31 (m, 1H), 3.07 (t,] =
11.5 Hz, 1H), 2.55 (dd, J = 11.5, 3.2 Hz, 1H), 2.49-2.46 (m, 1H),
2.39 (s, 3H), 1.92 (td, ] = 5.8, 3.5 Hz, 2H), 1.88-1.82 (m, 2H), 1.77
(ddd, j = 11.4, 9.2, 4.5 Hz, 1H), 1.69 (td, J = 11.4, 5.5 Hz, 4H),
1.60-1.52 (m, 2H), 1.46 (ddt, J = 12.9, 7.5, 3.1 Hz, 2H), 1.41-1.33
(m, 2H), 1.28 (d, J = 6.8 Hz, 3H), 1.24 (d,J = 11.5 Hz, 1H). *C
NMR (151 MHz, DMSO-d¢) 6 168.96, 142.86, 136.33, 129.47,
127.30, 62.21, 56.33, 56.05, 46.67, 38.65, 33.74, 32.22, 30.35,
27.56,21.01, 20.55, 20.36, 20.27. Measured values, m/z: 436.2244
(436.2192) [M + H]".

Compound 9i. N-Hydroxy-4-(2-((4-(trifluoromethyl) phenyl)
sulfonyl) decahydro-1H,4H-pyrido[3,2,1-§] [1,6] naphthyridin-1-
yl) butanamide, C22H30F3N304S, white power, yield 75%,
mp: 71-74 °C. "H NMR (600 MHz, DMSO-d) 6 10.34 (s, 1H), 8.68
(s, 1H), 8.03 (d, J = 8.2 Hz, 2H), 7.95 (d,J = 8.2 Hz, 2H), 3.49 (q, ]
= 6.4 Hz, 1H), 3.39-3.36 (m, 1H), 3.12 (dd, J = 12.7, 9.8 Hz, 1H),
2.43-2.38 (m, 1H), 2.30 (dd, J = 11.2, 3.5 Hz, 1H), 1.91 (dq, J =
17.1, 7.0 Hz, 2H), 1.85 (s, 2H), 1.69-1.63 (m, 2H), 1.61 (q, ] = 6.2,
4.5 Hz, 3H), 1.58 (t,J = 5.3 Hz, 1H), 1.50 (qd, /= 11.2, 9.9, 4.4 Hz,
2H), 1.44 (d, J = 13.4 Hz, 1H), 1.34-1.26 (m, 4H), 1.20 (ddt, ] =
10.8, 7.7, 3.9 Hz, 2H). *C NMR (151 MHz, DMSO-d)  168.81,
143.43, 128.21, 125.89, 124.44, 122.63, 61.50, 56.00, 55.74,
55.62, 44.63, 38.82, 32.84, 32.67, 32.09, 28.21, 27.44, 21.18,
20.26, 19.82. Measured values, m/z: 490.1980 (490.1909) [M +
H]".
Compound 9j. 4-(2-((4-(Tert-butyl) phenyl) sulfonyl) decahy-
dro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl)-N-hydroxy
butanamide, C25H39N304S, white power, yield 71%, mp: 64—
68 °C. "H NMR (600 MHz, DMSO-d,) 6 10.32 (s, 1H), 8.65 (s, 1H),
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7.73-7.71 (m, 2H), 7.59 (d, J = 8.4 Hz, 2H), 3.40 (dt, J = 8.0,
5.5 Hz, 1H), 3.37-3.34 (m, 1H), 3.08 (dd, J = 12.4, 10.4 Hz, 1H),
2.41 (d, J = 11.4 Hz, 1H), 1.91-1.88 (m, 2H), 1.87-1.83 (m, 2H),
1.70 (d,J = 12.0 Hz, 2H), 1.67-1.63 (m, 3H), 1.60-1.56 (m, 1H),
1.47-1.41 (m, 2H), 1.35 (t, J = 6.0 Hz, 1H), 1.30 (s, 11H), 1.28-
1.25 (m, 3H), 1.23 (d, J = 5.6 Hz, 1H), 1.22-1.19 (m, 1H). *C
NMR (151 MHz, DMSO-d¢) 6 168.89, 155.41, 136.57, 127.23,
125.53, 61.87, 56.00, 55.88, 45.49, 38.75, 34.79, 33.30, 32.18,
31.54, 30.78, 27.92, 27.55, 20.89, 20.30, 20.00. Measured values,
m/z: 478.2722 (478.2661) [M + H]".

Compound 9k. N-Hydroxy-4-(2-((4-nitrophenyl) sulfonyl) dec-
ahydro-1H,4H-pyrido[3,2,1-§j] [1,6] naphthyridin-1-yl) butana-
mide, C21H30N406S, white oily liquid, yield 42%, "H NMR (600
MHz, DMSO-dg) 6 10.32 (d, J = 1.5 Hz, 1H), 8.67 (d, ] = 1.6 Hz,
1H), 8.41-8.37 (m, 2H), 8.10-8.06 (m, 2H), 3.52 (q, / = 6.5 Hz,
1H), 3.40 (dd, J = 12.6, 7.0 Hz, 1H), 3.18 (dd, J = 12.7, 9.6 Hz,
1H), 2.45 (d,J = 10.7 Hz, 1H), 2.36 (d, / = 11.3 Hz, 1H), 1.95-1.84
(m, 4H), 1.69-1.61 (m, 5H), 1.60-1.54 (m, 1H), 1.46 (qq,J = 12.8,
7.1, 6.7 Hz, 3H), 1.37-1.27 (m, 5H), 1.23 (d, J = 5.9 Hz, 1H). °C
NMR (151 MHz, DMSO-dG) 0 168.77, 149.47, 145.30, 128.76,
124.11, 61.64, 56.34, 55.84, 55.73, 45.05, 40.06, 38.90, 33.08,
32.28, 32.09, 28.18, 27.48, 21.30, 20.31, 19.94. Measured values,
m/z: 467.1942 (467.1886) [M + H]".

Compound 9l N-Hydroxy-4-(2-((4-methoxyphenyl) sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-i] [1,6] naphthyridin-1-yl) buta-
namide, C22H33N305S, white oily liquid, yield 45%, 'H NMR
(600 MHz, DMSO-dg) 6 10.34 (s, 2H), 7.74-7.72 (m, 2H), 7.12-
7.09 (m, 2H), 3.83 (s, 1H), 3.37-3.31 (m, 2H), 3.07-3.02 (m, 1H),
2.56 (dd, J = 11.3, 3.0 Hz, 1H), 1.92 (dt, J = 6.4, 4.3 Hz, 2H), 1.89
(d, J = 5.0 Hz, 2H), 1.87-1.81 (m, 2H), 1.76 (d,J = 9.3 Hz, 1H),
1.69 (s, 6H), 1.56 (q, ] = 9.1, 6.2 Hz, 1H), 1.46 (dt, J = 11.5,
3.6 Hz, 2H), 1.38-1.34 (m, 1H), 1.28 (p, ] = 3.8, 3.3 Hz, 3H), 1.26~
1.21 (m, 2H). *C NMR (151 MHz, DMSO-d) 6 166.20, 162.28,
130.82, 129.51, 114.14, 62.20, 56.22, 56.06, 55.69, 46.49, 38.64,
33.66, 32.27, 30.54, 27.67, 27.60, 20.59, 20.40, 20.27."3C NMR
(151 MHz, dimethyl sulfoxide-ds). Measured values, m/z:
452.2236 (452.2141) [M + H]".

Compound 9m. 4-(2-((5-Fluoro-2-methoxyphenyl) sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-§j] [1,6] naphthyridin-1-yl)-N-
hydroxy butanamide, C22H32FN305S, white power, yield 85%,
mp: 57-59 °C. "H NMR (600 MHz, DMSO-d) 6 10.24 (s, 1H), 8.60
(d,J = 1.6 Hz, 1H), 7.62 (dd, J = 8.3, 3.2 Hz, 1H), 7.47-7.43 (m,
1H), 7.24 (dd, J = 9.2, 4.1 Hz, 1H), 3.88 (s, 3H), 3.60-3.55 (m,
1H), 3.53 (dd, J = 13.0, 5.6 Hz, 1H), 3.39 (dd, J = 13.1, 11.1 Hz,
1H), 2.67 (dd, J = 10.6, 5.0 Hz, 2H), 2.05 (t,/ = 3.1 Hz, 1H), 1.85-
1.80 (m, 3H), 1.74-1.70 (m, 1H), 1.66 (p, J = 7.1 Hz, 2H), 1.60-
1.55 (m, 3H), 1.54 (s, 1H), 1.44 (dt, ] = 13.4, 4.6 Hz, 1H), 1.39 (dd,
J=14.2,3.4 Hz, 1H), 1.35 (d, J = 3.9 Hz, 1H), 1.33 (t,/ = 4.3 Hz,
1H), 1.29 (dd, J = 13.5, 3.3 Hz, 2H), 1.24-1.20 (m, 1H), 1.13-1.07
(m, 1H). *C NMR (151 MHz, DMSO-d,) 6 168.64, 155.68, 152.95,
130.94, 120.45, 115.67, 115.02, 62.86, 57.85, 56.78, 56.36, 47.90,
35.31, 31.89, 29.02, 27.63, 27.56, 21.61, 20.47, 20.26.*C NMR
(151 MHz, dimethyl sulfoxide-ds). Measured values, m/z:
470.2149 (470.2047) [M + H]".

Compound 9n. 4-(2-((5-Chloro-2-methoxyphenyl) sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-j] [1,6] naphthyridin-1-yl)-N-
hydroxy butanamide, C22H32CIN305S, yield 85%, white power,
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mp: 75-78 °C. "H NMR (600 MHz, DMSO-dg) 6 9.42 (s, 1H), 7.78
(s, 1H), 7.00 (d, J = 2.7 Hz, 1H), 6.80 (dd, J = 8.9, 2.7 Hz, 1H),
6.41 (d,J = 8.9 Hz, 1H), 3.07 (s, 3H), 2.74 (dt, ] = 8.7, 6.3 Hz, 1H),
2.67 (dd, J = 13.0, 5.8 Hz, 1H), 2.53 (dd, J = 13.0, 10.9 Hz, 1H),
1.84 (dd,J = 10.2, 4.9 Hz, 2H), 1.67 (p,/ = 1.8 Hz, 2H), 1.20 (t,] =
3.1 Hz, 1H), 1.03 (d, J = 9.6 Hz, 1H), 0.97 (tt, J = 11.6, 2.8 Hz,
3H), 0.85 (td, J = 7.2, 4.8 Hz, 2H), 0.74 (qd, J = 13.0, 7.1 Hz, 4H),
0.59 (dtd, J = 20.6, 11.5, 10.3, 6.0 Hz, 2H), 0.52-0.44 (m, 3H),
0.39 (dt,J = 14.9, 7.5 Hz, 1H), 0.28 (dp, ] = 14.8, 7.5 Hz, 1H). **C
NMR (151 MHz, DMSO-d¢) 6 168.65, 155.38, 133.71, 131.24,
128.21, 123.67, 115.26, 62.72, 57.68, 56.65, 56.33, 56.28, 47.47,
35.05, 31.88, 29.54, 27.81, 27.54, 21.60, 20.41, 20.25. Measured
values, m/z: 486.1849 (486.1751) [M + H]".

Compound 9o. 4-(2-((5-Bromo-2-methoxyphenyl) sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-jj] [1,6] naphthyridin-1-yl)-N-
hydroxy butanamide, C22H32BrN305S, white power, yield 87%,
mp: 65-68 °C. "H NMR (600 MHz, DMSO-d,) 6 10.25 (s, 1H), 8.61
(s, 1H), 7.93 (d, J = 2.5 Hz, 1H), 7.75 (dd, J = 8.9, 2.6 Hz, 1H),
7.19(d,J = 8.9 Hz, 1H), 3.90 (s, 3H), 3.57 (dt, ] = 8.8, 6.4 Hz, 1H),
3.50 (dd, J = 13.0, 5.9 Hz, 1H), 3.36 (dd, J = 13.0, 10.9 Hz, 1H),
2.67 (d,J = 11.5 Hz, 2H), 2.03 (t, ]/ = 3.2 Hz, 1H), 1.85 (s, 1H),
1.83-1.77 (m, 3H), 1.69 (qt,/ = 7.2, 2.9 Hz, 3H), 1.56 (dt,/ = 16.4,
10.5 Hz, 4H), 1.42 (dtd, J = 19.7, 11.1, 9.9, 5.6 Hz, 2H), 1.35-1.28
(m, 3H), 1.24-1.20 (m, 1H), 1.11 (dt, J = 14.1, 7.4 Hz, 1H). *C
NMR (151 MHz, DMSO-d¢) 6 168.80, 155.94, 136.76, 131.71,
131.07, 115.84, 111.14, 62.86, 57.79, 56.74, 56.48, 56.42, 47.55,
40.19, 35.15, 32.02, 29.72, 27.96, 27.68, 21.74, 20.54, 20.39.
Measured values, m/z: 530.1341 (530.1246) [M + H]".

Compound 9p. 4-(2-((3-Chloro-2-fluorophenyl) sulfonyl) deca-
hydro-1H,4H-pyrido[3,2,1-§j] [1,6] naphthyridin-1-yl)-N-hydroxy
butanamide, C21H29CIFN304S, white power, yield 70%, mp:
76-78 °C. "H NMR (600 MHz, DMSO-dg) 6 10.30 (s, 1H), 8.66 (s,
1H), 7.87 (ddd, J = 8.2, 6.7, 1.6 Hz, 1H), 7.83 (ddd, J = 8.0, 6.2,
1.6 Hz, 1H), 7.38 (t,J = 8.0 Hz, 1H), 3.55 (q, J = 6.7 Hz, 1H), 3.41
(dd,J =13.1, 7.6 Hz, 1H), 3.33 (s, 1H), 3.29 (dd, J = 13.0, 9.5 Hz,
1H), 2.44-2.38 (m, 2H), 1.85 (q, /] = 7.0 Hz, 4H), 1.68-1.55 (m,
6H), 1.45 (d, J = 13.6 Hz, 1H), 1.42-1.38 (m, 1H), 1.35 (dq, J =
13.4,7.7,6.8 Hz, 2H), 1.31-1.27 (m, 1H), 1.23 (dq, ] = 7.5, 3.4 Hz,
3H). *C NMR (151 MHz, DMSO-d¢) & 168.82, 154.76, 153.06,
135.10, 130.00, 129.91, 129.21, 125.42, 125.39, 121.61, 121.48,
61.86, 56.37, 56.23, 56.15, 44.60, 39.14, 33.25, 33.20, 32.24,
28.44, 27.66, 21.76, 20.09, 19.84. "*C NMR (151 MHz, dimethyl
sulfoxide-ds). Measured values, m/z: 474.1655 (474.1551) [M +
H]".
Compound 9q. 4-(2-((3,4-dimethoxyphenyl) sulfonyl) decahy-
dro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl)-N-hydroxy
butanamide, C23H35N306S, white power, yield 73%, mp: 68-
70 °C. 'H NMR (600 MHz, DMSO-d,) 6 10.36-10.30 (m, 1H), 8.66
(d,J = 1.6 Hz, 1H), 7.39 (dd, J = 8.5, 2.2 Hz, 1H), 7.22 (d, ] =
2.2 Hz, 1H), 7.13 (d, J = 8.6 Hz, 1H), 3.83 (d, J = 16.4 Hz, 7H),
3.37(dd,J =12.3, 5.8 Hz, 3H), 3.11 (t,] = 11.5 Hz, 1H), 2.58-2.50
(m, 3H), 1.96-1.90 (m, 2H), 1.87 (dq, J = 14.7, 7.4 Hz, 3H), 1.78-
1.65 (m, 6H), 1.64-1.53 (m, 2H), 1.48 (dt, J = 11.4, 5.5 Hz, 2H),
1.41-1.35 (m, 2H), 1.28 (dt, ] = 16.7, 5.5 Hz, 5H). "*C NMR (151
MHz, DMSO-d,) 6 168.94, 152.05, 148.44, 130.87, 121.05, 111.14,
110.04, 62.29, 56.37, 56.12, 55.84, 46.66, 38.64, 33.62, 32.24,
30.44, 27.66, 27.52, 20.63, 20.37, 20.32. **C NMR (151 MHz,

16520 | RSC Adv, 2025, 15, 16510-16524

View Article Online

Paper

dimethyl sulfoxide-dg).
(482.2247) [M + H]".
Compound  10a.

Measured values, m/z: 482.2349
N-Hydroxy-4-((4-(2-((2-(trifluoromethyl)
phenyl) sulfonyl) decahydro-1H,4H-pyrido[3,2,1-ij]  [1,6]
naphthyridin-1-yl) ~ butanamide)  methyl)  benzamide,
C30H37F3N4058, white power, yield 56%, mp: 77-78 °C. 'H
NMR (600 MHz, DMSO-d,) 6 11.18 (s, 1H), 9.00 (s, 1H), 8.37 (d, ]
=7.9 Hz, 1H), 8.24 (t,] = 6.0 Hz, 1H), 7.97-7.94 (m, 1H), 7.85 (t, ]
= 7.6 Hz, 1H), 7.80 (t, ] = 7.6 Hz, 1H), 7.70-7.68 (m, 2H), 7.25 (d,
J = 8.0 Hz, 2H), 4.24-4.21 (m, 2H), 3.73 (q,/ = 7.3 Hz, 1H), 3.46
(dd, J = 13.0, 5.9 Hz, 1H), 3.39 (d,J = 11.6 Hz, 1H), 2.72 (t, ] =
13.0 Hz, 2H), 2.09 (t,] = 3.2 Hz, 1H), 1.93-1.83 (m, 6H), 1.72 (d, ]
= 12.5 Hz, 1H), 1.60 (dq, ] = 14.7, 5.0, 4.4 Hz, 2H), 1.52 (d, ] =
12.6 Hz, 2H), 1.46-1.39 (m, 2H), 1.36-1.29 (m, 4H), 1.18 (dd, ] =
13.0, 5.3 Hz, 1H). *C NMR (151 MHz, DMSO-d¢) 6 171.63,
164.06, 143.00, 140.72, 133.27, 132.88, 131.20, 130.17, 128.44,
126.98, 126.85, 123.78, 62.58, 58.44, 56.27, 56.20, 47.79, 41.68,
34.99, 34.83, 30.34, 27.93, 27.38, 22.26, 20.32. HR-MS (ESI),
measured values, m/z: 623.2538 (623.2437) [M + H]".

Compound 10b. N-Hydroxy-4-((4-(2-((2-nitrophenyl)sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl) buta-
namide) methyl) benzamide, C29H37N507S, yellow power, mp:
74-75 °C. yield 52%, 'H NMR (500 MHz, DMSO-d¢) 6 11.17 (s,
1H), 8.99 (s, 1H), 8.28 (t, ] = 6.0 Hz, 1H), 8.14-8.09 (m, 1H), 7.94-
7.88 (m, 1H), 7.81 (tt,J/ = 7.5, 5.6 Hz, 2H), 7.72-7.67 (m, 2H), 7.26
(d,J = 8.1 Hz, 2H), 4.24 (d, ] = 6.1 Hz, 2H), 3.68 (q,/ = 7.0 Hz,
1H), 3.36 (d, J = 8.4 Hz, 2H), 2.60 (dd, J = 20.0, 11.2 Hz, 2H),
2.03-1.94 (m, 3H), 1.85 (s, 1H), 1.74 (d,J = 10.2 Hz, 3H), 1.66 (d,
J = 11.4 Hz, 1H), 1.61-1.54 (m, 2H), 1.50 (d, J = 11.0 Hz, 1H),
1.44-1.27 (m, 8H). *C NMR (126 MHz, DMSO-d¢) 6 171.85,
164.21, 147.83, 143.18, 134.31, 133.04, 132.12, 131.37, 129.94,
127.15, 127.02, 124.04, 62.23, 57.80, 56.20, 56.10, 46.32, 41.86,
35.09, 34.15, 31.48, 28.42, 27.69, 22.29, 20.41, 20.27. Measured
values, m/z: 600.2520 (600.2414) [M + H]'.

Compound  10c.  N-hydroxy-4-((4-(2-((3-(trifluoromethyl)
phenyl)  sulfonyl) decahydro-1H,4H-pyrido3,2,1-ij]  [1,6]
naphthyridin-1-yl) ~ butanamide)  methyl)  benzamide,

C30H37F3N405S, white power, yield 55%, mp: 80-83 °C. 'H
NMR (600 MHz, DMSO-d¢) 6 11.18 (s, 1H), 9.00 (s, 1H), 8.37 (t, ]
= 6.0 Hz, 1H), 8.18-8.11 (m, 1H), 8.07-8.00 (m, 2H), 7.83 (t, ] =
7.9 Hz, 1H), 7.73-7.67 (m, 2H), 7.30 (d, J = 8.1 Hz, 2H), 4.28 (d, J
= 5.9 Hz, 2H), 3.54 (q, J = 6.4 Hz, 1H), 3.34 (d, J = 7.4 Hz, 1H),
3.11(dd,J = 12.8, 9.3 Hz, 1H), 2.32 (d,J = 10.8 Hz, 1H), 2.22 (d, J
=10.9 Hz, 1H), 2.13 (t,J = 7.2 Hz, 2H), 1.81 (q, ] = 5.6, 3.1 Hz,
2H), 1.69-1.59 (m, 4H), 1.58-1.50 (m, 4H), 1.42 (d, J = 13.2 Hz,
1H), 1.33-1.24 (m, 4H), 1.21-1.12 (m, 2H). "*C NMR (151 MHz,
DMSO-dg) 6 171.95, 164.07, 143.06, 140.93, 131.48, 130.33,
129.53, 129.21 (d, J = 32.3 Hz), 127.02, 126.87, 124.46, 123.62.
Measured values, m/z: 623.2530 (623.2437) [M + H]".
Compound 10d. 4-((4-(2-((3-Bromophenyl) sulfonyl) decahy-
dro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl) butanamide)
methyl)-N-hydroxy benzamide, C29H37BrN405S, white power,
yield 55%, mp: 76-79 °C. "H NMR (600 MHz, DMSO-d) 6 11.18
(s, 1H), 8.99 (s, 1H), 8.37 (t,/ = 6.0 Hz, 1H), 7.99 (s, 1H), 7.84 (t, ]
= 6.8 Hz, 2H), 7.70 (d, J = 7.8 Hz, 2H), 7.53 (t, ] = 7.9 Hz, 1H),
7.30 (d, J = 7.9 Hz, 2H), 4.29 (d, J = 5.7 Hz, 2H), 3.50 (q, ] =
6.3 Hz, 1H), 3.34-3.30 (m, 1H), 3.06 (dd, J = 12.6, 9.3 Hz, 1H),
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2.41 (d,J = 11.1 Hz, 1H), 2.14 (q, J = 7.4 Hz, 2H), 1.83 (d, ] =
14.9 Hz, 2H), 1.75-1.48 (m, 9H), 1.43 (d, J = 13.1 Hz, 1H), 1.37-
1.26 (m, 4H), 1.24-1.16 (m, 2H). >C NMR (151 MHz, DMSO-d)
6172.10, 164.19, 143.19, 141.75, 135.34, 131.33, 131.03, 129.89,
127.15, 127.00, 126.59, 121.88, 61.57, 55.94, 55.91, 55.78, 44.20,
41.89, 38.91, 35.31, 33.47, 32.71, 28.68, 27.61, 21.57, 20.45,
19.97. Measured values, m/z: 633.1772 (633.1668) [M + H]".
Compound 10e. N-Hydroxy-4-((4-(2-tosyldecahydro-1H,4H-
pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl) butanamide) methyl)
benzamide, C30H40N405S, white power, brown power, yield
60%, mp: 67-68 °C. '"H NMR (600 MHz, DMSO-dg) 6 11.18 (s,
1H), 8.99 (s, 1H), 8.34 (t, ] = 6.0 Hz, 1H), 7.70 (d, ] = 2.9 Hz, 2H),
7.68 (d, J = 2.9 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.29 (d, J =
8.1 Hz, 2H), 4.28 (dd, J = 6.0, 2.0 Hz, 2H), 3.40-3.35 (m, 2H), 3.09
(t,J = 11.6 Hz, 1H), 2.55 (d, J = 11.1 Hz, 1H), 2.38 (s, 3H), 2.12
(dt, J = 13.7, 6.8 Hz, 1H), 2.07 (q,J = 7.3 Hz, 1H), 1.92 (t, ] =
3.1 Hz, 1H), 1.83 (d, J = 9.0 Hz, 1H), 1.77 (d, J = 4.3 Hz, 1H),
1.73-1.66 (m, 4H), 1.63-1.55 (m, 2H), 1.51-1.45 (m, 2H), 1.37 (d,
J =10.2 Hz, 2H), 1.31-1.20 (m, 5H). ">C NMR (151 MHz, DMSO-
d¢) 0 172.04, 164.04, 163.67, 143.08, 142.81, 136.53, 131.18,
129.43, 127.24, 127.00, 126.85, 62.24, 56.47, 56.05, 46.74, 41.73,
38.65, 35.23, 33.76, 30.28, 27.60, 27.52, 20.98, 20.81, 20.30,
20.26. Measured values, m/z: 569.2820 (569.2719) [M + H]'.

Compound  10f  N-Hydroxy-4-((4-(2-((4-(trifluoromethyl)
phenyl) sulfonyl) decahydro-1H,4H-pyrido[3,2,1-i] [1,6]
naphthyridin-1-yl) ~ butanamide)  methyl)  benzamide.

C30H37F3N4058, white power, yield 52%, mp: 79-81 °C. 'H
NMR (600 MHz, DMSO-d¢) 6 11.17 (s, 1H), 8.98 (s, 1H), 8.34 (t, ]
= 6.0 Hz, 1H), 8.04 (d, J = 8.2 Hz, 2H), 7.96 (d, J = 8.2 Hz, 2H),
7.70-7.67 (m, 2H), 7.31-7.27 (m, 2H), 4.27 (t, J = 5.9 Hz, 2H),
3.50 (t,] = 6.7 Hz, 1H), 3.37 (dd, ] = 12.6, 6.9 Hz, 1H), 3.14 (dd, J
=12.7,9.8 Hz, 1H), 2.42 (d,J = 10.9 Hz, 1H), 2.32 (d,/ = 11.2 Hz,
1H), 2.10 (h,J = 7.2 Hz, 2H), 1.86 (t,/ = 3.1 Hz, 1H), 1.84 (s, 1H),
1.65 (dt, J = 8.6, 4.5 Hz, 2H), 1.62 (d, J = 4.6 Hz, 2H), 1.60 (d, ] =
4.3 Hz, 1H), 1.52 (td, J = 11.8, 6.3 Hz, 2H), 1.46-1.43 (m, 1H),
1.36-1.32 (m, 1H), 1.28 (s, 4H), 1.22 (d, J = 9.2 Hz, 2H). "*C NMR
(151 MHz, DMSO-d¢) 6 172.05, 143.69, 128.34, 127.13, 126.99,
126.08, 61.72, 56.29, 55.94, 55.83, 44.99, 41.86, 40.20, 38.99,
35.24, 33.10, 32.63, 28.35, 27.59, 21.51, 20.40, 20.02. Measured
values, m/z: 623.2539 (623.2437) [M + H]".

Compound 10g. 4-((4-(2-((4-(Tert-butyl) phenyl) sulfonyl) dec-
ahydro-1H,4H-pyrido[3,2,1-j] [1,6] naphthyridin-1-yl) butana-
mide) methyl)-N-hydroxy benzamide, C33H46N405S, white
power, yield 63%, mp: 87-88 °C. 'H NMR (600 MHz, DMSO-d,)
6 11.17 (s, 1H), 8.99 (s, 1H), 8.34 (t, ] = 6.0 Hz, 1H), 7.72 (d, ] =
8.4 Hz, 2H), 7.70-7.68 (m, 2H), 7.59 (d,J = 8.4 Hz, 2H), 7.29 (d, J
= 8.0 Hz, 2H), 4.28 (t, ] = 6.0 Hz, 2H), 3.42 (q, J = 6.4 Hz, 1H),
3.38-3.34 (m, 1H), 3.11 (t,J = 11.4 Hz, 1H), 2.42 (d,J = 11.1 Hz,
1H), 2.08 (dq, J = 14.4, 7.1 Hz, 2H), 1.90 (q, J = 4.2, 3.2 Hz, 1H),
1.84 (s, 1H), 1.75-1.62 (m, 6H), 1.59 (dd, J = 12.6, 6.8 Hz, 1H),
1.56-1.52 (m, 1H), 1.45 (d, J = 14.4 Hz, 2H), 1.40-1.33 (m, 2H),
1.30 (s, 9H), 1.28-1.24 (m, 3H), 1.24-1.22 (m, 1H). ">C NMR (151
MHz, DMSO-d¢) 6 172.00, 164.03, 155.43, 143.06, 136.70, 131.18,
127.22, 127.00, 126.84, 125.58, 61.97, 56.19, 55.91, 45.76, 41.73,
40.06, 38.76, 35.22, 34.81, 33.45, 31.29, 30.79, 27.89, 27.54,
21.08, 20.28, 20.06. Measured values, m/z: 611.3302 (611.3189)
M + H]".
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Compound 10h. 4-((4-(2-((5-Fluoro-2-methoxyphenyl) sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl) buta-
namide) methyl)-N-hydroxy benzamide, C30H39FN406S, white
power, mp: 66-68 °C. yield 65%, "H NMR (600 MHz, DMSO-d)
6 11.18 (s, 1H), 9.00 (s, 1H), 8.25 (t, / = 6.0 Hz, 1H), 7.69 (d, ] =
8.1 Hz, 2H), 7.61 (dd, J = 8.3, 3.2 Hz, 1H), 7.43 (td, ] = 8.4,
3.2 Hz, 1H), 7.26 (d, J = 8.0 Hz, 2H), 7.22 (dd, J = 9.2, 4.0 Hz,
1H), 4.26-4.20 (m, 2H), 3.87 (s, 3H), 3.60 (td, J = 8.5, 4.7 Hz, 1H),
3.55 (dd, J = 13.1, 5.5 Hz, 1H), 3.40 (dd, J = 13.2, 11.1 Hz, 1H),
2.67 (d,J = 11.1 Hz, 2H), 2.05 (t, J = 3.1 Hz, 1H), 1.91-1.79 (m,
6H), 1.70 (d, ] = 12.2 Hz, 1H), 1.58 (dtd, ] = 28.0, 9.4, 4.3 Hz, 4H),
1.44 (dt, ] = 13.6, 4.5 Hz, 1H), 1.39-1.31 (m, 2H), 1.29-1.21 (m,
3H), 1.13-1.07 (m, 1H). *C NMR (151 MHz, DMSO-d,) 6 172.00,
155.95, 154.37, 153.23, 143.34, 131.46, 131.42, 131.38, 127.27,
127.11, 120.83, 120.68, 115.87, 115.70, 115.28, 115.23, 63.24,
58.35, 57.08, 56.67, 48.37, 41.96, 35.78, 35.18, 29.10, 27.90,
27.84, 22.18, 20.78, 20.50. Measured values, m/z: 603.2670
(603.2574) [M + H]".

Compound 10i. 4-((4-(2-((5-Chloro-2-methoxyphenyl) sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl) buta-
namide) methyl)-N-hydroxybenzamide. C30H39CIN406S, white
power, yield 62%, mp: 77-78 °C. "H NMR (600 MHz, DMSO-d)
6 11.18 (s, 1H), 9.00 (s, 1H), 8.25 (t, ] = 6.0 Hz, 1H), 7.81 (d, ] =
2.7 Hz, 1H), 7.71-7.68 (m, 2H), 7.62 (dd, ] = 8.9, 2.7 Hz, 1H), 7.26
(d,] = 8.1 Hz, 2H), 7.23 (d, ] = 8.9 Hz, 1H), 4.24 (d, ] = 6.0 Hz,
2H), 3.89 (s, 3H), 3.60 (td, ] = 8.4, 5.0 Hz, 1H), 3.53 (dd, ] = 13.2,
5.7 Hz, 1H), 3.38 (dd, J = 13.1, 11.0 Hz, 1H), 2.68 (d,/ = 11.0 Hz,
2H), 2.05 (s, 1H), 1.92-1.81 (m, 5H), 1.69 (d, J = 11.9 Hz, 1H),
1.57 (ddt, J = 18.6, 13.5, 4.8 Hz, 4H), 1.47-1.31 (m, 4H), 1.30-
1.21 (m, 3H), 1.14-1.08 (m, 1H). >C NMR (151 MHz, DMSO-d)
6 171.54, 163.89, 155.23, 142.92, 133.53, 131.29, 131.04, 127.99,
126.83, 126.69, 123.53, 115.11, 62.70, 57.79, 56.53, 56.20, 47.60,
41.55, 35.13, 34.74, 29.09, 27.63, 27.40, 21.73, 20.30, 20.07.
Measured values, m/z: 619.2340 (619.2279) [M + H]".

Compound 10j. 4-((4-(2-((5-Bromo-2-methoxyphenyl) sulfonyl)
decahydro-1H,4H-pyrido[3,2,1-ij] [1,6] naphthyridin-1-yl) buta-
namide) methyl)-N-hydroxy benzamide, C30H39BrN406S,
white power, yield 60%, mp: 70-74 °C. "H NMR (600 MHz,
DMSO-dg) 6 11.18 (s, 1H), 8.99 (s, 1H), 8.25 (t, ] = 6.0 Hz, 1H),
7.91 (d, ] = 2.5 Hz, 1H), 7.74 (dd, J = 8.9, 2.6 Hz, 1H), 7.70-7.68
(m, 2H), 7.26 (d,J = 8.1 Hz, 2H), 7.18 (d, J = 8.9 Hz, 1H), 4.24 (d,
J = 6.0 Hz, 2H), 3.89 (s, 3H), 3.61 (d,J = 9.1 Hz, 1H), 3.53 (dd, ] =
13.3, 5.7 Hz, 1H), 3.38 (dd, J = 13.1, 11.0 Hz, 1H), 2.68 (d, ] =
10.2 Hz, 2H), 2.04 (s, 1H), 1.87 (ddd, J = 26.2, 13.3, 7.7 Hz, 6H),
1.69 (d, J = 12.1 Hz, 1H), 1.57 (ddd, J = 18.9, 12.5, 5.6 Hz, 4H),
1.45-1.34 (m, 3H), 1.30-1.21 (m, 3H), 1.14-1.08 (m, 1H). °C
NMR (151 MHz, DMSO-d¢) 6 171.81, 164.16, 155.93, 143.20,
136.73, 131.89, 131.30, 130.98, 127.10, 126.97, 115.83, 111.14,
62.98, 58.04, 56.76, 56.47, 47.83, 41.82, 35.38, 35.02, 27.90,
27.66, 22.00, 20.57, 20.34. Measured values, m/z: 663.1836
(662.1774) [M + H]".

In vitro antimicrobial activity

Preparation of lysogeny broth (LB). A clean 250 mL wide-
mouth conical flask was used. Tryptone (1 g), yeast extract (0.5
g), and sodium chloride (1 g) were added separately. Then,
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100 mL of deionized water was measured, poured into the flask,
and stirred well. The flask opening was covered with clean gauze
and paper, and secured with a rubber band to prevent
contamination. The conical flask was sterilized at 121 °C for 20
minutes.

Preparation of yeast malt (YM). A clean 250 mL wide-mouth
conical flask was used. Tryptone (0.5 g), glucose (1 g), yeast
extract (0.3 g), and malt extract (0.3 g) were added separately. Then,
100 mL of deionized water was measured, poured into the flask,
and stirred well. The flask opening was covered with clean gauze
and paper, and secured with a rubber band to prevent contami-
nation. The conical flask was sterilized at 115 °C for 20 minutes.

Preparation of 1053 medium. A clean 250 mL wide-mouth
conical flask was used. Tryptone (1 g), glucose (0.5 g), yeast
extract (0.3 g), soluble starch (0.1 g), beef extract (1 g), sodium
chloride (0.5 g), sodium acetate (0.3 g), and r-cysteine hydro-
chloride (0.05 g) were added separately. Then, 100 mL of
deionized water was measured, poured into the flask, and stir-
red well. The flask opening was covered with clean gauze and
paper, and secured with a rubber band to prevent contamina-
tion. The conical flask was sterilized at 115 °C for 20 minutes.

Preparation of test strains and compounds. Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli were
grown in 15 mL LB medium inoculated with 50 pL culture and
shaken at 37 °C for 12 hours until reaching an ODsg5 of 0.5-1;
Candida albicans was cultured similarly in YM medium but
incubated at 30 °C for 24 hours to achieve the same optical
density range; while Propionibacterium acnes required different
conditions with 50 pL inoculum in 35 mL 1053 medium under
static incubation at 37 °C for 48 hours to attain comparable cell
density (ODsg5 = 0.5-1).

The test compound solution was prepared by dissolving 32 mg
of compound in 10 uL DMSO followed by dilution with 990 pL of
appropriate medium. Antibacterial activity was evaluated
through minimum inhibitory concentration (MIC) determina-
tion using a two-fold serial dilution method in 96-well micro-
plates. Each well initially received 100 pL medium, followed by
sequential transfer of 100 pL drug solution from well 1 through
well 8 to create concentration gradients (16-0.125 mg mL ") in
triplicate. After adding 5 pL bacterial culture per well, plates were
incubated to logarithmic growth phase, with ODs¢s measure-
ments determining MIC values. Controls included: (1) culture
medium blanks, (2) species-specific positive controls (sodium
penicillin G for S. aureus, fluconazole for C. albicans, doxycycline
hydrochloride for P. acnes, ceftazidime for P. aeruginosa, and
kanamycin sulfate for E. coli), and (3) matrine negative controls.
All experiments were performed in triplicate to ensure reliability.

3D-QSAR studies

The compounds for modelling were derived from newly
synthesized target compounds (9a-9q, 10a-10j). The CoMFA
and CoMSIA models for 3D-QSAR were used to analyze the data
based on determining the minimum inhibitory concentration
values of the corresponding compounds and calculating the
PMIC values as an indicator of the biological activity of the
compounds. The formula for converting MIC values to pMIC
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values was as follows: pMIC = —Ig MIC. Molecular datasets
including molecular structure and bioactivity data were
collected for all target compounds using SYBYL-X 2.0 software;
3D conformations were generated; template molecules and
common backbones were selected from the target compounds
for manual molecular superposition to obtain the optimal
CoMFA and CoMSIA modeling; molecular field calculations
were performed for COMFA and CoMSIA; and PLS (partial least
squares) analysis was performed to correlate molecular fields
with bioactivity data to generate models. Perform non-cross
validation to assess model performance and stability. Visu-
alize analysis results; predict biological activity.

Biofilm experiments

Biofilm inhibition assays were performed by adding 500 pL
working suspensions to 24-well plates, followed by treatment
with test compounds or 0.1% DMSO (negative control) at 30 °C
for 48 h. After incubation, non-adherent cells were removed by
gently washing each well twice with PBS. The biofilms were then
fixed with 100 pL of 10% methanol for 15 min, air-dried at room
temperature, and stained with 500 uL 0.1% crystal violet for
30 min. Excess stain was removed by three PBS washes before
solubilizing the biofilm-bound dye with 500 pL absolute
ethanol. Absorbance was measured at 595 nm, with culture
medium serving as the blank control. Biofilm formation rates
were calculated as:

(A595dr11g - AS‘)Sblank)/(AS‘)SDMSO - A595blank) x 100%

For mature biofilm disruption assays, 500 pL fungal
suspensions were incubated in 24-well plates at 30 °C for 48 h to
establish biofilms. After removing planktonic cells with PBS
washes, compounds or 0.1% DMSO were added and incubated
for an additional 48 h. The subsequent staining and quantifi-
cation steps mirrored the biofilm inhibition protocol. All
experiments were performed in triplicate.

Molecular docking

The molecular structures of target compounds 9j and 10g were
prepared for docking studies with SAP5 (PDB: 2QZX), a key
virulence factor in Candida albicans biofilm formation. Using
Discovery Studio, the protein structure was pre-processed by
removing water molecules and ions, repairing structural defects
(including hydrogen bonding networks), and adding hydrogen
atoms to ensure structural integrity. Small molecule structures
were energy-minimized using the CHARMM force field to opti-
mize their geometries.

Active site prediction identified potential binding pockets
before performing protein-ligand docking with the Dock
Ligands algorithm. The resulting complexes were evaluated
based on Absolute Energy, Relative Energy, and LibDock Score
metrics. The conformation exhibiting the highest docking score
was selected for further analysis as it represents the most
energetically favorable and biologically relevant binding mode,
providing critical insights into the molecular interactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this study, we developed 27 novel matrine-hydroxamic acid
derivatives exhibiting significant anti-Candida albicans activity,
with lead compound 10g demonstrating remarkable potency
(MIC = 0.0621 mg mL "), approximately 138-fold more effective
than fluconazole (MIC = 8.590 mg mL™"). Our 3D-QSAR models
identified three critical structural features contributing to this
enhanced activity: the electron-donating p-tert-butyl group, the
hydroxamic acid pharmacophore, and its conjugated benzene
ring system. The derivatives' antifungal mechanism appears
multifaceted, as evidenced by their dual capacity to inhibit
planktonic growth (MIC assays) and disrupt biofilm formation
while degrading mature biofilms at sub-inhibitory concentra-
tions. Molecular docking studies further suggested potential
interactions with the key virulence factor SAP5 (PDB: 2ZQX),
indicating these compounds may simultaneously target fungal
viability and biofilm-mediated pathogenicity.

The structural versatility of these matrine derivatives extends
their potential applications beyond antifungal therapy. Their
broad-spectrum antimicrobial profile against mixed infections,
combined with potent biofilm disruption capabilities, positions
them as promising candidates for medical device coatings or
chronic wound management. Furthermore, the conserved
matrine scaffold may retain or enhance known bioactivities
against cancer, fibrosis, and inflammation, as reported for the
parent compound. Future structure-activity optimization of the
R-group substitutions could yield additional therapeutic vari-
ants while maintaining the core pharmacophoric elements.

Through integrated experimental and computational
approaches, this work establishes a robust foundation for
developing matrine-based antimicrobials. The combination of
in vitro bioassays, quantitative structure-activity modeling, and
molecular docking studies not only validates the observed bio-
logical activities but also provides mechanistic insights into the
compounds’ mode of action. These findings offer valuable
design principles for addressing drug-resistant infections while
demonstrating a generalizable strategy for modifying natural
product scaffolds to combat evolving clinical challenges.
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