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Abstract 

The anti-inflammatory scaffold 5-aminosalicylic acid, which is widely used in therapeutic 
applications, was chosen for the synthesis of N-[3-(hydrazinecarbonyl)-4-hydroxy-
phenyl]acetamide (1) to enhance its antibacterial properties. The condensation of hydra-
zide 1 with aromatic aldehydes provided hydrazone derivatives 2a–f, whereas cyclocon-
densation reactions and other related transformations afforded five-membered heterocy-
cles, including pyrrole 3, pyrazole 4, pyrrolidinone 7, oxadiazoles 9, 10, thiadiazole 14, 
and triazole 15. Additional modifications yielded acetylhydrazine derivative 11, which 
was O-alkylated to analogue 12. Antibacterial evaluation showed stronger activity against 
Gram-positive bacteria such as S. aureus and MRSA than against Gram-negative strains of 
E. coli and S. Enteritidis, consistent with differences in cell membrane permeability. Nota-
bly, derivatives containing pyrrolidinone 7, thiosemicarbazide 13, and 1,3,4-thiadiazole 14 
exhibited potent bactericidal activity against S. aureus and MRSA, while hydrazones 2b, 
2c, 2f, pyrrole 3, and pyrrolidinone 7 exhibited activity against E. coli. These results pro-
vide a practical strategy for the discovery of heterocyclic compounds and emphasise the 
potential of functionalised 5-aminosalicylic acid derivatives as prime candidates for the 
development of broad-spectrum antibacterial agents. 
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1. Introduction 
Antibiotics remain indispensable for the treatment and prevention of bacterial infec-

tions, but their widespread use has accelerated the emergence of resistance, creating an 
urgent need for innovative therapeutic strategies [1]. To restore efficacy, current regimens 
must be optimised and new biological pathways explored, along with the development 
of novel molecular structures [2,3]. Infections caused by methicillin-susceptible Staphylo-
coccus aureus (MSSA) and methicillin-resistant Staphylococcus aureus (MRSA) are wide-
spread [4]. MRSA infections are challenging to manage because new classes of antibiotics 
have not yet been developed to combat resistant strains [5]. Salmonella enterica and certain 
strains of Escherichia coli (E. coli) are significant foodborne pathogens, and the increasing 
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reliance on antibiotics to control infections and associated outbreaks raises concerns about 
the development of antibiotic resistance [6]. Therefore, identifying diverse bacterial tar-
gets is essential to increase the efficacy of current antibiotics and discover new drugs, as 
many essential processes remain unexplored as potential therapeutic options [7]. 

The prospect of target selection is important for new strategies for the synthesis of 
small molecule compounds; for example, studies reported in the literature [8] have shown 
that targeting virulence factors such as sortase A (SrtA) and caseinolytic peptidase P 
(ClpP) represents a promising pharmacological approach for the treatment of MRSA in-
fections. In addition to virulence factors, reduced antibiotic efficacy is also mediated by 
the NorA efflux pump, which expels drugs and biocides. Inhibition of the NorA efflux 
pump mechanism has the potential to restore antimicrobial activity in resistant strains [9]. 
A study by F. Guo et al. demonstrated that inhibition of 6-phosphoglucosamine synthe-
tase (GlmS) resulted in strong antibacterial activity against MRSA by disrupting bacterial 
cell wall biosynthesis, thereby identifying this enzyme as a promising target for small-
molecule development [10]. Furthermore, regulation of biofilm formation by SarA inhib-
itors represents an important strategy for managing chronic infections caused by virulent 
Staphylococcus aureus (S. aureus) strains [11]. 

Studies by F. Liu et al. have shown that the anti-inflammatory drug 5-aminosalicylic 
acid can modulate bacterial growth in a strain-dependent manner [12], while J. Kaufman 
et al. have revealed that this effect may be mediated by changes in bacterial gene expres-
sion [13]. In addition, newly synthesised compounds containing the 5-aminosalicylic acid 
moiety have demonstrated antibacterial, anticancer, and anti-inflammatory effects [14]. 
Studies by F. S. Fu et al. on sulfasalazine have produced strong antibacterial activity (97%) 
and promoted bone regeneration in MRSA-induced osteomyelitis [15]. 

In order to expand the synthetic possibilities for the formation of new derivatives, 
compounds are often functionalised with a hydrazide group, which facilitates their broad 
application in the preparation of nitrogen-containing derivatives [16–20]. To develop new 
derivatives with antimicrobial activity, molecules are frequently designed to contain a hy-
drazone moiety [21–24]. In addition, heterocyclic structures serve as important scaffolds 
in the design and synthesis of new biologically active compounds, with particular empha-
sis on classes such as pyrroles [25–28], pyrazoles [29–33], 1,3,4-oxadiazoles [34–36], 1,2,4-
triazoles [37–39], and 1,3,4-thiadiazoles [40,41] due to their well-known antibacterial ac-
tivity. 

Treatment of infectious and inflammatory diseases often requires both antibiotics 
and anti-inflammatory drugs; however, such combinations can cause adverse effects. This 
underscores the need for dual-action drugs, and anti-inflammatory agents that also ex-
hibit antimicrobial activity are promising candidates [42–44]. In this study, the 5-ami-
nosalicylic acid scaffold was chosen as a well-known anti-inflammatory agent, and its 
modification was intended to enhance antibacterial activity. A novel library of acetyl-5-
aminosalicylic acid derivatives was synthesised, and their antibacterial potential was eval-
uated using structure–activity relationship (SAR) insights to optimise properties and im-
prove efficacy against resistant bacterial strains. 

2. Materials and Methods 
The reagents and solvents were used from Sigma-Aldrich (St. Louis, MO, USA), TCI 

(Europe, Zwijndrecht, Belgium), and Fisher Scientific (Europe, V. A. Graiciuno g., Vil-
nius). All 1H and 13C NMR data were obtained at 25 °C in DMSO-d6 solution using Bruker 
Avance III spectrometers operating at 400 MHz and 101 MHz, respectively (Bruker Bio-
Spin AG, Fällanden, Switzerland). Chemical shifts (δ) are expressed in ppm, with DMSO-
d6 used as an internal standard (2.50 ppm for 1H and 39.43 ppm for 13C). See Supplemen-
tary Materials, Figures S1–S40 or on the Zenodo website. To follow the transformation 
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and study the purity of the synthesised materials, thin-layer chromatography was per-
formed using silica gel F254 plates (Merck KGaA, Darmstadt, Germany). LC-MS meas-
urements were performed using an Agilent G1956B LC/MSD SL single quadrupole mass 
spectrometer (Agilent Technologies, Santa Clara, CA, USA) with an electrospray ioniza-
tion (ESI) source. The instrument was operated in positive and negative ion modes with a 
mass range of m/z 50–3000 and unit resolution (≤0.7 Da FWHM). See Supplementary Ma-
terials, Figures S41–S48 for representative spectra. The melting points were obtained using 
a Büchi B-540 instrument and are not corrected. Elemental analysis (C, H, N, S) was per-
formed on an EA3100 series CHNSO analyser (EuroVector S.p.A., Pavia, Italy) using 
Weaver software CFR 21 art.11, and the results were consistent with the theoretical values 
with an accuracy of ±0.3%. 

General procedure for the synthesis of N-[3-(hydrazinecarbonyl)-4-hydroxy-
phenyl]acetamide (1) 

N-[3-(Hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) was obtained following 
the previously reported procedure [45,46], which involved a three-step synthesis. 

Step 1. A mixture of 5-aminosalicylic acid (0.20 mol, 30.63 g), 250 mL of methanol, 
and sulfuric acid (0.22 mol, 21.56 g) was refluxed for 20 h. After the reaction, the volatiles 
were removed under reduced pressure. The residue was neutralised with 10% aqueous 
sodium carbonate solution to pH ~8. The precipitated solid was filtered, washed with wa-
ter, and purified by recrystallisation from propan-2-ol. The yield of methyl 5-amino-2-
hydroxybenzoate was 65% (21.73 g), grey solid, m. p. 98–100 °C (m. p. found in ref. [47], 
97–99 °C). 

Step 2. Methyl 5-amino-2-hydroxybenzoate (0.13 mol, 24.53 g) was dissolved in 250 
mL of glacial acetic acid. Acetic anhydride (0.20 mol, 20.40 g, 18.89 mL) was added by 
portion wise to the solution at room temperature over 10 min, and the reaction mixture 
was stirred for 30 min. The reaction mixture was diluted with 500 mL of water containing 
crushed ice. The precipitate was filtered, washed with water, and purified by recrystalli-
sation from water. The yield of methyl 5-acetamido-2-hydroxybenzoate was 78% (21.21 
g), grey solid, m. p. 146–147 °C (m. p. found in ref. [48], 147 °C). 

Step 3. A mixture of methyl 5-acetamido-2-hydroxybenzoate (0.10 mol, 20.90 g), hy-
drazine monohydrate (0.30 mol, 15.00 g, 14.53 mL), and 200 mL of propan-2-ol was re-
fluxed for 6 h, and the reaction progress was monitored by TLC (CH3OH:CCl3, 1:8). The 
reaction mixture was cooled, the solid was filtered, washed with propan-2-ol, and the re-
sulting product 1 was purified by recrystallisation from propan-2-ol containing a small 
amount of water. The yield of hydrazide 1 was 70% (14.64 g), white solid, m. p. 218–220 
°C. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 1.98 (s, 3H, CH3), 6.01 (br. s, 4H, NHNH2, OH), 
6.77 (d, J = 8.8 Hz, 1H, Har), 7.43 (dd, J = 8.8, 2.7 Hz, 1H, Har), 7.89 (d, J = 2.7 Hz, 1H, Har), 
9.70 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.68, 116.57, 117.51, 120.50, 
125.00, 129.02, 156.69, 166.54, 167.66. Anal. calcd for C9H11N3O3 (209.205 g/mol) %: C, 51.67; 
H, 5.30; N, 20.09. Found %: C, 51.61; H, 5.24; N, 19.97. Compound 1 ESI-MS m/z = 210.198 
[M + H]+ (100%), 211.200 [M + 2]+ (8.43%). 

A general procedure for the synthesis of compounds 2a–f 
A mixture of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (0.209 g, 1 

mmol), the corresponding aromatic aldehyde (1.1 mmol), and 20 mL of propan-2-ol was 
refluxed for 1–4 h. The progress of the reaction was monitored by TLC (CH3OH:CCl3, 1:8). 
The reaction mixture was cooled to room temperature and diluted with 10 mL of water. 
The precipitate was filtered and washed with propan-2-ol. Compounds 2a–f were purified 
by recrystallisation method from the appropriate solvent. 
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N-{3-[(2E)-2-Benzylidenehydrazine-1-carbonyl]-4-hydroxyphenyl}acetamide (2a) 
White solid, yield 84% (0.25 g), m. p. 274–276 °C (methanol). 1H NMR (400 MHz, 

DMSO-d6) δ (ppm) 2.02 (s, 3H, CH3), 6.94 (d, J = 8.8 Hz, 1H, Har), 7.30–7.53 (m, 3H, Har), 
7.55–7.64 (m, 1H, Har), 7.69–7.80 (m, 2H, Har), 7.99 (s, 1H, Har), 8.43 (s, 1H, CH=N), 9.88 (s, 
1H, NH), 11.22 (s, 1H, OH), 11.73 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 
23.71, 116.98, 117.29, 120.61, 125.37, 127.21, 128.85, 130.19, 131.17, 134.24, 148.22, 153.21, 
163.33, 167.92. Anal. calcd for C16H15N3O3 (297.314 g/mol) %: C, 64.64; H, 5.09; N, 14.13. 
Found %: C, 64.59; H, 4.95; N, 14.04. 

N-(4-Hydroxy-3-{(2E)-2-[(2-methoxyphenyl)methylidene]hydrazine-1-car-
bonyl}phenyl)acetamide (2b) 

White solid, yield 91% (0.30 g), m. p. 148–150 °C (propan-2-ol). 1H NMR (400 MHz, 
DMSO-d6) δ (ppm) 2.02 (s, 3H, CH3), 3.87 (s, 3H, OCH3), 6.92 (d, J = 8.8 Hz, 1H, Har), 7.03 
(t, J = 7.6 Hz, 1H, Har), 7.11 (d, J = 8.4 Hz, 1H, Har), 7.43 (t, J = 7.9 Hz, 1H, Har), 7.56 (d, J = 
8.1 Hz, 1H, Har), 7.87 (d, J = 7.7 Hz, 1H, Har), 7.98 (d, J = 2.5 Hz, 1H, Har), 8.75 (s, 1H, CH=N), 
9.86 (s, 1H, NH), 11.31 (s, 1H, OH), 11.80 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ 
(ppm) 23.67, 55.72, 111.89, 116.81, 117.05, 120.41, 120.78, 122.17, 125.68, 130.90, 131.77, 
143.80, 153.95, 157.86, 163.87, 167.93. Anal. calcd for C17H17N3O4 (327.340 g/mol) %: C, 
62.38; H, 5.23; N, 12.84. Found %: C, 62.29; H, 5.16; N, 12.72. 

N-(4-Hydroxy-3-{(2E)-2-[(3-methoxyphenyl)methylidene]hydrazine-1-car-
bonyl}phenyl)acetamide (2c) 

White solid, yield 83% (0.27 g), m. p. 234–236 °C (propan-2-ol). 1H NMR (400 MHz, 
DMSO-d6) δ (ppm) 2.02 (s, 3H, CH3), 3.81 (s, 3H, OCH3), 6.94 (d, J = 8.8 Hz, 1H, Har), 7.02 
(d, J = 8.1 Hz, 1H, Har), 7.20–7.33 (m, 2H, Har), 7.38 (t, J = 8.0 Hz, 1H, Har), 7.61 (d, J = 8.7 Hz, 
1H, Har), 7.98 (d, J = 2.5 Hz, 1H, Har), 8.40 (s, 1H, CH=N), 9.88 (s, 1H, NH), 11.20 (s, 1H, 
OH), 11.72 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.70, 55.19, 111.31, 116.36, 
116.97, 117.34, 120.13, 120.62, 125.35, 129.96, 131.19, 135.66, 148.10, 153.13, 159.54, 163.28, 
167.91. Anal. calcd for C17H17N3O4 (327.340 g/mol) %: C, 62.38; H, 5.23; N, 12.84. Found %: 
C, 62.27; H, 5.11; N, 12.77. 

N-(4-Hydroxy-3-{(2E)-2-[(4-methoxyphenyl)methylidene]hydrazine-1-car-
bonyl}phenyl)acetamide (2d) 

White solid, yield 86% (0.28 g), m. p. 242–244 °C (methanol). 1H NMR (400 MHz, 
DMSO-d6) δ (ppm) 2.02 (s, 3H, CH3), 3.81 (s, 3H, OCH3), 6.93 (d, J = 8.8 Hz, 1H, Har), 7.03 
(d, J = 8.1 Hz, 1H, Har), 7.20–7.33 (m, 2H, Har), 7.38 (t, J = 8.0 Hz, 1H, Har), 7.61 (d, J = 8.7 Hz, 
2H, Har), 7.59 (d, J = 7.9 Hz, 1H, Har), 7.68 (d, 8.40, J = 8.3 Hz, 2H, Har), 7.98 (s, 1H, Har), 8.36 
(s, 1H, CH=N), 9.88 (s, 1H, NH), 11.28 (s, 1H, OH), 11.63 (s, 1H, NH). 13C NMR (DMSO-d6, 
101 MHz): δ (ppm) 23.72, 55.34, 114.37, 116.99, 117.23, 120.56, 125.35, 126.77, 128.87, 131.12, 
148.18, 153.34, 160.95, 163.22, 167.94. Anal. calcd for C17H17N3O4 (327.340 g/mol) %: C, 
62.38; H, 5.23; N, 12.84. Found %: C, 62.30; H, 5.18; N, 12.76. 

N-(4-Hydroxy-3-{(2E)-2-[(2,4-dimethoxyphenyl)methylidene]hydrazine-1-car-
bonyl}phenyl)acetamide (2e) 

White solid, yield 81% (0.29 g), m. p. 235–237 °C (propan-2-ol). 1H NMR (400 MHz, 
DMSO-d6) δ (ppm) 2.02 (s, 3H, CH3), 3.82 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 6.64 (s, 1H, 
Har), 6.91 (d, J = 8.8 Hz, 1H, Har), 7.55 (d, J = 8.8 Hz, 1H, Har), 7.81 (d, J = 9.1 Hz, 1H, Har), 
7.98 (s, 1H, CH=N), 9.85 (s, 1H, NH), 11.39 (s, 1H, OH), 11.69 (s, 1H, NH). 13C NMR 
(DMSO-d6, 101 MHz): δ (ppm) 23.65, 55.47, 55.80, 98.30, 106.45, 114.95, 116.64, 117.04, 
120.34, 125.70, 126.87, 130.83, 143.98, 154.12, 159.29, 162.62, 163.76, 167.92. Anal. calcd for 
C18H19N3O5 (357.366 g/mol) %: C, 60.50; H, 5.36; N, 11.76. Found %: C, 60.39; H, 5.28; N, 
11.69. 
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N-(4-Hydroxy-3-{(2E)-2-[(3,4-dimethoxyphenyl)methylidene]hydrazine-1-car-
bonyl}phenyl)acetamide (2f) 

White solid, yield 80% (0.29 g), m. p. 237–239 °C (methanol). 1H NMR (400 MHz, 
DMSO-d6) δ (ppm) 2.02 (s, 3H, CH3), 3.82 (d, J = 4.6 Hz, 6H, 2OCH3), 6.93 (d, J = 8.7 Hz, 1H, 
Har), 7.03 (d, J = 8.2 Hz, 1H, Har), 7.22 (d, J = 8.2 Hz, 1H, Har), 7.35 (s, 1H, Har), 7.60 (d, J = 
9.5 Hz, 1H, Har), 7.98 (s, 1H, Har), 8.35 (s, 1H, CH=N), 9.88 (s, 1H, NH), 11.25 (s, 1H, OH), 
11.64 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.69, 55.45, 55.58, 108.33, 
111.48, 116.97, 117.29, 120.57, 122.05, 125.32, 126.89, 131.13, 148.48, 149.06, 150.84, 153.25, 
163.16, 167.92. Anal. calcd for C18H19N3O5 (357.366 g/mol) %: C, 60.50; H, 5.36; N, 11.76. 
Found %: C, 60.41; H, 5.30; N, 11.67. 

Synthesis of 5-acetamido-N-(2,5-dimethyl-1H-pyrrol-1-yl)-2-hydroxybenzamide (3) 
A mixture of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (2 mmol, 

0.42 g), hexane-2,5-dione (2.5 mmol, 0.28 g), and five drops of glacial acetic acid in 30 mL 
of methanol was refluxed for 8 h. The reaction mixture was cooled down and diluted with 
50 mL of water, and the precipitate was filtered and washed with water. The product 3 
was purified by recrystallisation from a mixture of propan-2-ol and water (3:1). The yield 
of compound 3 was 66% (0.38 g), white solid, m. p. 229–231 °C (propan-2-ol). 1H NMR 
(400 MHz, DMSO-d6) δ (ppm) 2.01 (s, 3H, CH3), 2.03 (s, 6H, 2CH3), 5.69 (s, 2H, CHpyrr), 6.93 
(d, J = 8.8 Hz, 1H, Har), 7.62 (d, J = 8.8 Hz, 1H, Har), 7.94 (d, J = 2.6 Hz, 1H, Har), 9.87 (s, 1H, 
OH), 10.95 (s, 2H, 2NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 11.55, 24.16, 103.49, 
117.36, 120.94, 125.80, 127.40, 131.65, 153.44, 166.79, 168.36. Anal. calcd for: C15H17N3O3 
(287.319 g/mol) %: C, 62.71; H, 5.96; N, 14.63. Found %: C, 62.65; H, 5.92; N, 14.54. Com-
pound 3 ESI-MS m/z = 286.065 [M − 1]+ (100%), 287.049 [M]+ (17.92%), 288.055 (2.12%) [M 
+ H]+. 

Synthesis of N-[3-(3,5-dimethyl-1H-pyrazole-1-carbonyl)-4-hydroxyphenyl]acetam-
ide (4) 

A mixture of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (2 mmol, 
0.42 g), pentane-2,4-dione (2.5 mmol, 0.25 g), and five drops of glacial acetic acid in 20 mL 
of methanol was refluxed for 24 h. The reaction mixture was cooled and diluted with 75 
mL of distilled water. The precipitated solid was filtered, washed with water, and purified 
by column chromatography using acetone:hexane (1:1) as the eluent, Rf = 0.43. The yield 
of compound 4 was 28% (0.15 g), white solid, m. p. 200–202 °C. 1H NMR (400 MHz, DMSO-
d6) δ (ppm) 2.00 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.54 (s, 3H, CH3), 6.22 (s, 1H, Hpyr), 6.82 (d, 
J = 8.8 Hz, 1H, Har), 7.46 (d, J = 8.8 Hz, 1H, Har), 7.53 (s, 1H, Har), 9.67 (s, 1H, NH), 9.81 (s, 
1H, OH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 13.49, 13.89, 23.77, 111.38, 116.12, 119.75, 
122.85, 122.94, 130.58, 143.45, 150.62, 151.57, 167.82, 168.12. Anal. calcd for: C14H15N3O3 
(273.292 g/mol) %: C, 61.53; H, 5.53; N, 15.38. Found %: C, 61.47; H, 5.44; N, 15.29. Com-
pound 4 ESI-MS m/z = 274.160 [M + H]+ (100%), 275.091 [M + 2]+ (11.88%). 

4-Acetamido-2-(3,5-dimethyl-1H-pyrazole-1-carbonyl)phenyl 5-acetamido-2-hy-
droxybenzoate (5) 

The yield of compound 5 was 24% (0.21 g), white solid, acetone:hexane (1:1) Rf = 0.30, 
m. p. 196–198 °C. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 1.91 (s, 3H, CH3), 2.00 (s, 3H, 
CH3), 2.08 (s, 3H,CH3), 2.46 (s, 3H, CH3), 5.98 (s, 1H, Hpyr), 6.92 (d, J = 9.0 Hz, 1H, Har), 7.41 
(d, J = 8.8 Hz, 1H, Har), 7.66 (dd, J = 8.9, 2.5 Hz, 1H, Har), 7.82 (dd, J = 8.9, 2.3 Hz, 1H, Har), 
7.86 (d, J = 2.4 Hz, 1H, Har), 7.93 (d, J = 2.1 Hz, 1H, Har), 9.86 (s, 1H, OH), 9.94 (s, 1H, NH), 
10.25 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 13.02, 13.41, 23.74, 23.99, 111.39, 
111.68, 117.44, 120.02, 122.26, 123.65, 127.70, 127.94, 131.26, 137.01, 142.36, 143.75, 152.58, 
156.09, 165.66, 165.90, 167.91, 168.65. Anal. calcd for: C23H22N4O6 (450.451 g/mol) %: C, 
61.33; H, 4.92; N, 12.44. Found %: C, 61.22; H, 4.89; N, 12.40. Compound 5 ESI-MS m/z = 
451.169 [M + H]+ (100%), 452.161 [M + 2]+ (28.41%). 

Methyl 5-acetamido-2-hydroxybenzoate (6) 
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The yield of compound 6 was 11% as white solid, acetone:hexane (1:1) Rf = 0.73, m. p. 
146–147 °C, (ref. [46], 147 °C). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 2.01 (s, 3H, CH3), 
3.89 (s, 3H, CH3), 6.93 (d, J = 9.0 Hz, 1H, Har), 7.63 (d, J = 7.9 Hz, 1H, Har), 8.10 (s, 1H, Har), 
9.91 (s, 1H, OH), 10.25 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.78, 52.50, 
112.33, 117.50, 119.85, 127.22, 131.33, 155.84, 168.01, 169.10. Anal. calcd for: C10H11NO4 
(209.201 g/mol) %: C, 57.41; H, 5.30; N, 6.70. Found %: C, 57.37; H, 5.29; N, 6.64. 

Synthesis of 1-(5-acetamido-2-hydroxybenzamido)-5-oxopyrrolidine-3-carboxylic 
acid (7) 

A mixture of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (1 mmol, 
0.21 g), itaconic acid (1.1 mmol, 1.28 g), and 10 mL of water was refluxed for 5 h. The 
reaction mixture was cooled down, and the precipitate was filtered and washed with cold 
water. The product 7 was purified by recrystallisation from methanol. White solid, yield 
75% (0.24 g), m. p. 282–284 °C (methanol). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 2.01 (s, 
3H, CH3), 2.53–2.66 (m, 3H, COCH2), 3.29–3.40 (m, 2H, CH), 3.66–3.81 (m, 3H, NCH2), 6.92 
(d, J = 8.8 Hz, 1H, Har), 7.60 (d, J = 8.8 Hz, 1H, Har), 7.98 (s, 1H, Har), 9.87 (s, 1H, NH), 10.35 
(s, 1H, NH), 11.17 (s, 1H, OH), 12.74 (s, 1H, OH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 
23.72, 31.25, 34.15, 49.67, 115.76, 117.05, 120.59, 125.82, 131.22, 153.29, 165.31, 167.92, 170.87, 
173.97. Anal. calcd for: C14H15N3O6 (321.289 g/mol) %: C, 52.34; H, 4.71; N, 13.08. Found %: 
C, 52.30; H, 4.67; N, 13.00. 

Synthesis of ethyl (E)-N-(5-acetamido-2-hydroxybenzoyl)formohydrazonate (8) 
A suspension of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (2 mmol, 

0.42 g) in 6 mL of triethyl orthoformate was refluxed for 8 h, and the progress was moni-
tored by TLC (CH3OH:CCl3, 1:8). The reaction mixture was cooled down, and the precip-
itate was filtered and washed with propan-2-ol. The product 8 was purified by recrystal-
lisation from propan-2-ol. White solid, yield 63% (0.33 g), m. p. 198–200 °C (propan-2-ol). 
1H NMR (400 MHz, DMSO-d6) δ (ppm) 1.29 (t, J = 6.9 Hz, 3H, CH2CH3), 2.00 (s, 3H, CH3), 
4.21 (q, J = 7.0 Hz, 2H, CH2CH3), 6.90 (d, J = 8.7 Hz, 1H, Har), 7.03 (s, 1H, Har), 7.67 (d, J = 
8.7 Hz, 1H, Har), 8.05 (s, 1H, N=CH), 9.87 (s, 1H, NH), 11.24 (s, 1H, OH), 11.36 (s, 1H, NH). 
13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.72, 31.25, 34.15, 49.67, 115.76, 117.05, 120.59, 
125.82, 131.22, 153.29, 165.31, 167.92, 170.87, 173.97. Anal. calcd for: C12H15N3O4 (265.269 
g/mol) %: C, 54.33; H, 5.70; N, 15.84. Found %: C, 54.25; H, 5.66; N, 15.81. 

Synthesis of N-[4-hydroxy-3-(1,3,4-oxadiazol-2-yl)phenyl]acetamide (9) 
A suspension of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (2 mmol, 

0.42 g), and 4-toluenesulfonic acid monohydrate (3 mmol, 0.57 g) in 6 mL of triethyl or-
thoformate and the reaction mixture was refluxed for 24 h. The progress of the reaction 
was monitored by TLC (CH3OH:CCl3, 1:8). The mixture was cooled, and the precipitate 
was filtered and washed with propan-2-ol. The product 9 was purified by recrystallisation 
from methanol. Yellowish solid, yield 62% (0.27 g), m. p. 232–234 °C (methanol) (m. p. 
found in ref. [45] 235–236 °C (acetone)). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 2.03 (s, 3H, 
CH3), 7.03 (d, J = 8.8 Hz, 1H, Har), 7.57 (d, J = 10.7 Hz, 1H, Har), 8.15 (s, 1H, Har), 9.34 (s, 1H, 
CH), 9.96 (s, 1H, OH), 10.05 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.83, 
108.88, 117.32, 118.74, 124.78, 131.75, 152.01, 153.93, 163.05, 168.06. Anal. calcd for: 
C10H9N3O3 (219.200 g/mol) %: C, 54.79; H, 4.14; N, 19.17. Found %: C, 54.70; H, 4.11; N, 
19.12. 

Synthesis of N-[4-hydroxy-3-(5-sulfanylidene-4,5-dihydro-1,3,4-oxadiazol-2-yl)phe-
nyl]acetamide (10) 

N-[3-(Hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (0.42 g, 2 mmol) was dis-
solved in pyridine (10 mL). Carbon disulphide (0.76 g, 3 mmol) was added to the solution, 
and the reaction mixture was heated at 80–90 °C for 30 h. The progress of the reaction was 
monitored by TLC (CH3OH:CCl3, 1:8). The reaction mixture was acidified with 10% hy-
drochloric acid to pH 4 and diluted with distilled water (50 mL). The precipitate was 
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filtered, washed sequentially with water and methanol, and dried. The compound 10 was 
purified by recrystallisation from 1,4-dioxane. Yellowish solid, yield 59% (0.29 g), m. p. 
256–258 °C (1,4-dioxane). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 2.01 (s, 3H, CH3), 6.98 (d, 
J = 8.9 Hz, 1H, Har), 7.55 (d, J = 8.9 Hz, 1H, Har), 7.99 (s, 1H, Har), 9.93 (s, 1H, OH), 10.19 (s, 
1H, NH), 14.49 (s, 1H, SH or NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 24.26, 109.22, 
117.76, 119.33, 125.16, 131.95, 152.44, 160.06, 168.46, 177.37. Anal. calcd for: C10H9N3O3S 
(251.260 g/mol) %: C, 47.80; H, 3.61; N, 16.72; S, 12.76. Found %: C, 47.73; H, 3.57; N, 16.64; 
S, 12.70. Compound 10 ESI-MS m/z = 249.952 [M − H]+ (100%), 251.949 [M]+ (5.48%). 

Synthesis of N-[3-(2-acetylhydrazine-1-carbonyl)-4-hydroxyphenyl]acetamide (11) 
Potassium thiocyanate (1.166 g, 12 mmol) was dissolved in 10 mL of glacial acetic 

acid at room temperature. N-[3-(Hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) 
(2.092 g, 10 mmol) was added to the solution, and the reaction mixture was gently refluxed 
for 48 h. Reaction progress was monitored by TLC (CH3OH:CCl3, 1:8). The mixture was 
distilled under reduced pressure on a rotary evaporator, and then the residue was diluted 
with 20 mL of distilled water. The precipitate was filtered and washed with water. The 
product 11 was purified by recrystallisation from methanol. Grey solid, yield 57% (0.29 
g), m. p. 299–300 °C (methanol). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 1.93 (s, 3H, CH3), 
2.01 (s, 3H, CH3), 6.90 (d, J = 8.8 Hz, 1H, Har), 7.59 (dd, J = 8.8, 2.2 Hz, 1H, Har), 7.99 (d, J = 
2.2 Hz, 1H, Har), 9.85 (s, 1H, NH), 10.35 (s, 1H, NH), 10.89 (br. s, 2H, NH and OH). 13C 
NMR (DMSO-d6, 101 MHz): δ (ppm) 20.46, 23.71, 116.03, 117.01, 120.63, 125.50, 131.10, 
153.33, 164.31, 167.15, 167.91. Anal. calcd for: C11H13N3O4 (251.091 g/mol) %: C, 52.59; H, 
5.22; N, 16.73. Found %: C, 52.42; H, 5.09; N, 16.57. Compound 11 ESI-MS m/z = 252.108 
[M]+ (96.66%), 253.135 [M + H]+ (5.39%). 

Synthesis of N-[3-(2-acetylhydrazine-1-carbonyl)-4-(2-oxo-2-phenylethoxy)phe-
nyl]acetamide (12) 

A mixture of N-[3-(2-acetylhydrazine-1-carbonyl)-4-hydroxyphenyl]acetamide (11) 
(0.25 g, 1 mmol), 2-bromoacetophenone (0.20 g, 1 mmol), sodium bicarbonate (3 mmol, 
0.25 g), and 10 mL of DMF was heated at 120 °C for 6 h. Reaction progress was monitored 
by TLC (CH3OH:CCl3, 1:8). The reaction mixture was cooled down and poured onto 50 
mL of crushed ice, and the precipitate was filtered and washed with water. The product 
12 was purified by recrystallisation from propan-2-ol to afford a yellow solid, yield 64% 
(0.24 g), m. p. 202–204 °C (propan-2-ol). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 1.95 (s, 
3H, CH3), 2.03 (s, 3H, CH3), 5.78 (s, 2H, CH2), 7.23 (d, J = 9.0 Hz, 1H, Har), 7.59 (t, J = 7.6 Hz, 
2H, Har), 7.72 (t, J = 7.4 Hz, 1H, Har), 7.83 (dd, J = 9.0, 2.7 Hz, 1H, Har), 8.00–8.16 (m, 3H, 
Har), 10.02 (s, 1H, NH), 10.13 (s, 1H, NH), 10.41 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): 
δ (ppm) 20.64, 23.85, 71.78, 114.21, 120.31, 121.84, 123.84, 128.00, 128.95, 133.33, 133.84, 
134.19, 151.55, 163.32, 168.03, 168.13, 194.29. Anal. calcd for: C19H19N3O5 (369.132 g/mol) 
%: C, 61.78; H, 5.18; N, 11.38. Found %: C, 61.59; H, 5.11; N, 11.22. Compound 12 ESI-MS 
m/z = 368.079 [M − H]+ (100%), 369.063 [M]+ (22.58%). 

Synthesis of N-{4-hydroxy-3-[2-(phenylcarbamothioyl)hydrazine-1-carbonyl]phe-
nyl}acetamide (13) 

N-[3-(Hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) (1.04 g, 5 mmol) was dis-
solved in 10 mL of 1,4-dioxane. Phenyl isothiocyanate (5.2 mmol, 0.70 g) was added to the 
solution, and the reaction mixture was stirred with a magnetic stirrer at room temperature 
for 4 h. The progress of the reaction was monitored by TLC (CH3OH:CCl3, 1:8). The reac-
tion mixture was diluted with water, and the precipitates were filtered and washed with 
water. The product 13 was purified by recrystallisation from 1,4-dioxane. 

White solid, yield: 91% (1.57 g), m. p. 180–182 °C. 1H NMR (400 MHz, DMSO-d6) δ 
(ppm) 2.01 (s, 3H, CH3), 6.92 (d, J = 8.7 Hz, 1H, Har), 7.14 (t, J = 7.1 Hz, 1H, Har), 7.33 (t, J = 
7.4 Hz, 2H, Har), 7.43–7.69 (m, 3H, Har), 7.99 (s, 1H, OH), 9.81 (s, 1H, NH), 9.87 (s, 1H, NH), 
10.45 (s, 1H, NH), 11.37 (s, 1H, NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.73, 116.63, 
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116.83, 120.76, 122.76, 124.84, 125.61, 128.25, 131.32, 139.13, 153.39, 167.11, 167.94. Anal. 
calcd for: C16H16N4O3S (344.389 g/mol): C, 55.80; H, 4.68; N, 16.27; S, 9.31. Found: C, 55.70; 
H, 4.62; N, 16.13; S, 9.22. 

Synthesis of N-[3-(5-anilino-1,3,4-thiadiazol-2-yl)-4-hydroxyphenyl]acetamide (14) 
N-{4-Hydroxy-3-[2-(phenylcarbamothioyl)hydrazine-1-carbonyl]phenyl}acetamide 

(13) (0.34 g, 1 mmol) was added in 10 mL of 80% sulphuric acid, and the reaction mixture 
was stirred at room temperature for 72 h. The progress of the reaction was monitored by 
TLC (CH3OH:CCl3, 1:8). The reaction mixture was poured onto 50 mL crushed ice, and 
the precipitate was filtered and washed with water. The product 14 was purified by re-
crystallisation from methanol, yellow solid, yield: 67% (0.22 g), m. p. 246–248 °C. 1H NMR 
(400 MHz, DMSO-d6) δ (ppm) 2.03 (s, 3H, CH3), 6.96 (d, J = 8.8 Hz, 1H, Har), 7.02 (t, J = 7.3 
Hz, 1H, Har), 7.37 (t, J = 7.8 Hz, 2H, Har), 7.54 (dd, J = 8.8, 2.3 Hz, 1H, Har), 7.60–7.69 (m, 2H, 
Har) 8.28 (d, J = 2.7 Hz, 1H, NH), 9.91 (s, 1H, NH), 10.48 (s, 1H, OH). 13C NMR (DMSO-d6, 
101 MHz): δ (ppm) 23.89, 116.52, 117.40, 117.81, 122.13, 122.18, 122.90, 122.92, 126.71, 
129.22, 131.81, 140.59, 149.85, 153.22, 165.32, 167.99. Anal. calcd for: C16H14N4O2S (326.374 
g/mol): C, 58.88; H, 4.32; N, 17.17; S, 9.82. Found %: C, 58.80; H, 4.24; N, 17.11; S, 9.73. 
Compound 14 ESI-MS m/z = 325.041 [M − H]+ (100%), 326.029 [M]+ (21.03%), 327.018 [M + 
H]+ (7.46%). 

Synthesis of N-[4-hydroxy-3-(4-phenyl-5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-
3-yl)phenyl]acetamide (15) 

A mixture of N-{4-hydroxy-3-[2-(phenylcarbamothioyl)hydrazine-1-carbonyl]phe-
nyl}acetamide (13) (0.326 g, 1 mmol), potassium carbonate (1.38 g, 10 mmol), and 30 mL 
methanol was refluxed for 42 h. The progress of the reaction was monitored by TLC 
(CH3OH:CCl3, 1:8). Then, the volatile fraction was removed under reduced pressure using 
a rotary evaporator. The residue was dissolved in 10 mL water, and the solution was acid-
ified by acetic acid to pH 6. The precipitates were filtered, washed with water, and dried. 
The product 15 was purified by recrystallisation from methanol, yielding a white solid 
with a yield of 71% (0.23 g), m. p. 289–291 °C. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 2.04 
(s, 3H, CH3), 7.02 (d, J = 7.7 Hz, 2H, Har), 7.37 (t, J = 7.6 Hz, 2H, Har), 7.44 (d, J = 8.8 Hz, 1H, 
Har), 7.63 (d, J = 7.9 Hz, 2H, Har), 8.19 (s, 1H, Har), 9.98 (s, 2H, NH and OH), 10.83 (s, 1H, 
NH). 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 23.90, 108.85, 117.08, 117.12, 117.15, 121.99, 
123.68, 129.12, 131.83, 138.55, 151.61, 157.53, 159.28, 168.03. Anal. calcd for: C16H14N4O2S 
(326.084 g/mol): C, 58.88; H, 4.32; N, 17.17; S, 9.82. Found %: C, 58.80; H, 4.24; N, 17.11; S, 
9.73. 

The Antibacterial Assays 

The bacterial strains used in this study were obtained from the American Type Cul-
ture Collection (ATCC) and included the Gram-positive cocci Staphylococcus aureus subsp. 
aureus (ATCC 9144) and methicillin-resistant S. aureus (MRSA, ATCC 43300), as well as 
the Gram-negative rods Escherichia coli (ATCC 8739) and Salmonella enterica subsp. enterica 
serovar Enteritidis (ATCC 13076). Strains were cultured on tryptic soy agar (Liofilchem, 
Italy) at 37 °C for 24 h. Several well-isolated colonies were suspended in sterile saline to a 
turbidity of 0.5 McFarland standard prior to antimicrobial testing. 

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) were determined using the microdilution method described by Balouiri et al. [49]. 
Two-fold serial dilutions of the test compounds (1:2 to 1:128) were prepared in 96-well 
microplates. Each well was inoculated with approximately 5 × 104 CFU, obtained by di-
luting the bacterial suspension 1:150 in Mueller–Hinton broth. Plates were incubated at 37 
°C for 24 h. The MIC was defined as the lowest concentration inhibiting visible bacterial 
growth. To determine the MBC, aliquots from wells without visible growth were subcul-
tured onto Mueller–Hinton agar (Liofilchem, Italy) and incubated at 37 °C for 24 h. MBC 
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was defined as the lowest concentration resulting in ≥99.9% reduction in viable bacteria 
relative to the initial inoculum. Ampicillin was used as the positive control. All assays 
were performed in triplicate, and results are presented as mean ± standard deviation (SD). 

3. Results and Discussion 
3.1. The Chemistry 

The starting material for this study was N-[3-(hydrazinecarbonyl)-4-hydroxy-
phenyl]acetamide (1), which was obtained by a three-step synthesis from 5-aminosalicylic 
acid. The synthesis proceeded via the intermediates methyl 5-amino-2-hydroxybenzoate 
and methyl 5-acetamido-2-hydroxybenzoate. All related compounds, including the target 
molecule, have been previously reported in the literature [45,47,48,50]. Methyl 5-amino-2-
hydroxybenzoate was obtained by using the classical Fischer esterification method, and a 
large excess of concentrated sulphuric acid was required to shift the chemical equilibrium 
towards ester formation. In the subsequent step, methyl 5-acetamido-2-hydroxybenzoate 
was synthesised in glacial acetic acid by treating the ester with acetic anhydride. Finally, 
N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) was prepared from the acet-
amide ester by treatment with hydrazine monohydrate in 1,4-dioxane. The compounds 1–
15 synthesised in this study are described in the experimental section, and their NMR and 
MS spectra are provided in the Supplementary Material (Figures S1–S48). 

The reaction pathways of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) 
studied in this work are presented in Scheme 1. 

CH
3OH, AcOH, , 8 h

OO

O

1) CS 2, P
y; 2) H

+

, 8 h
80 90 o C, 30 h

 

Scheme 1. The reactions of hydrazide derivative 1. 

Condensation of N-[3-(hydrazinecarbonyl)-4-hydroxyphenyl]acetamide (1) with var-
ious aromatic aldehydes gave hydrazone derivatives 2a–f, as shown in Scheme 1. Struc-
tural studies of salicylic acid derivatives reported in the literature indicate that only the E 
isomer is formed [51,52]. In the present study, the 1H NMR spectra of compounds 2a–f 
showed the azomethine (-CH=N-) proton as a singlet, with chemical shifts ranging from 
7.98 to 8.75 ppm. 
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Derivatives containing a hydrazide moiety are often used for the synthesis of pyra-
zole and pyrrole derivatives in condensation reactions with pentane-2,4-dione and hex-
ane-2,5-dione in the presence of an acid catalyst [53–56]. When hydrazide 1 was treated 
with hexane-2,5-dione in methanol in the presence of a catalytic amount of glacial acetic 
acid, the 5-acetamido-N-(2,5-dimethyl-1H-pyrrol-1-yl)-2-hydroxybenzamide (3) was ob-
tained in 66% yield. Moreover, under analogous conditions, the reaction of hydrazide 1 
with pentane-2,4-dione afforded a mixture of products 4–6 (Scheme 1), which were sub-
sequently separated by column chromatography. Notably, pyrazole 4 was the major prod-
uct in this reaction, although the amounts of by-products 5 and 6 were also significant. 
The acidic catalyst likely promoted the cleavage of the hydrazine moiety in derivative 1, 
thereby facilitating dimerisation via the phenolic functional group and the formation of 
the by-product 5. Furthermore, when methanol was used as the solvent, part of hydrazide 
1 underwent reaction under these conditions, resulting in the formation of methyl 5-acet-
amido-2-hydroxybenzoate (6). When cyclocondensation reactions of hydrazide 1 with 
diketones were carried out in 1,4-dioxane or acetonitrile without acid, these side reactions 
were suppressed, and the target products 3 and 4 were obtained in higher yields. A com-
parison of the reactions under boiling conditions of 1,4-dioxane and acetonitrile revealed 
that the formation of the dimeric compound 5 was more likely in 1,4-dioxane. Considering 
the boiling points of the solvents, higher temperatures seem to increase the likelihood of 
by-product formation, while reaction time had little effect, as the cyclocondensation prod-
ucts remained stable after the reaction was complete. Detailed investigations of reactions 
involving acetic acid with derivatives containing the hydrazide fragment have been re-
ported in the paper [57]. Behalo, M. S. et al. observed acylation of the hydrazide fragment 
during its reaction with acetylacetone in the presence of acetic acid [58], whereas Baeva L. 
A. et al. reported the formation of an ester as a side product when ZnCl2 was employed 
as a catalyst [59]. 

Typically, the aza-Michael addition reaction between primary amines and itaconic 
acid is followed by an intermolecular cyclocondensation reaction, which forms pyrroli-
dinone derivatives [60]. In this study, the treatment of hydrazide 1 with itaconic acid in 
water resulted in the formation of pyrrolidinone 7 (Scheme 1). 

Compounds containing a hydrazide moiety can be reacted with ethyl orthoformate 
without solvent, usually using a large excess of ester, to form oxadiazole or intermediate 
hydrazonoformate derivatives [61–63]. A mixture of hydrazide 1 and triethyl orthofor-
mate was refluxed for 8 h to afford ethyl (5-acetamido-2-hydroxybenzoyl)methanehydra-
zonate (8). When the reaction was carried out for 24 h in the presence of a catalytic amount 
of 4-toluenesulfonic acid, the N-[4-hydroxy-3-(1,3,4-oxadiazol-2-yl)phenyl]acetamide (9) 
was obtained (Scheme 1). Notably, during the synthesis of compound 8, a small amount 
of 1,3,4-oxadiazole 9 was observed even in the absence of an acid catalyst. An attempt was 
made to extend the reaction time of hydrazide 1 with triethyl orthoformate to obtain 1,3,4-
oxadiazole 9 without acid catalysis. The reaction was prolonged to 72 h, which increased 
the relative proportion of compound 9 in the crude mixture. However, complete conver-
sion was not achieved. Since derivative 9 had already been reported [45] previously, its 
synthesis was not further optimised in this study. 

It is known that derivatives containing a 1,3,4-oxadiazole-2(3H)-thione moiety can be 
obtained by the reaction of a hydrazide with carbon disulphide in the presence of potas-
sium hydroxide [64]. These conditions were initially investigated in this study, but the 
reaction mixture darkened, and the desired product 10 could not be isolated. According 
to a literature report [65], the derivative containing the 1,3,4-oxadiazole-2(3H)-thione moi-
ety 10 was synthesised from hydrazide 1 by treatment with carbon disulphide in pyridine 
at 80–90 °C (Scheme 1). The product 10 was isolated by acidifying the reaction mixture to 
pH 4 with hydrochloric acid. 



Appl. Sci. 2026, 16, 703 11 of 20 
 

https://doi.org/10.3390/app16020703 

Our previous studies [66,67], together with reports by other researchers [68–72], have 
shown that 1,2,4-triazole-5-thione derivatives can be synthesised by treating hydrazides 
with potassium thiocyanate. Following this methodology, this study aimed to synthesise 
a derivative containing a 1,2,4-triazole-5-thione moiety, but the desired product could not 
be obtained (Scheme 2). 

 

Scheme 2. Synthesis of the compounds 11–15. 

N-[3-(2-Acetylhydrazine-1-carbonyl)-4-hydroxyphenyl]acetamide (11) was obtained 
when hydrazide 1 was refluxed with potassium thiocyanate in acetic acid. The progress 
of the reaction was monitored by thin-layer chromatography, which showed that only a 
single product was formed under these conditions. The 1H NMR spectrum of compound 
11 displayed two singlets corresponding to the methyl group protons at 1.93 ppm and 
2.01 ppm. Similarly, the 13C NMR spectrum showed signals for the two methyl carbon 
atoms at 20.46 ppm and 23.71 ppm, together with two additional signals at 167.15 ppm 
and 167.91 ppm, indicating the presence of two acyl groups in molecule 11. A peak at m/z 
252.108 was observed in the mass spectrum, corresponding to the molecular ion of com-
pound 11. The signal resembled that expected for a compound containing a 1,2,4-triazole-
5-thione moiety. The absence of sulphur in compound 11 was confirmed by elemental 
analysis, which supports the proposed structure. According to literature data [57,73], it is 
known that hydrazides can react with acetic acid. In this study, attempts were made to 
perform the reaction under various conditions, such as refluxing hydrazide 1 in glacial 
acetic acid and in other solvents in the presence of an equivalent or excess amount of acetic 
acid. In glacial acetic acid, compound 11 was obtained within 1 h, whereas in acetonitrile 
and 1,4-dioxane, the reaction did not reach completion after 24 h, although significant for-
mation of derivative 11 was observed. 

In this study, the structural properties of compound 11 were investigated by reacting 
it with 2-bromoacetophenone, following the procedure reported in the literature [74,75]. 
The reaction was carried out in a DMF solution at 120 °C in the presence of sodium bicar-
bonate, and N-[3-(2-acetylhydrazine-1-carbonyl)-4-(2-oxo-2-phenylethoxy)phenyl]acet-
amide (12) was obtained. In the 1H NMR spectrum of compound 12, a singlet was ob-
served at 5.78 ppm, assigned to the CH2 group. In the 13C NMR spectrum, we assigned a 
signal at 71.78 ppm was attributed to the carbon atom of this group, and an additional 
signal was also observed at 194.29 ppm, characteristic of the C=O group, indicating alkyl-
ation of the phenolic group. 

It is known that thiosemicarbazide compounds can be obtained by treating hydra-
zides with phenyl isothiocyanate, and these compounds can undergo cyclisation through 
intermolecular cyclocondensation reactions to form five-membered heterocyclic systems 
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[76–78]. N-{4-Hydroxy-3-[2-(phenylcarbamothioyl)hydrazine-1-carbonyl]phenyl}acetam-
ide (13) was obtained by reacting hydrazide 1 with phenyl isothiocyanate in 1,4-dioxane 
at room temperature for 4 h. When the reaction was carried out at a higher temperature, 
formation of side products was observed. The 1H NMR spectrum of compound 13 dis-
played broadened NH and OH proton signals, likely due to rapid proton exchange be-
tween different nucleophilic centres. Due to the low solubility of the compound in DMSO-
d6, the quality of the 13C NMR spectrum was not optimal. The 13C NMR spectrum of com-
pound 13 showed broadened carbon signals, consistent with dynamic proton exchange. 

Based on these literature sources, the cyclocondensation of thiosemicarbazide 13 was 
investigated using the described procedures [79,80]. N-[3-(5-Anilino-1,3,4-thiadiazol-2-
yl)-4-hydroxyphenyl]acetamide (14) was obtained by treatment of thiosemicarbazide 13 
with 80% sulfuric acid at room temperature for 72 h. Similarly, N-[4-hydroxy-3-(4-phenyl-
5-sulfanylidene-4,5-dihydro-1H-1,2,4-triazol-3-yl)phenyl]acetamide (15) was synthesised 
by treatment of thiosemicarbazide 13 with potassium carbonate in methanol under reflux 
for 42 h. Attempts to perform this reaction using aqueous solutions of sodium hydroxide, 
potassium carbonate, or sodium bicarbonate were unsuccessful because the reaction mix-
ture turned dark and resinous. 

3.2. The Evaluation of Antibacterial Activity 

The antibacterial activity of the synthesised compounds 1–15 was evaluated against 
four bacterial strains: the Gram-positive cocci Staphylococcus aureus subsp. aureus (ATCC 
9144) and methicillin-resistant S. aureus (MRSA, ATCC 43300), and the Gram-negative 
rods Escherichia coli (ATCC 8739) and Salmonella enterica subsp. enterica serovar Enteritidis 
(ATCC 13076). MIC and MBC values were determined, and the MBC/MIC ratio was cal-
culated to classify each tested compound as bactericidal (MBC/MIC ≤ 4) or bacteriostatic 
(MBC/MIC > 4). The detailed MIC and MBC values against Gram-positive and Gram-neg-
ative bacteria for all tested compounds are presented in Table 1, and the corresponding 
MBC/MIC ratios are depicted in Figure 1. 

Table 1. MIC, MBC, and MBC/MIC ratios of compounds tested against different bacterial strains. 

Compound Concentration 
(mg/mL) 

Bacterial Strains 
Gram-Positive Gram-Negative 

S. aureus 
ATCC 9144 

MRSA ATCC 
43300 

E. coli  
ATCC 8739 

S. Enteritidis 
ATCC 13076 

1 
MIC 
MBC 

MBC/MIC 

31.3 ± 0.0 
500 ± 0.0 

16 

62.5 ± 0.0 
500 ± 0.0 

8 

62.5 ± 0.0 
250 ± 0.0 

4 

3.9 ± 0.0 
62.5 ± 0.0 

16 

2a 
MIC 
MBC 

MBC/MIC 

31.3 ± 0.0 
500 ± 0.0 

16 

15.6 ± 0.0 
125 ± 0.0 

8 

62.5 ± 0.0 
250 ± 0.0 

4 

3.9 ± 0.0 
62.5 ± 0.0 

16 

2b 
MIC 
MBC 

MBC/MIC 

3.9 ± 0.0 
62.5 ± 0.0 

16 

62.5 ± 0.0 
250 ± 0.0 

4 

15.6 ± 0.0 
125 ± 0.0 

8 

31.3 ± 0.0 
250 ± 0.0 

8 

2c 
MIC 
MBC 

MBC/MIC 

31.3 ± 0.0 
125 ± 0.0 

4 

31.3 ± 0.0 
125 ± 0.0 

4 

31.3 ± 0.0 
125 ± 0.0 

4 

62.5 ± 0.0 
250 ± 0.0 

4 

2d 
MIC 
MBC 

MBC/MIC 

3.9 ± 0.0 
62.5 ± 0.0 

16 

7.8 ± 0.0 
62.5 ± 0.0 

8 

15.6 ± 0.0 
125 ± 0.0 

8 

15.6 ± 0.0 
125 ± 0.0 

8 



Appl. Sci. 2026, 16, 703 13 of 20 
 

https://doi.org/10.3390/app16020703 

2e 
MIC 
MBC 

MBC/MIC 

15.6 ± 0.0 
125 ± 0.0 

8 

15.6 ± 0.0 
125 ± 0.0 

8 

15.6 ± 0.0 
62.5 ± 0.0 

4 

31.3 ± 0.0 
125 ± 0.0 

4 

2f 
MIC 
MBC 

MBC/MIC 

31.3 ± 0.0 
125 ± 0.0 

4 

31.3 ± 0.0 
250 ± 0.0 

8 

62.5 ± 0.0 
250 ± 0.0 

4 

62.5 ± 0.0 
250 ± 0.0 

4 

3 
MIC 
MBC 

MBC/MIC 

62.5 ± 0.0 
250 ± 0.0 

4 

62.5 ± 0.0 
500 ± 0.0 

8 

62.5 ± 0.0 
250 ± 0.0 

4 

31.3 ± 0.0 
125 ± 0.0 

4 

4 
MIC 
MBC 

MBC/MIC 

3.9 ± 0.0 
62.5 ± 0.0 

16 

31.3 ± 0.0 
125 ± 0.0 

4 

15.6 ± 0.0 
125 ± 0.0 

8 

31.3 ± 0.0 
250 ± 0.0 

8 

5 
MIC 
MBC 

MBC/MIC 

31.3 ± 0.0 
500 ± 0.0 

16 

7.8 ± 0.0 
500 ± 0.0 

64 

125 ± 0.0 
250 ± 0.0 

2 

7.8 ± 0.0 
125 ± 0.0 

16 

7 
MIC 
MBC 

MBC/MIC 

62.5 ± 0.0 
125 ± 0.0 

2 

31.3 ± 0.0 
250 ± 0.0 

8 

62.5 ± 0.0 
250 ± 0.0 

4 

31.3 ± 0.0 
125 ± 0.0 

4 

8 
MIC 
MBC 

MBC/MIC 

7.8 ± 0.0 
250 ± 0.0 

32 

15.6 ± 0.0 
500 ± 0.0 

32 

62.5 ± 0.0 
250 ± 0.0 

4 

7.8 ± 0.0 
125 ± 0.0 

16 

9 
MIC 
MBC 

MBC/MIC 

15.6 ± 0.0 
125 ± 0.0 

8 

62.5 ± 0.0 
250 ± 0.0 

4 

125 ± 0.0 
500 ± 0.0 

4 

3.9 ± 0.0 
62.5 ± 0.0 

16 

10 
MIC 
MBC 

MBC/MIC 

3.9 ± 0.0 
62.5 ± 0.0 

16 

15.6 ± 0.0 
62.5 ± 0.0 

4 

15.6 ± 0.0 
125 ± 0.0 

8 

31.3 ± 0.0 
250 ± 0.0 

8 

11 
MIC 
MBC 

MBC/MIC 

7.8 ± 0.0 
62.5 ± 0.0 

8 

15.6 ± 0.0 
125 ± 0.0 

8 

15.6 ± 0.0 
125 ± 0.0 

8 

31.3 ± 0.0 
125 ± 0.0 

4 

12 
MIC 
MBC 

MBC/MIC 

31.3 ± 0.0 
250 ± 0.0 

8 

31.3 ± 0.0 
250 ± 0.0 

8 

15.6 ± 0.0 
125 ± 0.0 

8 

31.3 ± 0.0 
125 ± 0.0 

4 

13 
MIC 
MBC 

MBC/MIC 

62.5 ± 0.0 
250 ± 0.0 

4 

31.3 ± 0.0 
250 ± 0.0 

8 

31.3 ± 0.0 
250 ± 0.0 

8 

31.3 ± 0.0 
125 ± 0.0 

4 

14 
MIC 
MBC 

MBC/MIC 

62.5 ± 0.0 
250 ± 0.0 

4 

62.5 ± 0.0 
250 ± 0.0 

4 

31.3 ± 0.0 
250 ± 0.0 

8 

31.3 ± 0.0 
125 ± 0.0 

4 

15 
MIC 
MBC 

MBC/MIC 

62.5 ± 0.0 
250 ± 0.0 

4 

62.5 ± 0.0 
500 ± 0.0 

8 

31.3 ± 0.0 
250 ± 0.0 

8 

125 ± 0.0 
500 ± 0.0 

4 

Ampicillin 
MIC 
MBC 

MBC/MIC 

0.25 ± 0.0 
0.5 ± 0.0 

2 

16 ± 0.0 
32 ± 0.0 

2 

2 ± 0.0 
4 ± 0.0 

2 

1 ± 0.0 
2 ± 0.0 

2 
Notes: MIC and MBC values are presented as the mean ± standard deviation (SD) from three inde-
pendent investigations. In all cases, the calculated SD was equal to 0 because the repeated measure-
ments yielded identical values. MRSA: methicillin-resistant Staphylococcus aureus; MIC: minimum 
inhibitory concentration; MBC: minimum bactericidal concentration; ATCC: American Type Cul-
ture Collection. 
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Figure 1. MBC/MIC ratios of tested compounds 1–15 against different bacterial strains. The dashed 
line represents an MBC/MIC ratio of 4. MBC: minimum bactericidal concentration, MIC: minimum 
inhibitory concentration, MRSA: Methicillin-resistant Staphylococcus aureus, AMP: ampicillin. 

Evaluation of antibacterial activity revealed a general trend that the tested com-
pounds 1–15 were more active against Gram-positive bacteria than against Gram-negative 
strains. Against S. aureus, compounds containing the pyrrolidinone 7, thiosemicarbazide 
13, and 1,3,4-thiadiazole 14 moieties in the molecule exhibited MIC values of 62.5 µg/mL 
and MBC values of 125–250 µg/mL, resulting in MBC/MIC ratios ≤ 4, which are indicative 
of bactericidal activity. Other compounds, such as hydrazide 1, hydrazones 2a (phenyl), 
2b (2-methoxyphenyl), and pyrrole 3, showed growth inhibition with MBC/MIC ratios > 
4, indicating a combination of bactericidal and bacteriostatic effects. 

In the case of MRSA, bactericidal activity was observed for derivatives consisting of 
2-methoxyphenyl-substituted hydrazone 2b, pyrrole 3, and thiosemicarbazide 13, with 
MBC/MIC values ranging from 4 to 8. Several compounds exhibited higher MBC/MIC 
ratios, indicating that complete bacterial killing required higher concentrations. MIC val-
ues for MRSA ranged from 7.8 to 62.5 µg/mL, and MBC values ranged from 62.5 to 500 
µg/mL, demonstrating variable susceptibility. 

The strongest activity against E. coli was observed for scaffolds containing hydra-
zones 2b (2-methoxyphenyl), 2c (3-methoxyphenyl), 2f (3,4-dimethoxyphenyl), pyrrole 3, 
and pyrrolidinone 7 derivatives, with MIC values of 15.6–62.5 µg/mL and MBC values of 
125–250 µg/mL. Most of these compounds exhibited MBC/MIC ratios of 4, indicating bac-
tericidal effects. Compound 5 exhibited moderate inhibition, with an MBC/MIC ratio of 2, 
although its MIC value was relatively high at 125 µg/mL. 

S. Enteritidis was most sensitive to compounds bearing hydrazide 1, phenyl substi-
tuted hydrazone 2a, dimerised pyrazole 5, and hydrazonoformate 8, with MIC values as 
low as 3.9–7.8 µg/mL. However, the corresponding MBC values were higher, resulting in 
MBC/MIC ratios mostly > 4, which indicates a predominantly bacteriostatic effect. 

Ampicillin, used as a positive control, demonstrated strong bactericidal activity 
against all tested strains, as indicated by low MIC and MBC values and an MBC/MIC ratio 
of 2, confirming the reliability of the assay. 
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The present study showed that the tested compounds displayed differential antibac-
terial activity depending on both the bacterial species and the compound structure [7]. In 
general, S. aureus and MRSA were more susceptible to the compounds than E. coli, likely 
due to differences in cell membrane structure [8–11]. The outer membrane of E. coli may 
hinder compound penetration, thereby reducing susceptibility [6]. 

Derivatives containing pyrrolidinone 7, thiosemicarbazide 13, and 1,3,4-thiadiazole 
14 moieties were particularly effective against S. aureus, whereas 2-methoxyphenyl-sub-
stituted hydrazone 2b, pyrrole 3, and thiosemicarbazide 13 exhibited notable activity 
against MRSA. These findings indicate that certain structural characteristics of the com-
pounds may play a role in their differential antibacterial activity across bacterial strains. 

In contrast, antibacterial activity was less consistent across certain bacterial strains. 
Although scaffolds containing hydrazones 2b, 2c, 2f, pyrrole 3, and pyrrolidinone 7 de-
rivatives demonstrated bactericidal activity against E. coli, most compounds exhibited 
predominantly bacteriostatic effects against S. Enteritidis, as reflected by higher 
MBC/MIC ratios. This difference may be attributed to the stronger permeability barrier 
and efflux mechanisms in S. Enteritidis, which can reduce compound uptake or retention. 

Ampicillin, used as a positive control, consistently showed low MIC and MBC values 
with bactericidal MBC/MIC ratios across all tested strains, confirming the reliability of the 
assay and the observed compound activities. Taken together, these results emphasise that 
while several compounds possess promising bactericidal activity against Gram-positive 
pathogens, additional optimisation may be required to enhance efficacy against Gram-
negative bacteria. Differences in bacterial susceptibilities highlight the importance of con-
sidering cell envelope properties in the design of new antibacterial agents 

4. Conclusions 
In this study, the hydrazide functional group of 5-aminosalicylic acid was used for 

the synthesis of hydrazones 2a–f and several heterocyclic derivatives, including pyrrole 
3, pyrazole 4, 1,3,4-oxadiazoles 9, 10, 1,3,4-thiadiazole 14, and 1,2,4-triazole 15. The results 
indicate that the reaction course and product selectivity are greatly influenced by the me-
dium, catalysts, and thermal conditions: acidic environments promote oxidative dimeri-
sation, while prolonged heating reduces the purity. This suggests that hydrazide deriva-
tives are sensitive to both acidic and oxidative environments. The synthesis of oxadiazole 
10 and 1,2,4-triazole 15 required careful pH control, resulting in the formation of dark by-
products. In addition, some intermediates, such as hydrazonoformates 8, were thermally 
unstable and readily rearranged to cyclic products 9. These results emphasise that the de-
velopment of novel antibacterial heterocyclic derivatives requires not only structure opti-
misation but also careful control of reaction conditions to avoid undesired transfor-
mations and ensure compound stability. 

Selected synthesised compounds exhibited significant antibacterial activity against 
specific bacterial strains. Derivatives containing pyrrolidinone 7, thiosemicarbazide 13, 
and 1,3,4-thiadiazole 14 showed bactericidal activity against S. aureus, whereas deriva-
tives of 2-methoxyphenyl hydrazone 2b, pyrrole 3, and thiosemicarbazide 13 were active 
against MRSA. Among the tested compounds, hydrazones 2b, 2c, and 2f, as well as pyr-
role 3 and pyrrolidinone 7 derivatives, displayed notable activity against E. coli. Most com-
pounds exhibited predominantly bacteriostatic effects against S. Enteritidis, as indicated 
by MBC/MIC ratios > 4. 

Supplementary Materials: The following supporting information can be downloaded at 
https://www.mdpi.com/article/10.3390/app16020703/s1, Figures S1–S40: NMR spectra; Figures S41–
S48: MS spectra; or the NMR spectra of 5-aminosalicylic acid derivatives 1–15 are available on the 
Zenodo website at the following link: https://doi.org/10.5281/zenodo.18090251. 



Appl. Sci. 2026, 16, 703 16 of 20 
 

https://doi.org/10.3390/app16020703 

Author Contributions: Conceptualization, K.A. and J.Š.; methodology, V.M., J.Š. and K.A.; software, 
L.T.; validation, K.A., B.S.-B. and V.Š.; formal analysis, B.G., V.Š. and B.S.-B.; investigation, J.Š. and 
K.A.; resources, V.M.; data curation, K.A., J.Š. and L.T.; writing—original draft preparation, J.Š. and 
K.A.; writing—review and editing, V.M. and J.Š.; visualization, J.Š. and K.A.; supervision, V.M.; 
project administration, K.A. and J.Š.; funding acquisition, V.M. All authors have read and agreed to 
the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The original contributions presented in this study are included in the 
article; further inquiries can be directed to the corresponding authors. 

Acknowledgments: The authors have reviewed and edited the output and take full responsibility 
for the content of this publication. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Erdoğan Eliuz, E.A.; Demircan, A.; Goksen, G.; Ayas, D. Characterization and Antibacterial Activity of Emulgels Coated with 

Streptococcus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus Using Mako Shark (Isurus Oxyrinchus) Oil Containing Nat-
ural Antibacterial Metals. Colloids Surf. A Physicochem. Eng. Asp. 2026, 728, 138804. https://doi.org/10.1016/j.colsurfa.2025.138804. 

2. Elneairy, M.A.A.; Youssef, E.G.N.; Ebrahim, S.A.A.; Mohammad, N.E.M.; Abd El-Rahman, N.M.S.; Elhewaty, A.S.M.; Sanad, 
S.M.H.; Mekky, A.E.M. MRSA Inhibitory Activity of Some New Pyrazolo[1,5-a]Pyrimidines Linked to Arene and/or Furan or 
Thiophene Units. Chem. Biodivers. 2025, 22, e202402031. https://doi.org/10.1002/cbdv.202402031. 

3. Naseri, M.; Niazi, A.; Omidi, E.; Bagherzadeh, K. QSAR Study and Molecular Modeling of Pleuromutilin Derivatives to Predict 
Antibacterial Activity: Chemometrics and Docking Studies. J. Mol. Graph. Model. 2026, 142, 109208. 
https://doi.org/10.1016/j.jmgm.2025.109208. 

4. Nussbaumer-Pröll, A.; Obermüller, M.; Weiss-Tessbach, M.; Eberl, S.; Zeitlinger, M.; Matiba, B.; Mayer, C.; Kussmann, M. Syn-
ergistic Activity of Fosfomycin and Flucloxacillin against Methicillin-Susceptible and Methicillin-Resistant Staphylococcus Au-
reus: In Vitro and in Vivo Assessment. Med. Microbiol. Immunol. 2025, 214, 32. https://doi.org/10.1007/s00430-025-00841-3. 

5. Zhu, S.; Hu, C.; Wang, Y.; Jin, M.; Zhang, Q.; Han, S.; Tang, Y.; Wu, D.; Fu, D.; Jiang, S.; et al. Daphnetin Weakened the Patho-
genicity of Methicillin-Resistant Staphylococcus Aureus by Inhibiting Sortase A and α-Hemolysin. Biochimie 2025, 229, 84–94. 
https://doi.org/10.1016/j.biochi.2024.10.010. 

6. Adzitey, F. Antibiotic Resistance of Escherichia Coli and Salmonella Enterica Isolated from Cabbage and Lettuce Samples in 
Tamale Metropolis of Ghana. Int. J. Food Contam. 2018, 5, 7. https://doi.org/10.1186/s40550-018-0068-z. 

7. Xu, Y.; Wang, L.; Guo, D.; Wang, Y.; Liu, X.; Sun, Y.; Wang, R.; Sun, L.; Jiang, P.; Liu, Q.; et al. Baohuoside I Targets SaeR as an 
Antivirulence Strategy to Disrupt MRSA Biofilm Formation and Pathogenicity. NPJ Biofilms Microbiomes 2025, 11, 45. 
https://doi.org/10.1038/s41522-025-00681-2. 

8. Wang, X.; Wei, L.; Wang, L.; Chen, X.; Kong, X.; Luan, Y.; Guan, J.; Guo, X.; Shi, Y.; Wang, T.; et al. Scutellarin Potentiates 
Vancomycin against Lethal Pneumonia Caused by Methicillin-Resistant Staphylococcus Aureus through Dual Inhibition of 
Sortase A and Caseinolytic Peptidase P. Biochem. Pharmacol. 2022, 199, 114982. https://doi.org/10.1016/j.bcp.2022.114982. 

9. Kumar, G.; Goutami Godavari, A.; Tambat, R.; Kumar, S.; Nandanwar, H.; Elizabeth Sobhia, M.; Jachak, S.M. Synthesis, Biolog-
ical Evaluation and Computational Studies of Acrylohydrazide Derivatives as Potential Staphylococcus Aureus NorA Efflux 
Pump Inhibitors. Bioorg. Chem. 2020, 104, 104225. https://doi.org/10.1016/j.bioorg.2020.104225. 

10. Guo, F.; Xiao, F.; Song, H.; Li, X.; Xiao, Y.; Qin, Y.; Lei, X. An Optimized Marinopyrrole A Derivative Targets 6-Phosphoglu-
cosamine Synthetase to Inhibit Methicillin-Resistant Staphylococcus Aureus. ACS Cent. Sci. 2024, 10, 2090–2098. 
https://doi.org/10.1021/acscentsci.4c01167. 

11. Liu, P.; Kang, X.; Chen, X.; Luo, X.; Li, C.; Wang, G. Quercetin Targets SarA of Methicillin-Resistant Staphylococcus Aureus to 
Mitigate Biofilm Formation. Microbiol. Spectr. 2024, 12, e02722-23. https://doi.org/10.1128/spectrum.02722-23. 



Appl. Sci. 2026, 16, 703 17 of 20 
 

https://doi.org/10.3390/app16020703 

12. Liu, F.; Ma, R.; Riordan, S.M.; Grimm, M.C.; Liu, L.; Wang, Y.; Zhang, L. Azathioprine, Mercaptopurine, and 5-Aminosalicylic 
Acid Affect the Growth of IBD-Associated Campylobacter Species and Other Enteric Microbes. Front. Microbiol. 2017, 8, 256120. 
https://doi.org/10.3389/fmicb.2017.00527. 

13. Kaufman, J.; Griffiths, T.A.; Surette, M.G.; Ness, S.; Rioux, K.P. Effects of Mesalamine (5-Aminosalicylic Acid) on Bacterial Gene 
Expression. Inflamm. Bowel Dis. 2009, 15, 985–996. https://doi.org/10.1002/ibd.20876. 

14. Yousefi, S.; Bayat, S.; Rahman, M.B.A.; Ismail, I.S.; Saki, E.; Leong, S.W.; Abdulmalek, E. Synthesis, Bioactivity Evaluation, and 
Docking Study of 5-Aminosalicylic Acid’s Fatty Acid Derivatives. Monatshefte Für Chem.-Chem. Mon. 2015, 146, 2139–2149. 
https://doi.org/10.1007/s00706-015-1538-0. 

15. Fu, F.-S.; Chen, H.-H.; Chen, Y.; Yuan, Y.; Zhao, Y.; Yu, A.; Zhang, X.-Z. Engineered Bacillus Subtilis Enhances Bone Regenera-
tion via Immunoregulation and Anti-Infection. Bioact. Mater. 2025, 46, 503–515. https://doi.org/10.1016/j.bioactmat.2025.01.003. 

16. Zeng, D.; Li, K.; Xing, A.; Wang, J.; Hao, Y.; Zhang, Z.; Yuan, J. Novel Naringenin Hydrazone Derivatives: Synthesis, Charac-
terization, Antioxidant and Antitumor Activity Evaluation. J. Mol. Struct. 2025, 1348, 143435. https://doi.org/10.1016/j.mol-
struc.2025.143435. 

17. Ressler, A.J.; Frate, M.; Hontoria, A.; Ream, A.; Timms, E.; Li, H.; Stettler, L.D.; Bollinger, A.; Poor, J.E.; Parra, M.A.; et al. Syn-
thesis, Anti-Ferroptosis, Anti-Quorum Sensing, Antibacterial and DNA Interaction Studies of Chromene-Hydrazone Deriva-
tives. Bioorg. Med. Chem. 2023, 90, 117369. https://doi.org/10.1016/j.bmc.2023.117369. 

18. Aboelez, M.O.; El-Remaily, M.A.E.A.A.A.; Kamel, M.S.; Al kamaly, O.; Fadaly, W.A.A.; Nemr, M.T.M.; Ezelarab, H.A.A. Novel 
3,4-Diaminothieno[2,3-b]Thiophene-2,5-Dicarbohydrazide-Based Scaffolds as EGFRWT, EGFRT790M, and Tubulin Polymeri-
zation Inhibitors with Anti-Proliferative Activity. Bioorg. Chem. 2025, 163, 108728. https://doi.org/10.1016/j.bioorg.2025.108728. 

19. Wu, J.; Yang, M.; Leng, D.; Hu, Q.; Yao, Y.; Sun, H.; Gao, Z. In Situ Generation and Conversion of a Half-Zirconocene Catalyst 
for the Synthesis of N-Acylpyrazoles. RSC Adv. 2025, 15, 1747–1753. https://doi.org/10.1039/D4RA08083A. 

20. Ajvazi, N.; Stavber, S. Alcohols in Direct Carbon-Carbon and Carbon-Heteroatom Bond-Forming Reactions: Recent Advances. 
Arkivoc 2018, 2, 288–329. https://doi.org/10.24820/ark.5550190.p010.237. 

21. Branković, J.; Matejić, V.; Simijonović, D.; Vukić, M.D.; Kačaniova, M.; Živanović, M.; Mirić, A.; Košarić, J.; Branković, M.; Pe-
trović, V.P. Novel N-pyrocatechoyl and N-pyrogalloyl Hydrazone Antioxidants Endowed with Cytotoxic and Antibacterial 
Activity. Arch. Pharm. 2024, 357, 2300725. https://doi.org/10.1002/ardp.202300725. 

22. Deng, Z.; Bheemanaboina, R.R.Y.; Luo, Y.; Zhou, C.-H. Aloe Emodin-Conjugated Sulfonyl Hydrazones as Novel Type of Anti-
bacterial Modulators against S. Aureus 25923 through Multifaceted Synergistic Effects. Bioorg. Chem. 2022, 127, 106035. 
https://doi.org/10.1016/j.bioorg.2022.106035. 

23. Ibraheem, H.H.; Queen, B.K.; Al-Sabti, M.D.; Issa, A.A.; Al-Majedy, Y.K.; Jabir, M.S.; Sulaiman, G.M.; Hasoon, B.A.; Eshaq, M.M.; 
Jawad, K.H.; et al. Insights into the Pharmaceutical Properties and in Silico Study of Novel Hydrazone Derivatives. Sci. Rep. 
2024, 14, 29912. https://doi.org/10.1038/s41598-024-81555-z. 

24. Ayaz, M.; Alam, A.; Zainab; Fareed, G.; Amin, A.; Usman, M.; Ali, L.; Shah, S.A.A.; Latif, A.; Ali, M.; et al. Synthesis, In Vitro 
Antimicrobial Activities, Molecular Docking, and ADMET Studies of Hydrazone-Schiff Bases Bearing Ibuprofen Scaffold. Chem-
istrySelect 2025, 10, e202406068. https://doi.org/10.1002/slct.202406068. 

25. Attallah, N.G.M.; Al-Fakhrany, O.M.; Elekhnawy, E.; Hussein, I.A.; Shaldam, M.A.; Altwaijry, N.; Alqahtani, M.J.; Negm, W.A. 
Anti-Biofilm and Antibacterial Activities of Cycas Media R. Br Secondary Metabolites: In Silico, In Vitro, and In Vivo Ap-
proaches. Antibiotics 2022, 11, 993. https://doi.org/10.3390/antibiotics11080993. 

26. Zhong, Y.; Liu, H.; Chen, F.; He, Q.; Zhang, X.; Lan, L.; Yang, C. Design, Synthesis and Biological Evaluation of Thiazolyl-
Halogenated Pyrroles or Pyrazoles as Novel Antibacterial and Antibiofilm Agents. Eur. J. Med. Chem. 2024, 268, 116221. 
https://doi.org/10.1016/j.ejmech.2024.116221. 

27. Sivaganesan, P.; Ganesan, L.; VL, S.; Pal, S.; Dam, S.; Sarkar, J.; Chaudhuri, S. Efficient, One-Pot, Green Syntheses of Analogues 
of 3,4-Dihydro-2 H Pyrroles as Potential New Antifungal and Antibacterial Agents. ChemistrySelect 2025, 10, e202404705. 
https://doi.org/10.1002/slct.202404705. 

28. Jin, H.; Jiang, X.; Yoo, H.; Wang, T.; Sung, C.G.; Choi, U.; Lee, C.; Yu, H.; Koo, S. Synthesis of Chalcone-Derived Heteroaromatics 
with Antibacterial Activities. ChemistrySelect 2020, 5, 12421–12424. https://doi.org/10.1002/slct.202003397. 

29. Çalışkan, N.; Usta, A.; Beriş, F.Ş.; Baltaş, N.; Çelik, E. Synthesis, Antibacterial and Antioxidant Activities of Some New Nsub-
stituted Azachalcone, Schiff Base and Pyrazole Derivatives. Lett. Org. Chem. 2020, 17, 631–638. 
https://doi.org/10.2174/1570178617666200108111211. 



Appl. Sci. 2026, 16, 703 18 of 20 
 

https://doi.org/10.3390/app16020703 

30. Brullo, C.; Caviglia, D.; Spallarossa, A.; Alfei, S.; Franzblau, S.G.; Tasso, B.; Schito, A.M. Microbiological Screening of 5-Func-
tionalized Pyrazoles for the Future Development of Optimized Pyrazole-Based Delivery Systems. Pharmaceutics 2022, 14, 1770. 
https://doi.org/10.3390/pharmaceutics14091770. 

31. Mugnaini, C.; Sannio, F.; Brizzi, A.; Del Prete, R.; Simone, T.; Ferraro, T.; De Luca, F.; Corelli, F.; Docquier, J.-D. Screen of Unfo-
cused Libraries Identified Compounds with Direct or Synergistic Antibacterial Activity. ACS Med. Chem. Lett. 2020, 11, 899–905. 
https://doi.org/10.1021/acsmedchemlett.9b00674. 

32. Huan, X.; Wang, Y.; Peng, X.; Xie, S.; He, Q.; Zhang, X.; Lan, L.; Yang, C. Design, Synthesis, and Biological Evaluations of 
Substituted Pyrazoles as Pyrrolomycin Analogues against Staphylococcal Biofilm. Eur. J. Med. Chem. 2022, 236, 114309. 
https://doi.org/10.1016/j.ejmech.2022.114309. 

33. Hu, Y.; Hu, S.; Pan, G.; Wu, D.; Wang, T.; Yu, C.; Fawad Ansari, M.; Yadav Bheemanaboina, R.R.; Cheng, Y.; Bai, L.; et al. 
Potential Antibacterial Ethanol-Bridged Purine Azole Hybrids as Dual-Targeting Inhibitors of MRSA. Bioorg. Chem. 2021, 114, 
105096. https://doi.org/10.1016/j.bioorg.2021.105096. 

34. Abdelfattah, A.M.; Mekky, A.E.M.; Sanad, S.M.H. Synthesis, Antibacterial Activity and in Silico Study of New Bis(1,3,4-Oxadi-
azoles). Synth. Commun. 2022, 52, 1421–1440. https://doi.org/10.1080/00397911.2022.2095211. 

35. Liu, H.; Yang, S.; Li, T.; Ma, S.; Wang, P.; Wang, G.; Su, S.; Ding, Y.; Yang, L.; Zhou, X.; et al. Design, Synthesis and Bioactivity 
Evaluation of Novel 2-(Pyrazol-4-Yl)-1,3,4-Oxadiazoles Containing an Imidazole Fragment as Antibacterial Agents. Molecules 
2023, 28, 2442. https://doi.org/10.3390/molecules28062442. 

36. Saglam, M.F.; Gündogdu, A.; Hora, M.; Kandemir, H.; Sengul, I.F. Synthesis of Pyrrolo[3,2-c]Carbazole-2-Carbohydrazides and 
Pyrrolo[3,2-c]Carbazol-2-Yl-1,3,4-Oxadiazoles and Their in Vitro Antibacterial Evaluation. Synth. Commun. 2021, 51, 3164–3174. 
https://doi.org/10.1080/00397911.2021.1966040. 

37. Zwayyer, N.H.; Muhsen, U.A.; Faraj, R.; Abebe, W. Synthesis of Novel 3-Spirocephalosporins and Evaluation of Their Antibac-
terial Activity. Curr. Org. Synth. 2025, 22, 620–630. https://doi.org/10.2174/0115701794287416241119111826. 

38. Kosikowska, U.; Wujec, M.; Trotsko, N.; Płonka, W.; Paneth, P.; Paneth, A. Antibacterial Activity of Fluorobenzoylthiosemi-
carbazides and Their Cyclic Analogues with 1,2,4-Triazole Scaffold. Molecules 2020, 26, 170. https://doi.org/10.3390/mole-
cules26010170. 

39. Ladkat, P.D.; Gadekar, P.K.; Khedkar, V.M.; Uphade, B.K.; Gadhave, A.G. Design, Synthesis, and Antimicrobial Evaluation of 
Novel 3-(Piperazine-1-yl)-1,2-Benzothiazole-Linked 1,3,4-Oxadiazoles and 1,2,4-Triazoles: Molecular Docking and Structure-
Activity Relationship. ChemistrySelect 2025, 10, e202404836. https://doi.org/10.1002/slct.202404836. 

40. Janowska, S.; Khylyuk, D.; Andrzejczuk, S.; Wujec, M. Design, Synthesis, Antibacterial Evaluations and In Silico Studies of 
Novel Thiosemicarbazides and 1,3,4-Thiadiazoles. Molecules 2022, 27, 3161. https://doi.org/10.3390/molecules27103161. 

41. Xuecheng, C.; Yanpeng, X.; Yue, L.; Yalan, P.; Zhong, C.; Zhijian, Y.; Shiqing, H. Derivatization of Dihydropyrrolidone-Thiadi-
azole Heterocyclic Compounds and an Evaluation of Their Antibacterial and Anti-Biofilm Activities. Synthesis 2023, 55, 2099–
2108. https://doi.org/10.1055/a-2023-0028. 

42. Okpala, O.E.; Rondevaldova, J.; Kokoska, L. Anti-Inflammatory Drugs as Potential Antimicrobial Agents: A Review. Front. 
Pharmacol. 2025, 16, 1557333. https://doi.org/10.3389/fphar.2025.1557333. 

43. Mondal, P.; Manna, S.; Ganguly, P.; Irfan, Z.; Mondal, S. Design, Synthesis, and Pharmacological Evaluation of Novel Isatin 
Scaffolds as Potent Anti-Inflammatory and Antibacterial Agents. ChemistrySelect 2025, 10, e00992. 
https://doi.org/10.1002/slct.202500992. 

44. Metwally, N.H.; Mohamed, M.S. New Imidazolone Derivatives Comprising a Benzoate or Sulfonamide Moiety as Anti-Inflam-
matory and Antibacterial Inhibitors: Design, Synthesis, Selective COX-2, DHFR and Molecular-Modeling Study. Bioorg. Chem. 
2020, 99, 103438. https://doi.org/10.1016/j.bioorg.2019.103438. 

45. Cohnen, E. Espacenet—Search results Available online: https://worldwide.espacenet.com/patent/search/family/006109480/pub-
lication/EP0045955A1?q=EP45955A1 (accessed on 1 December 2025). 

46. Wang, P.; Mondal, M.; Wang, Y. Photolabile Carbonyl Protecting Group: A New Tool for Light-Controlled Release of Anticancer 
Agents. Eur. J. Org. Chem. 2009, 2009, 2055–2058. https://doi.org/10.1002/ejoc.200900093. 

47. Schmidt, B.; Hölter, F.; Berger, R.; Jessel, S. Mizoroki–Heck Reactions with 4-Phenoldiazonium Salts. Adv. Synth. Catal. 2010, 352, 
2463–2473. https://doi.org/10.1002/adsc.201000493. 

48. Gindy, M.; Faltaous, M.S. Über 3,4-Benzoxanthen, 5. Mitt.: Direkte Substitution Des 3,4-Benzoxanthons. Monatsh. Chem. 1963, 
94, 285–289. https://doi.org/10.1007/BF00900250. 

49. Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in Vitro Evaluating Antimicrobial Activity: A Review. J. Pharm. Anal. 2016, 
6, 71–79. https://doi.org/10.1016/j.jpha.2015.11.005. 



Appl. Sci. 2026, 16, 703 19 of 20 
 

https://doi.org/10.3390/app16020703 

50. Wang, P.; Wang, Y.; Hu, H.; Spencer, C.; Liang, X.; Pan, L. Sequential Removal of Photolabile Protecting Groups for Carbonyls 
with Controlled Wavelength. J. Org. Chem. 2008, 73, 6152–6157. https://doi.org/10.1021/jo8008275. 

51. Flegontov, S.A.; Titova, Z.S.; Stolyarov, A.P.; Buzykin, B.I.; Kitaev, Y.P. Hydrazones 62. The Structures of Aroylhydrazones with 
Intramolecular Hydrogen Bonding. Bull. Acad. Sci. USSR Div. Chem. Sci. 1979, 28, 948–953. https://doi.org/10.1007/BF00963303. 

52. Shobana, D.; Sudha, S.; Dimić, D.; Ramarajan, D. Synthesis, Structural and Spectral Investigations of an Optically Active E-N′-
(3,4-Dimethoxybenzylidene)− 4-Fluorobenzohydrazide Crystal. Vib. Spectrosc. 2023, 126, 103541. https://doi.org/10.1016/j.vib-
spec.2023.103541. 

53. Kairytė, K.; Grybaitė, B.; Vaickelionienė, R.; Sapijanskaitė-Banevič, B.; Kavaliauskas, P.; Mickevičius, V. Synthesis and Biological 
Activity Characterization of Novel 5-Oxopyrrolidine Derivatives with Promising Anticancer and Antimicrobial Activity. Phar-
maceuticals 2022, 15, 970. https://doi.org/10.3390/ph15080970. 

54. Düker, J.; Petersen, N.; Richter, N.; Feuerer, P.; Faber, T.; Hölter, N.; Kehl, N.; Oboril, J.; Strippel, J.; Gröer, A.; et al. Room-
Temperature Copper Cross-Coupling Reactions of Anilines with Aryl Bromides. Org. Lett. 2025, 27, 5566–5571. 
https://doi.org/10.1021/acs.orglett.5c00699. 

55. Tumosienė, I.; Jonuškienė, I.; Belyakov, S.; Kantminienė, K. The Synthesis of Disubstituted 4-Methyl-N,N-Dipropylbenzena-
mine Derivatives Bearing Identical Azolethione(Thiol) Moieties as Antioxidant Agents. Monatshefte Für Chem.-Chem. Mon. 2023, 
154, 1161–1176. https://doi.org/10.1007/s00706-023-03119-7. 

56. Chortani, S.; Nimbarte, V.D.; Horchani, M.; Ben Jannet, H.; Romdhane, A. Synthesis, Biological Evaluation and Molecular Dock-
ing Analysis of Novel Benzopyrimidinone Derivatives as Potential Anti-Tyrosinase Agents. Bioorg. Chem. 2019, 92, 103270. 
https://doi.org/10.1016/j.bioorg.2019.103270. 

57. Beyzaei, H.; Sheikh, S.; Shiri, F.; Aryan, R. Evaluation of the Interactions of Hydrazide Derivatives with Acetic Acid and Molec-
ular Modeling Analysis of N-Acetylated Hydrazides. RSC Adv. 2025, 15, 13618–13627. https://doi.org/10.1039/D5RA01286D. 

58. Behalo, M.S.; Amine, M.S.; Fouda, I.M. Regioselective Synthesis, Antitumor and Antioxidant Activities of Some 1,2,4-Triazole 
Derivatives Based on 4-Phenyl-5-(Quinolin-8-Yloxy)Methyl-4 H-1,2,4-Triazole-3-Thiol. Phosphorus Sulfur. Silicon Relat. Elem. 
2017, 192, 410–417. https://doi.org/10.1080/10426507.2016.1247087. 

59. Baeva, L.A.; Nugumanov, R.M.; Gataullin, R.R.; Fatykhov, A.А. Reaction of 3-[(Alkylsulfanyl)Methyl]Pentane-2,4-Diones with 
Nicotinic Hydrazide. Chem. Heterocycl. Compd. 2020, 56, 548–554. https://doi.org/10.1007/s10593-020-02698-1. 

60. Sapijanskaitė-Banevič, B.; Palskys, V.; Vaickelionienė, R.; Šiugždaitė, J.; Kavaliauskas, P.; Grybaitė, B.; Mickevičius, V. Synthesis 
and Antibacterial Activity of New Azole, Diazole and Triazole Derivatives Based on p-Aminobenzoic Acid. Molecules 2021, 26, 
2597. https://doi.org/10.3390/molecules26092597. 

61. Zhang, Z.-J.; Zhang, J.-J.; Jiang, Z.-Y.; Zhong, G.-H. Design, Synthesis and Bioactivity Evaluation of Novel β-Carboline 1,3,4-
Oxadiazole Derivatives. Molecules 2017, 22, 1811. https://doi.org/10.3390/molecules22111811. 

62. Rutavicius, A.; Kuodis, Z. S(2)- or N(3)-Substituted 2-Mercapto-5-(4-Pyridyl)-1,3,4-Oxadiazoles. Chem. Heterocycl. Compd. 2002, 
38, 852–858. https://doi.org/10.1023/A:1020646123616. 

63. Hafez, H.N.; El-Gazzar, A.B.A. Design and Synthesis of 3-Pyrazolyl-Thiophene, Thieno[2,3-d]Pyrimidines as New Bioactive 
and Pharmacological Activities. Bioorg. Med. Chem. Lett. 2008, 18, 5222–5227. https://doi.org/10.1016/j.bmcl.2008.08.071. 

64. Zhang, W.; Wang, H.; Du, X. Design, Synthesis, and Fungicidal Activities of Novel Strobilurin Derivatives Containing a Substi-
tuted 1,3,4-Oxadiazole Moiety. J. Heterocycl. Chem. 2025, 62, 294–302. https://doi.org/10.1002/jhet.4944. 

65. Leonczak, P.; Gao, L.; Ramadori, A.T.; Lescrinier, E.; Rozenski, J.; De Jonghe, S.; Herdewijn, P. Synthesis and Structure–Activity 
Relationship Studies of 2-(1,3,4-Oxadiazole-2(3 H)-thione)-3-amino-5-arylthieno[2,3-b]Pyridines as Inhibitors of DRAK2. 
ChemMedChem 2014, 9, 2587–2601. https://doi.org/10.1002/cmdc.201402234. 

66. Balandis, B.; Anusevičius, K.; Šiugždaitė, J.; Kantminienė, K.; Mickevičius, V. Synthesis and Antibacterial Activity of 3-Substi-
tuted 1-(2-Methyl-5-Nitrophenyl)-5-Oxopyrrolidine Derivatives. Res. Chem. Intermed. 2019, 45, 5499–5517. 
https://doi.org/10.1007/s11164-019-03916-y. 

67. Balandis, B.; Ivanauskaitė, G.; Smirnovienė, J.; Kantminienė, K.; Matulis, D.; Mickevičius, V.; Zubrienė, A. Synthesis and Struc-
ture–Affinity Relationship of Chlorinated Pyrrolidinone-Bearing Benzenesulfonamides as Human Carbonic Anhydrase Inhibi-
tors. Bioorg. Chem. 2020, 97, 103658. https://doi.org/10.1016/j.bioorg.2020.103658. 

68. Alkhathami, A.G.; Tasqeeruddin, S.; Sultana, S.; Eppakayala, L.; Somaiah, N. Synthesis and Biological Evaluation of Thia-
zolo[3,2-b][1,2,4]Triazole Substituted 1,3,4-Oxadiazole and Pyridine Derivatives as Anticancer Agents. Tetrahedron 2025, 183, 
134698. https://doi.org/10.1016/j.tet.2025.134698. 

69. Yuan, C.; Yan, J.; Song, C.; Yang, F.; Li, C.; Wang, C.; Su, H.; Chen, W.; Wang, L.; Wang, Z.; et al. Discovery of [1,2,4]Triazole 
Derivatives as New Metallo-β-Lactamase Inhibitors. Molecules 2019, 25, 56. https://doi.org/10.3390/molecules25010056. 



Appl. Sci. 2026, 16, 703 20 of 20 
 

https://doi.org/10.3390/app16020703 

70. Peng, K.; Li, Y.; Bai, Y.; Jiang, T.; Sun, H.; Zhu, Q.; Xu, Y. Discovery of Novel Nonpeptide Small-Molecule NRP1 Antagonists: 
Virtual Screening, Molecular Simulation and Structural Modification. Bioorg. Med. Chem. 2020, 28, 115183. 
https://doi.org/10.1016/j.bmc.2019.115183. 

71. Formagio, A.S.N.; Tonin, L.T.D.; Foglio, M.A.; Madjarof, C.; de Carvalho, J.E.; da Costa, W.F.; Cardoso, F.P.; Sarragiotto, M.H. 
Synthesis and Antitumoral Activity of Novel 3-(2-Substituted-1,3,4-Oxadiazol-5-Yl) and 3-(5-Substituted-1,2,4-Triazol-3-Yl) β-
Carboline Derivatives. Bioorg. Med. Chem. 2008, 16, 9660–9667. https://doi.org/10.1016/j.bmc.2008.10.008. 

72. Johannsen, S.; Gierse, R.M.; Olshanova, A.; Smerznak, E.; Laggner, C.; Eschweiler, L.; Adeli, Z.; Hamid, R.; Alhayek, A.; Reiling, 
N.; et al. Not Every Hit-Identification Technique Works on 1-Deoxy-D-Xylulose 5-Phosphate Synthase (DXPS): Making the Most 
of a Virtual Screening Campaign. ChemMedChem 2023, 18, e202200590. https://doi.org/10.1002/cmdc.202200590. 

73. Kudelko, A. Reactions of α-Mercaptocarboxylic Acid Hydrazides with Triethyl Orthoesters: Synthesis of 1,3,4-Thiadiazin-
5(6H)-Ones and 1,3,4-Oxadiazoles. Tetrahedron 2012, 68, 3616–3625. https://doi.org/10.1016/j.tet.2012.02.071. 

74. Cashman, J.R.; Ryan, D.; McKeithan, W.L.; Okolotowicz, K.; Gomez-Galeno, J.; Johnson, M.; Sampson, K.J.; Kass, R.S.; 
Pezhouman, A.; Karagueuzian, H.S.; et al. Antiarrhythmic Hit to Lead Refinement in a Dish Using Patient-Derived IPSC Car-
diomyocytes. J. Med. Chem. 2021, 64, 5384–5403. https://doi.org/10.1021/acs.jmedchem.0c01545. 

75. Bidula, S.; Nadzirin, I.B.; Cominetti, M.; Hickey, H.; Cullum, S.A.; Searcey, M.; Schmid, R.; Fountain, S.J. Structural Basis of the 
Negative Allosteric Modulation of 5-BDBD at Human P2X4 Receptors. Mol. Pharmacol. 2022, 101, 33–44. 
https://doi.org/10.1124/molpharm.121.000402. 

76. Pranaitytė, G.; Grybaitė, B.; Endriulaityte, U.; Mickevičius, V.; Petrikaitė, V. Exploration of 1-(2,4-Difluorophenyl)-5-Oxopyrrol-
idine-3-Carboxylic Acid Derivatives Effect on Triple-Negative Breast, Prostate Cancer and Melanoma Cell 2D and 3D Cultures. 
Sci. Rep. 2025, 15, 17590. https://doi.org/10.1038/s41598-025-02106-8. 

77. Plech, T.; Paneth, A.; Kaproń, B.; Kosikowska, U.; Malm, A.; Strzelczyk, A.; Stączek, P. Structure–Activity Relationship Studies 
of Microbiologically Active Thiosemicarbazides Derived from Hydroxybenzoic Acid Hydrazides. Chem. Biol. Drug Des. 2015, 
85, 315–325. https://doi.org/10.1111/cbdd.12392. 

78. Li, J.; Wang, R.; Huang, Q.; Li, W.; An, Z.; Liu, Y. Electrochemical Synthesis of 2-Amino-1,3,4-Oxadiazoles via TBAI-Mediated 
Desulfurative Cyclization of Isothiocyanates and Hydrazines. Tetrahedron 2025, 184, 134746. 
https://doi.org/10.1016/j.tet.2025.134746. 

79. Yeganyan, T.H.; Shahkhatuni, A.A.; Davinyan, A.M.; Karapetyan, H.A.; Galstyan, A.S. Synthesis of Chiral Pyrrolidine Deriva-
tives with Promising Pharmacological Activity. Chem. Heterocycl. Compd. 2025, 61, 136–154. https://doi.org/10.1007/s10593-025-
03405-8. 

80. Patel, K.R.; Brahmbhatt, J.G.; Pandya, P.A.; Daraji, D.G.; Patel, H.D.; Rawal, R.M.; Baran, S.K. Design, Synthesis and Biological 
Evaluation of Novel 5-(4-Chlorophenyl)-4-Phenyl-4H-1,2,4-Triazole-3-Thiols as an Anticancer Agent. J. Mol. Struct. 2021, 1231, 
130000. https://doi.org/10.1016/j.molstruc.2021.130000. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


