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Abstract

Continuing our work in the field of synthesis and research of amino acids, their deriva-
tives, and cyclization products, in this work, we synthesized various 3-(6-bromo-2-oxo-
1,3-benzoxazol-3(2H)-yl)propanoic acid derivatives and investigated their antimicrobial
activity. A total of eighteen synthesized chemical compounds (No. 1-18), including several
structural analogues (e.g., 3a, 3b, 4a—4e, 8a—8m, 9a-9d), were evaluated for their antibacte-
rial properties. The antibacterial activity was assessed using the Kirby—Bauer disk diffusion
method, and inhibition zone diameters (mm) were measured against five representative
bacterial strains: S. aureus, MRSA, B. subtilis, E. coli, and P. aeruginosa. The minimum
inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) of the
most active synthesized compounds were determined against representative Gram-positive
and Gram-negative bacterial strains, including S. aureus, MRSA, B. subtilis, and E. coli.
Overall, these results indicate that the tested compounds display selective antibacterial
activity, mainly against Gram-positive bacteria, with compound 12 emerging as the most
promising derivative in the series. The antibacterial activities of several synthesized com-
pounds were systematically evaluated against S. aureus and MRSA over a 24 h incubation
period, with optical density measured at ten time points. Bacterial growth was monitored
spectrophotometrically at 600 nm (ODg) at 1,2, 3,4, 5, 6,7, 8, 20, and 24 h, enabling a
detailed assessment of growth kinetics and the temporal dynamics of inhibition. The effect
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of compound 11 on the growth kinetics of S. aureus was evaluated by quantifying viable
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from 125 to 1.95 pg/mL. The results showed a clear, concentration-dependent decrease
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1. Introduction

Benzoxazoles represent an important class of fused heterocycles, consisting of a ben-
zene ring fused to an oxazole nucleus. Their compact, planar architecture, enriched with
heteroatoms, enables multiple modes of molecular recognition, such as 7— stacking, hydro-
gen bonding, and metal coordination [1-3]. These properties, together with their occurrence
in natural products such as UK-1 (I) and caboxamycin (II), have made benzoxazoles a
privileged scaffold in medicinal chemistry [2,4] (Figure 1).
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Figure 1. Structures of biologically active benzoxazole derivatives.

Over the past decades, benzoxazole derivatives have been reported to exhibit an
impressive diversity of biological activities. They have demonstrated potent antibacterial
effects against both Gram-positive and Gram-negative pathogens, including Staphylococcus
aureus and Enterococcus species, and some compounds have emerged as promising leads
against Mycobacterium species, including Mycobacterium tuberculosis [5-14]. For example,
structure III is a nonsteroidal anti-inflammatory agent marketed as an antirheumatic
drug [10]. Compound IV exhibits anticancer properties [14], and molecule V reduces
paraoxonase-1 enzyme activity at very low concentrations [12]. In addition, benzoxazoles
have displayed antiviral activity [15,16].

The search for new chemotypes with novel mechanisms of action [17]. Multidrug-
resistant (MDR) pathogens, including methicillin-resistant Staphylococcus aureus (MRSA)
and Pseudomonas aeruginosa, pose significant clinical challenges, resulting in increased
morbidity, mortality, and healthcare costs. [18]. The alarming rise in resistance rates has
outpaced the discovery of new antibiotic classes, emphasizing the need for innovative
approaches to antimicrobial drug design [19].

Beyond their anti-infective properties, benzoxazoles are recognized for their anticancer
potential. Numerous analogues induce apoptosis, inhibit poly(ADP-ribose) polymerase
(PARP-2), modulate kinases such as VEGFR-2, or act as monoacylglycerol lipase (MAGL)
inhibitors, resulting in cytotoxicity against a wide spectrum of cancer cell lines [20-32].

Other reported activities further underscore the pharmacological versatility of this
scaffold. Benzoxazole derivatives have been investigated as anti-inflammatory and anal-
gesic agents through enzyme inhibition pathways [32—41], while others display activity as
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allosteric modulators of metabolic enzymes and as antagonists of neurotransmitter recep-
tors [42—-45]. Promising leads have also been reported as antiparasitic agents, expanding
the relevance of benzoxazoles beyond classical therapeutic areas [46].

2. Materials and Methods
2.1. General Information

Reagents and solvents were obtained from Sigma-Aldrich (St. Louis, MO, USA)
and used without further purification. The reaction course and purity of the synthesized
compounds were monitored by TLC using aluminium plates precoated with Silica gel
with F254 nm (Merck KGaA, Darmstadt, Germany). Melting points were determined
with a B-540 melting point analyzer (Biichi Corporation, New Castle, DE, USA) and
were uncorrected. NMR spectra were recorded on a Bruker Avance III (400, 101 MHz)
spectrometer (Bruker BioSpin AG, Féllanden, Switzerland). Chemical shifts were reported
in (d) ppm relative to tetramethylsilane (TMS) with the residual solvent as internal reference
(DMSO-dg, d = 2.50 ppm for 'H and d = 39.52 ppm for '3C). Data were reported as
follows: chemical shift, multiplicity, coupling constant (Hz), integration, and assignment. IR
spectra (v, cm 1) were recorded on a PerkinElmer Frontier spectrometer (PerkinElmer Inc.,
Waltham, MA, USA) in a wave interval from 4000 to 560 cm !, by pressing a small amount
of sample against a diamond crystal plate (number of scans—6, resolution—4 cm™1!),
and data were processed using Spectrum software (version 10.03.03). Mass spectra were
recorded on Ms. Agilent 6530A QTOF HPLC, Agilent 1260 II series (Agilent Technologies,
Inc., Santa Clara, CA, USA). The C, H, and N elemental analysis was conducted on an
Elemental Analyzer CE-440 (Exeter Analytical, Inc., Chelmsford, MA, USA). The results
were found to be in good agreement (+0.3%) with the calculated values.

3-(6-bromo-2-oxobenzold]oxazol-3(2H)-yl)propanoic acid (2)

Carboxylic acid 1 [47] (18.65 g, 90 mmol) was dissolved in acetic acid (60 mL) at 70 °C.
After cooling to room temperature, Bry (9.3 mL, 180 mmol, dropwise) was added. The
mixture was stirred for 4 h, sodium thiosulfate pentahydrate (0.5 g) was added under stirring,
then diluted with 300 mL water, and the formed precipitate was filtered off and washed with
hot water. The obtained acid 2 was purified by recrystallisation from propan-2-ol.

Light brown solid, yield 23.50 g (91%), m.p. 167-169 °C.

'H NMR (400 MHz, DMSO-dy), 8: 2.68 (t, ] = 6.9 Hz, 2H, CH}), 4.00 (t, ] = 7.0 Hz, 2H,
N-CHy), 7.31 (d, ] = 8.3 Hz, 1H, Harom), 7.40 (d, ] = 8.4 Hz, 1H, Harom), 7.63 (s, 1H, Harom).

13C NMR (101 MHz, DMSO-dy), &: 31.69 (CH,-CO), 38.05 (N-CH,), 111.01, 112.68,
113.24, 126.35, 130.35, 142.42 (Carom), 153.06 (C=0), 172.04 (COOH).

HRMS (ESI): m/z caled. for C1oHgBrNO4 309.0810; Found: 309.2500 [M + Na]*.

IR (KBr), v, cm~1: 3424 (OH), 1769, 1700 (2x C=0).

6-bromo-3-(3-oxo-3-(p-tolyl)propyl)benzold]Joxazol-2(3H)-one (3a)

A mixture of phosphorus pentoxide (5 g) and toluene (50 mL) was heated under reflux
for 20 min, after which carboxylic acid 2 (1.43 g, 5 mmol) was added. Reflux was continued
for 4 h. Upon completion, the reaction mixture was allowed to cool, and the liquid was
decanted from the residue. The liquid was then concentrated under reduced pressure
to approximately 1 mL and diluted with hexane (15 mL). The resulting mixture was left
to stand at room temperature for 1 day and then at the temperature of 4 °C for 1 day.
The formed precipitate was collected by filtration, washed with hexane, and dried. The
obtained material 3a was purified by recrystallisation from a toluene (25 mL) and hexane
(25 mL) mixture.

Pale-yellow solid, yield 0.40 g (30%), m.p. 132-134 °C.
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'H NMR (400 MHz, DMSO-dg), &: 2.36 (s, 3H, CH3), 3.51 (t, ] = 6.9 Hz, 2H, CH), 4.14
(t, J=6.8Hz, 2H, CH,), 7.31 (d, | = 7.9 Hz, 2H, Harom), 7.40 (t, | = 6.6 Hz, 2H, Harom), 7.63 (s,
1H, Harom), 7.84 (d, ] = 7.8 Hz, 2H, Harom)-

13C NMR (101 MHz, DMSO-dy), 5: 21.16 (CH3), 35.58 (CH,-C), 37.46 (N-CH}), 111.32,
112.79, 113.37, 126.50, 128.07, 129.26, 130.64, 133.69, 142.62, 143.88 (Carom), 153.26, 197.13
(2x C=0).

HRMS (ESI): m/z caled. for C17H14BrNO;3 360.0157; Found: 360.0679 [M + H]*.

IR (KBr), v, cm™~! = 1762, 1668 (2x C=0).

6-bromo-3-(3-(3,4-dimethylphenyl)-3-oxopropyl)benzold]oxazol-2(3H)-one (3b)

A mixture of phosphorus pentoxide (2.5 g), o-xylene (25 mL) was heated under reflux
for 20 min, after which carboxylic acid 2 (0.72 g, 2.5 mmol) was added. Reflux was
continued for 4 h. Upon completion, the reaction mixture was allowed to cool, and the
liquid was decanted from the residue. The liquid was then concentrated under reduced
pressure to approximately 1 mL and diluted with hexane (15 mL). The resulting mixture
was left to stand at room temperature for 1 day and then at a temperature of 4 °C for 1 day.
The formed precipitate was collected by filtration, washed with hexane, and dried. The
obtained material 3b was purified by recrystallisation from toluene (25 mL) and hexane
(25 mL) mixture.

Pale-yellow solid, yield 0.21 g (23%), m.p. 136-138 °C.

'H NMR (400 MHz, DMSO-dg), &: 2.25 (s, 3H, CH3), 2.27 (s, 3H, CH3), 3.50 (t, ] = 6.8 Hz,
2H, CHy), 4.14 (t, ] = 6.8 Hz, 2H, CHy), 7.26 (d, ] = 7.9 Hz, 1H, Harom), 7.35-7.46 (m, 2H,
Harom), 7.60-7.75 (m, 3H, Harom).

13C NMR (101 MHz, DMSO-dg), 8: 19.30, 19.61 (2x CH3), 35.61 (CH,-CO), 37.51 (N-
CHy), 111.35, 112.80, 113.39, 125.63, 126.52, 128.95, 129.75, 130.65, 134.05, 136.76, 142.63,
142.72 (Carom), 153.27,197.31 (2x C=0).

HRMS (ESI): m/z caled. for C1gH14BrNO3 374.0314; Found: 374.0802 [M + H]*.

IR (KBr), v, cm~! = 1759, 1668 (2x C=0).

General Procedure for Preparation of Benzimidazoles (4a—d)

A mixture of carboxylic acid 2 (1.72 g, 6 mmol), the corresponding benzene-1,2-diamine
(12 mmol), and 18% aqueous hydrochloric acid solution (25 mL) was heated at reflux for
72 h. Afterwards, it was cooled and neutralized with 5% Nay;COs3 to pH 9. The formed
precipitate was filtered off, washed with hot water, and recrystallized from propan-2-ol.

3-(2-(1H-benzo[d]imidazol-2-yl)ethyl)-6-bromobenzold]oxazol-2(3H)-one (4a)

Brown solid, yield 1.38 g (64%), m.p. 142-144 °C.

'H NMR (400 MHz, DMSO-dg), 8: 3.23 (d, ] = 7.0 Hz, 2H, CH,), 4.26 (t, ] = 6.7 Hz, 2H,
CHy), 7.12 (s, 2H, Harom), 7.20 (d, ] = 8.3 Hz, 1H, Harom), 7.33 (d, ] = 8.3 Hz, 1H, Harom), 7.45
(s, 2H, Harom), 7.63 (s, 1H, Harom), 12.34 (s, 1H, NH).

13C NMR (101 MHz, DMSO-dg), 6: 26.85 (CH,-CO), 40.60 (N-CH,), 110.75, 112.94,
113.44, 126.45, 130.47 (Carom), 142.63 (CH,-C=N), 153.27 (C=0).

HRMS (ESI): m/z caled. for C14H12BrN3O, 358.0113; Found: 358.0679 [M + H]*.

IR (KBr), v, cm~! = 2860 (NH), 1770, 1698 (2x C=0), 1615 (C=N).

6-bromo-3-(2-(5-methyl-1H-benzo[d imidazol-2-yl)ethyl)benzo[d]oxazol-2(3H)-one (4b)

Brown solid, yield 1.30 g (58%), m.p. 98-100 °C.

'H NMR (400 MHz, DMSO-dp), &: 2.37 (s, 3H, CH3), 3.20 (t, ] = 7.1 Hz, 2H, CH), 4.24
(t, ] =6.9 Hz, 2H, CHy), 6.93 (d, ] = 8.1 Hz, 1H, Harom), 7.16-7.39 (m, 4H, Harom), 7.63 (s, 1H,
Harom), 12.17 (s, 1H, NH).

13C NMR (101 MHz, DMSO-d), &: 21.70 (CH3), 26.83 (CH,-C), 40.62 (N-CH,), 110.73,
112.92,113.42, 126.44, 130.47 (Carom), 142.61 (CH-C=N), 153.24 (C=0).

HRMS (ESI): m/z caled. for C17H14BrN3O, 372.0269; Found: 372.0835 [M + H]*.

IR (KBr), v, cm~! = 2958 (NH), 1738 (C=0), 1615 (C=N).
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6-bromo-3-(2-(5-fluoro-1H-benzo[dlimidazol-2-yl)ethyl)benzold]Joxazol-2(3H)-one (4c)

Brown solid, yield 2.12 g (94%), m.p. 217-219 °C.

'H NMR (400 MHz, DMSO-d), &: 2.71, 3.22 (2t, | = 6.9 Hz, 1.6H + 0.4H, CH,), 4.01,
4.25(2t, ] =6.9 Hz, 1.6H + 0.4H), 6.93-6.99 (m, 0.4H, Harom), 7.18 (d, ] = 8.3 Hz, 0.4H, Harom),
7.24-7.37 (m, 2.2H, Harom), 741 (d, | = 8.4 Hz, 2H, Harom), 7.63 (s, 1H, Harom), 12.45 (s,
1H, NH).

13C NMR (101 MHz, DMSO-dg), 5: 28.31 (CH,-C), 41.10 (N-CH,), 106.11, 109.28,
110.86, 115.83, 115.86, 122.01, 136.63, 145.43, 154.76, 157.08 (Carom), 159.40 (CH,-C=N),
173.44 (C=0).

Calcd for C14H711BrFN30O,, %: C, 51.09; H, 2.95; N, 11.17. Found, %: C 50.87; H 2.71;
N 10.85.

IR (KBr), v, cm~! = 2931 (NH), 1717 (C=0).

6-bromo-3-(2-(5-chloro-1H-benzo[dlimidazol-2-yl)ethyl)benzo[d]Joxazol-2(3H)-one (4d)

Brown solid, yield 2.12 g (90%), m.p. 180-182 °C.

'H NMR (400 MHz, DMSO-dg), 8: 3.09 (t, ] = 7.0 Hz, 2H, CH,), 3.51 (t, ] = 7.1 Hz,
2H, CHy), 6.53 (d, | = 8.2 Hz, 1H, Harom), 6.75-6.83 (m, 2H, Harom), 7.15 (d, ] = 8.5 Hz, 1H,
Harom), 749 (d, ] = 8.5 Hz, 1H, Harom), 7.55 (s, 1H, Harom), 9.80 (s, 1H, NH).

13C NMR (101 MHz, DMSO-dg), &: 28.27 (CH,-C), 41.04 (N-CHy), 106.12, 110.86, 115.86,
121.52,121.98, 125.71, 136.60, 145.44 (Carom), 154.87 (CH,-C=N), 173.43 (C=0).

Calcd for C1H;1BrCIN3O,, %: C, 48.94; H, 2.82; N, 10.70. Found, %: C 48.69; H 2.57;
N 10.52.

IR (KBr), v, cm~! = 3111 (NH), 1727 (C=0).

Methyl 3-(6-bromo-2-oxobenzo[dloxazol-3(2H)-yl)propanoate (5)

A mixture of carboxylic acid 2 (11.44 g, 40 mmol), methanol (200 mL), and a catalytic
amount of sulfuric acid (a few drops) was heated at reflux for 24 h, then evaporated at
reduced pressure. The residue was poured with aqueous 5% sodium carbonate solution to
a pH of 8 and stirred for 5 min. The formed precipitate was filtered off, washed with water,
and dried. The ester 5 was recrystallized from methanol.

Bright light brown solid, yield 11.27 g (94%), m.p. 97-99 °C.

'H NMR (400 MHz, DMSO-dg), &: 2.79 (t, ] = 6.8 Hz, 2H, CH,), 3.56 (s, 3H, CH3), 4.04
(t,J = 6.8 Hz, 2H, CH,), 7.31 (d, ] = 8.4 Hz, 1H, Harom), 7.38-7.45 (m, 1H, Harom), 7.64 (s,
1H, Harom)-

13C NMR (101 MHz, DMSO-dy), §: 31.35 (CH,-CO), 37.93 (N-CH}), 51.63 (CH3), 111.09,
112.91, 113.48, 126.55, 130.43, 142.60 (Carom), 153.21 (C=0), 171.04 (COOCH3).

HRMS (ESI): m/z caled. for C11H19BrNO4 300.9793; Found: 300.0303 [M + H]*.

IR (KBr), v, cm~! = 1773, 1726 (2x C=0).

3-(6-bromo-2-oxobenzold]oxazol-3(2H)-yl)propanehydrazide (6)

Ester 5 (5.64 g, 19.8 mmol) was dissolved in propan-2-ol (50 mL), then hydrazine
monohydrate (3 g, 60 mmol, dropwise) was added, and the mixture was refluxed for
24 h. The mixture was filtered, and the formed precipitate was filtered and washed with
propan-2-ol and hexane. The crystals were recrystallised from a propan-2-ol (40 mL) and
water (2 mL) mixture.

White solid, yield 4.96 g (83%), m.p. 168-170 °C.

'H NMR (400 MHz, DMSO-dg), §: 2.50 (overlaps with DMSO-dg, 2H, CHy), 4.02 (t,
J=6.7 Hz, 2H, CH,), 417 (s, 2H, NH3), 7.23 (d, | = 8.3 Hz, 1H, Harom), 743 (d, ] = 8.4 Hz,
1H, Harom), 7.64 (s, 1H, Harom), 9.11 (s, 1H, NH).

13C NMR (101 MHz, DMSO-d), &: 31.76 (CH,-CO), 39.00 (N-CHj>), 111.29, 113.06,
113.61, 126.77, 130.77, 142.76 (Carom), 153.43, 169.03 (2x C=0).

HRMS (ESI): m/z caled. for C19Hy9BrN3O3 300.9906; Found: 300.0434 [M + H]*.

IR (KBr), v, em~! = 3315, 3066 (NH,, NH), 1747, 1632 (2x C=0).
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3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N-hydroxypropanamide (7)

The mixture of ester (0.30 g, 1 mmol) and NH,OH-HCI (0.20 g, 3 mmol) in wa-
ter/methanol (1:1, 6 mL) at 0-5 °C, a solution of KOH (0.39 g, 7 mmol) in water (1 mL) was
added dropwise under stirring. The reaction mixture was stirred at this temperature for
24 h, then acidified with conc. HCI to pH 5-6. The mixture with the forming precipitate
was left in the fridge for the night. The resultant precipitate was collected by filtration and
washed with water. The compound was recrystallized from propan-2-ol.

Light brown solid, yield 0.23 g (77%), m.p. 169-171 °C.

I'H NMR (400 MHz, DMSO-d), &: 2.43 (overlaps with DMSO-dg, 2H, CHj), 4.00 (t,
] = 6.7 Hz, 1H, CH,), 7.23 (d, ] = 8.3 Hz, 1H, Harom), 7.41 (d, ] = 8.5 Hz, 1H, Harom), 7.64 (s,
2H, Harom), 8.79 (s, 1H, NH), 10.48 (s, 1H, OH).

13C NMR (101 MHz, DMSO-dg), &: 30.39 (CH,-C), 38.61 (N-CH}), 111.18, 112.84, 113.41,
126.56, 130.55, 142.57 (Carom), 153.20 (C=0), 166.26 (O=C-NH).

HRMS (ESI): m/z caled. for C19HgBrN,Oy4 323.0960; Found: 323.0076 [M + Na]*.

IR (KBr), v, cm~! = 3278 (OH), 2777 (NH), 1748, 1666 (2x C=0).

General Procedure for Preparation of Hydrazones (8-13)

To a hot solution of hydrazide 6 (0.30 g, 1 mmol) in propan-2-ol (15 mL), the corre-
sponding aromatic or heterocyclic aldehyde (1,3 mmol) was added, and the mixture was
heated at reflux for 3 h and then cooled down. The precipitate was filtered off, washed
with propan-2-ol, and dried. The obtained solid was recrystallized from the mixture of
propan-2-ol (40 mL) and 1,4-dioxane (5 mL).

N’-benzylidene-3-(6-bromo-2-oxobenzo[d]Joxazol-3(2H)-yl)propanehydrazide (8a)

White solid, yield 0.31 g (80%), m.p. 211-213 °C.

'H NMR (400 MHz, DMSO-dg), §: Z/E 70/30 2.71 (t, ] = 6.7 Hz, 0.6H, CH}), 3.09 (t,
] = 6.8 Hz, 1.4H, CH;), 4.06-4.17 (m, 2H, CH3), 7.26-7.45 (m, 5H, Harom), 7.48-7.57 (m, 2H,
Harom), 7.60-7.69 (m, 1H, Harom), 7.93 (s, 0.7H, CH=N), 8.09 (s, 0.3H, CH=N), 11.41 (s, 0.7H,
NH), 11.48 (s, 0.3H, NH).

13C NMR (101 MHz, DMSO-dy), §: 30.27, 32.14 (CH,-C), 38.20, 38.40 (N-CH}>), 111.03,
111.19, 112.83, 112.86, 113.41, 113.44, 126.51, 126.67, 127.04, 128.71, 128.77, 129.77, 130.02,
130.59, 133.97, 134.13, 142.60, 143.32, 146.42, 153.24 (Carom), 166.00, 171.85 (2x C=0).

HRMS (ESI): m/z caled. for C17H14BrN3O35 388.0219; Found: 388.0791 [M + H]*.

IR (KBr), v, cm~! = 2958 (NH), 1781, 1667 (2x C=0), 1610 (C=N).

3-(6-bromo-2-oxobenzold]oxazol-3(2H)-yl)-N'-(4-methylbenzylidene)propanehydrazide (8b)

Brown solid, yield 0.16 g (41%), m.p. 152-154 °C.

'H NMR (400 MHz, DMSO-dy), 8: Z/E 67/33 2.31 (s, 3H, CH3), 2.69 (t, | = 6.8 Hz,
0.67H, CH,), 3.07 (t, ] = 6.8 Hz, 1.33H, CHy), 3.99 (t, ] = 6.9 Hz, 0.33H, CH,), 4.05-4.16
(m, 1.67H, CHy), 7.15-7.36 (m, 3H, Harom), 7.37-7.47 (m, 2H, Harom), 7.51-7.57 (m, 1.33H,
Harom), 7.60-7.67 (m, 0.67H, Harom), 7.89 (s, 0.67H, CH=N), 8.05 (s, 0.33H, CH=N), 11.41 (s,
1H, NH).

13C NMR (101 MHz, DMSO-dy), 5: 21.03 (CH3), 30.27 (CH,-C), 38.24 (N-CH)), 111.04,
112.84, 113.47, 126.63, 127.03, 129.33, 130.60, 131.28, 139.52, 142.60, 143.42, 146.50, 153.26
(Carom), 165.90, 171.75 (2x C=0).

HRMS (ESI): m/z caled. for C1gH14BrN3O3 402.0375; Found: 402.0897 [M + H]*.

IR (KBr), v, cm~! = 3028 (NH), 1763, 1654 (2x C=0), 1602 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N"-(4-hydroxybenzylidene)propanehydrazide (8c)

White solid, yield 0.29 g (71%), m.p. 205-207 °C.

'H NMR (400 MHz, DMSO-dg), &: Z/E 67/33 2.66 (t, | = 6.6 Hz, 0.66 H, CH,), 3.04 (t, ]
=6.7 Hz, 1.34H, CH3), 4.05-4.15 (m, 2H, CHy), 6.73-6.82 (m, 2H, Harom), 7.26-7.51 (m, 4H,
Harom), 7.58 (s, 0.67H, Harom), 7.64 (s, 0.33H, Harom), 7.81 (s, 0.67H, CH=N), 7.96 (s, 0.33H,
CH=N), 9.86 (s, 0.67H, OH), 9.90 (s, 0.33H, OH), 11.20 (s, 0.67H, NH), 11.26 (s, 0.33H, NH).
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13C NMR (101 MHz, DMSO-dy), §: 30.27, 32.14 (CH,-C), 38.22, 38.50 (N-CH}), 111.06,
112.86, 113.43, 115.60, 125.02, 126.52, 128.41, 130.60, 130.62, 142.62, 143.65, 146.74, 153.27,
159.15 (Carom), 165.58, 171.45 (2x C=0).

HRMS (ESI): m/z caled. for C17H14BrN3Oy4 404.0168; Found: 404.0695 [M + H]*.

IR (KBr), v, cm~! = 3381 (OH) 2967 (NH), 1750, 1670 (2x C=0), 1615 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N'-(4-fluorobenzylidene)propanehydrazide (8d)

White solid, yield 0.35 g (85%), m.p. 218-220 °C.

"H NMR (400 MHz, DMSO-dg), 8: Z/E 68/322.70 (t, ] = 6.7 Hz, 0.64H, CH,), 3.08 (t,
] = 6.7 Hz, 1.36H, CHj), 4.05-4.16 (m, 2H, CH,), 7.16-7.37 (m, 3H, Harom), 7.39-7.46 (m,
1H, Harom), 7.52-7.60 (m, 2H, Harom), 7.64 (d, ] = 2.3 Hz, 0.32H, Harom), 7.71 (m, 0.68H,
Harom), 7.91 (s, 0.68H, CH=N), 8.08 (s, 0.32H, CH=N), 11.41 (s, 0.68H, Harom), 11.48 (s,
0.32H, Harom).

13C NMR (101 MHz, DMSO-dy), 8: 30.26, 32.13 (CH,-C), 38.23, 38.40 (N-CHj), 111.03,
112.82, 113.45, 115.79 (dd, | = 21.9, 8.7 Hz), 126.53, 129.01 (dd, | = 41.1, 8.5 Hz), 130.58,
142.15,145.31, 153.25, 162.88 (d, ] = 247.3 Hz), 164.11 (Carom), 166.02, 171.87 (2x C=0).

HRMS (ESI): m/z caled. for C17H;3BrFEN3 O3 406.0124; Found: 406.0655 [M + HJ*.

IR (KBr), v, em~! = 2960 (NH), 1759, 1665 (2x C=0), 1613 (C=N).

3-(6-bromo-2-oxobenzold]oxazol-3(2H)-yl)-N"-(4-chlorobenzylidene)propanehydrazide (8e)

White solid, yield 0.39 g (92%), m.p. 188-190 °C.

'H NMR (400 MHz, DMSO-de), §: Z/E 70/30 2.71 (t, ] = 6.7 Hz, 0.6H, CH}), 3.08 (t,
] =6.7 Hz, 1,4H, CH,), 4.05-4.16 (m, 2H, CH,), 7.29 (d, ] = 8.4 Hz, 0.3H, Harom), 7.34 (d,
J =8.3 Hz, 0.7H, Harom), 742 (d, ] = 8.6 Hz, 2H + 0.3H, Harom), 748 (d, ] = 8.6 Hz, 0.7H,
Harom), 7.53 (d, ] = 8.7 Hz, 2H, Harom), 7.58-7.71 (m, 1H, Harom), 7.90 (s, 0.7H, CH=N), 8.07
(s, 0.3H, CH=N), 11.46 (s, 0.7H, NH), 11.54 (s, 0.3H, NH).

13C NMR (101 MHz, DMSO-dy), §: 30.25, 32.14 (CH,-C), 38.23, 38.39 (N-CH}), 111.05,
111.20, 112.83, 112.88, 113.43, 113.49, 126.55, 128.28, 128.69, 128.79, 128.88, 130.58, 132.91,
133.11, 134.20, 134.47, 142.02, 142.59, 145.13, 153.25 (Carom), 166.13, 171.97 (2x C=0).

HRMS (ESI): m/z caled. for C17H13BrCIN3;O3 422.9829; Found: 422.0393 [M + H]J*.

IR (KBr), v, cm~! = 2975 (NH), 1776, 1676 (2x C=0), 1609 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N'-(3-nitrobenzylidene)propanehydrazide (8£)

White solid, yield 0.32 g (74%), m.p. 219221 °C.

'H NMR (400 MHz, DMSO-dg), 8: Z/E 66/34 2.74 (t, ] = 6.7 Hz, 0.68H, CH,), 3.12 (t,
J = 6.7 Hz, 1.32H, CHy), 4.07-4.17 (m, 2H, CH,), 7.26-7.45 (m, 2H, Harom), 7.50 (s, 0.66H,
Harom), 7.65 (s, 1.34H, Harom), 7.96 (d, ] = 7.8 Hz, 0.66H, Harom), 8.03 (s, 0.66H, Harom), 8.08
(d, ] =7.6 Hz, 0.34H, Harom), 8.17-8.25 (m, 1.34H, Harom), 8.32 (s, 0.66H, CH=N), 8.47 (s,
0.34H, CH=N), 11.64 (s, 0.66H, NH), 11.73 (s, 0.34H, NH).

13C NMR (101 MHz, DMSO-dy), 5: 30.26, 32.14 (CH,-C), 38.23, 38.34 (N-CH,), 111.0,
111.20, 112.75,112.87, 113.42, 120.85, 121.04, 124.02, 124.23, 126.52, 130.27, 130.39, 130.58,
132.70, 135.80, 136.06, 141.09, 142.53, 142.60, 144.03, 148.13, 148.16, 153.25 (Carom), 166.46,
172.18 (2x C=0).

HRMS (ESI): m/z caled. for C17H13BrN4Os 433.0069; Found: 433.0633 [M + H]*.

IR (KBr), v, cm~! = 3016 (NH), 1762, 1659 (2x C=0), 1613 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N'-(4-nitrobenzylidene)propanehydrazide (8g)

Pale-yellow solid, yield 0.37 g (85%), m.p. 204-206 °C.

'H NMR (400 MHz, DMSO-ds), §: Z/E 70/30 2.75 (t, ] = 6.6 Hz, 0.6H, CHy), 3.12 (t,
J =6.7 Hz, 1.4H, CHy), 4.07—4.18 (m, 2H, CHy), 7.29 (d, ] = 8.4 Hz, 0.3H, Harom), 7.35 (d,
J=8.3Hz, 0.7H, Harom), 7.38-7.46 (m, 1H, Harom), 7.51 (s, 0.7H, Harom), 7.62 (s, 0.3H, Harom),
7.74 (d, ] = 8.3 Hz, 1.3H, Harom), 7.91 (d, ] = 8.4 Hz, 0.6H, Harom), 8.00 (s, 0.7H, Harom), 8.19
(d, ] =7.8 Hz, 1.40H + 0.3H, Harom + CH=N), 8.25 (d, ] = 8.4 Hz, 0.7H, CH=N), 11.71 (s,
0.7H, NH), 11.78 (s, 0.3H, NH).
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13C NMR (101 MHz, DMSO-dy), §: 30.27, 32.17 (CH,-C), 38.20, 38.29 (N-CH}>), 111.06,
112.79,113.51, 123.89, 126.57, 127.52, 130.55, 140.91, 142.54, 143.94, 147.56, 153.23 (Carom),
166.53, 172.34 (2x C=0).

HRMS (ESI): m/z caled. for C17H13BrN4Os 433.0069; Found: 433.0613 [M + H]*.

IR (KBr), v, cm~! = 2955 (NH), 1781, 1671 (2x C=0), 1609 (C=N).

3-(6-bromo-2-oxobenzo[dloxazol-3(2H)-yl)-N'~(2 4-dimethylbenzylidene)propanehydrazide (8h)

White solid, yield 0.43 g (97%), m.p. 201-203 °C.

"H NMR (400 MHz, DMSO-dg), 8: Z/E 67/33 2.64 (t, ] = 6.7 Hz, 0.66H, CH,), 3.04 (t,
] = 6.7 Hz, 1.34H, CH,), 3.77-3.84 (m, 6H, 2x OCHj3;), 4.05-4.14 (m, 2H, CH), 6.50 (d,
] = 8.7 Hz, 0.67H, Harom), 6.56-6.61 (m, 1.33H, Harom), 7.28 (d, ] = 8.4 Hz, 0.33H, Harom),
7.32 (d, ] = 8.3 Hz, 0.67H, Harom), 7.40-7.47 (m, 1H + 0.67H, Harom), 7.56 (d, ] = 1.8 Hz,
0.67H, Harom), 7.64 (d, ] = 2.3 Hz, 0.33H, Harom), 7.68 (d, ] = 8.5 Hz, 0.33H, Harom), 8.15 (s,
0.67H, CH=N), 8.32 (s, 0.33H, CH=N), 11.21 (s, 0.67H, NH), 11.32 (s, 0.33H, NH).

13C NMR (101 MHz, DMSO-d), &: 30.33, 32.18 (CH,-C), 38.30, 38.51 (N-CHy), 55.41,
55.45, 55.73, 55.78 (2x OCH3), 98.10, 98.26, 106.33, 111.02, 111.20, 112.86, 113.46, 114.83,
126.24, 126.52, 126.61, 130.61, 139.10, 142.02, 142.61, 153.25, 158.87, 159.06, 162.14, 162.42
(Carom), 165.47,171.47 (2x C=0).

HRMS (ESI): m/z caled. for C19H;3BrN3Os5 448.0430; Found: 448.1001 [M + H]*.

IR (KBr), v, cm~! = 2964 (NH), 1792, 1662 (2x C=0), 1615 (C=N).

3-(6-bromo-2-oxobenzo[dloxazol-3(2H)-yl)-N'~(3,4-dimethylbenzylidene)propanehydrazide (8i)

White solid, yield 0.31 g (70%), m.p. 191-193 °C.

'H NMR (400 MHz, DMSO-dg), 8: Z/E 64/36 2.69 (t, ] = 6.7 Hz, 0.72H, CH>), 3.07
(t, ] = 6.7 Hz, 1.28H, CH), 3.78 (s, 6H, 2x OCH3), 4.01-4.17 (m, 2H, CH3), 6.90-7.05 (m,
2H, Harom), 7.13 (d, ] = 8.3 Hz, 0.36H, Harom), 7.20 (s, 0.64H, Harom), 7.24 (s, 0.36H, Harom),
7.29 (d, ] = 8.4 Hz, 0.64H, Harom), 7.37-7.45 (m, 1H, Harom), 7.54 (s, 0.64H, Harom), 7.63 (s,
0.36H, Harom), 7.81 (s, 0.64H, CH=N), 7.99 (s, 0.36H, CH=N), 11.27 (s, 0.64H, NH), 11.35 (s,
0.36H, NH).

13C NMR (101 MHz, DMSO-dg), §: 30.32, 32.12 (CH,-C), 38.43, 38.48 (N-CHj,), 55.43,
55.55 (2x OCH3), 108.20, 108.62, 110.96, 111.23, 111.41, 111.43, 112.82, 112.88, 113.40, 113.43,
120.87, 121.80, 126.50, 126.54, 126.71, 126.80, 130.60, 142.58, 142.61, 143.56, 146.67, 148.94,
149.01, 150.45, 150.70, 153.28 (Carom), 165.74, 171.66 (2x C=0).

HRMS (ESI): m/z caled. for C19H18BrN3Os 448.0430; Found: 448.1005 [M + H]*.

IR (KBr), v, cm~! = 2960 (NH), 1791, 1667 (2x C=0), 1614 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N'-(2,3 4-trimethylbenzylidene)propanechydrazide (8j)

White solid, yield 0.24 g (50%), m.p. 216-218 °C.

'H NMR (400 MHz, DMSO-dg), 8: Z/E 66/34 2.66 (t, ] = 6.7 Hz, 0.68H, CH,), 3.05 (t,
] =6.7 Hz, 1.32H, CH,), 3.72-3.86 (m, 9H, 3CH3), 4.04-4.16 (m, 2H, CH,), 6.79 (d, ] = 8.8 Hz,
0.66H, Harom), 6.89 (d, ] = 8.9 Hz, 0.34H, Harom), 7.21-7.35 (m, 1.66H, Harom), 7.42 (d,
J =82 Hz, 1H, Harom), 7.51 (d, ] = 8.9 Hz, 0.34H, Harom), 7.54 (s, 0.66H, Harom), 7.64 (s,
0.34H, Harom), 8.09 (s, 0.66H, CH=N), 8.23 (s, 0.34H, CH=N), 11.26 (s, 0.66H, NH), 11.40 (s,
0.34H, NH).

13C NMR (101 MHz, DMSO-d), 6: 30.33, 32.19 (CH,-C), 38.34 (N-CH,), 55.97, 60.49,
61.74 (30CH3), 108.52,111.02, 113.47, 120.16, 126.54, 130.60, 139.20, 141.47, 142.59, 152.37,
153.26, 154.87 (Carom), 165.65, 171.58 (2x C=0).

HRMS (ESI): m/z caled. for CooHyoBrN3Og 478.0535; Found: 478.1119 [M + H]*.

IR (KBr), v, cm~! = 2999 (NH), 1761 (2x C=0), 1639 (C=N).

N’-(3,5-bis(trifluoromethyl)benzylidene)-3-(6-bromo-2-oxobenzold]oxazol-3(2H)-yl)propan
ehydrazide (8k)

White solid, yield 0.51 g (97%), m.p. 221-223 °C.
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'H NMR (400 MHz, DMSO), §: Z/E 63/37 2.76 (t, ] = 6.6 Hz, 0.74H, CH,), 3.14
(t, ] = 6.6 Hz, 1.26H, CH,), 4.07-4.17 (m, 2H, CH,), 7.26-7.37 (m, 1.63H, Harom), 7.41 (d,
J =8.4Hz, 0.37H, Harom), 749 (s, 0.63H, Harom), 7.62 (s, 0.37H, Harom), 8.03-8.12 (m, 1.74H,
Harom), 8.24 (s, 1.26H + 0.37H, Harom + CH=N), 8.30 (s, 0.63H, CH=N), 11.75 (s, 0.63H, NH),
11.86 (s, 0.37H, NH).

13C NMR (101 MHz, DMSO-dg), &: 30.21, 32.11 (CH,-C), 38.30 (N-CH,), 110.95, 111.21,
112.72,112.86, 113.34, 113.42, 119.09, 121.81, 122.62, 122.89, 124.52, 126.45, 126.53, 126.90,
127.10, 127.24, 130.24, 130.58, 130.90, 131.06 (d, | = 33.0 Hz), 136.83, 137.11, 140.27, 142.50,
142.62, 143.06, 153.25 (Carom), 166.69, 172.38 (2X C=0).

HRMS (ESI): m/z caled. for C19H12BrFgN3O5 524.9966; Found: 524.0537 [M + H]*.

IR (KBr), v, cm~! = 3026 (NH), 1760, 1655 (2x C=0), 1627 (C=N).

3-(6-bromo-2-oxobenzo[dloxazol-3(2H)-yl)-N’-(4-(dimethylamino)benzylidene)propanehydra
zide (81)

White solid, yield 0.24 g (56%), m.p. 254-256 °C.

'H NMR (400 MHz, DMSO-dg), &: Z/E 66/34 2.65 (t, | = 6.6 Hz, 0.68H, CHy), 2.95 (s,
6H, 2x CH3), 3.01-3.07 (m, 1.32H, CHy), 4.03-4.14 (m, 2H, CH3), 6.65 (d, 1.32H, Harom), 6.71
(d, ] =8.4 Hz, 0.68H, Harom), 7.28 (d, ] = 8.4 Hz, 1.66H, Harom), 7.33 (d, ] = 1.5 Hz, 0.68H,
Harom), 7.38-7.48 (m, 1.66H, Harom), 7.56 (s, 0.66H, Harom), 7.63 (s, 0.34H, Harom), 7.77 (s,
0.66H, CH=N), 7.92 (s, 0.34H, CH=N), 11.10 (s, 0.66H, NH), 11.17 (s, 0.34H, NH).

13C NMR (101 MHz, DMSO-dy), 8: 30.30, 32.15 (CH,-C), 38.36 (N-CH,), 38.55, 39.78
(2x CH3), 111.01, 111.22, 111.69, 111.74, 112.87, 113.45, 121.35, 126.52, 127.93, 128.38, 130.63,
142.63,144.18, 147.27, 151.24, 151.48, 153.27 (Carom), 165.31, 171.24 (2x C=0).

HRMS (ESI): m/z caled. for C1oH19BrN4O3 431.0641; Found: 431.122 [M + H]*.

IR (KBr), v, cm~! = 2902 (NH), 1765, 1662 (2x C=0), 1607 (C=N).

3-(6-bromo-2-oxobenzo[dloxazol-3(2H)-yl)-N’-(4-(diethylamino)benzylidene)propanehydra
zide (8m)

Pale-yellow solid, yield 0.40 g (88%), m.p. 216-218 °C.

'H NMR (400 MHz, DMSO-dg), 5: Z/E 66/34 1.09 (t, ] = 7.0 Hz, 6H, 2x CH3), 2.65 (t,
J = 6.8 Hz, 0.68H, CH>), 3.02 (t, ] = 6.7 Hz, 1.32H, CH)), 3.31-3.39 (m, 4H, 2x CH,CH3),
4.03-4.16 (m, 2H, CHy), 6.60 (d, | = 8.4 Hz, 1.32H, Harom), 6.66 (d, ] = 8.4 Hz, 0.68H, Harom),
7.22-7.37 (m, 2.34H, Harom), 7.43 (t, | = 8.4 Hz, 1.66H, Harom), 7.58 (s, 0.66H, Harom), 7.64 (s,
0.34H, Harom), 7.75 (s, 0.66H, CH=N), 7.90 (s, 0.34H, CH=N), 11.07 (s, 0.66H, NH), 11.12 (s,
0.34H, NH).

13C NMR (101 MHz, DMSO-dg), §: 12.44 (2x CH3), 30.30, 32.14 (CH,-C), 38.33 (N-CH,),
43.71 (2x CH,CHj3), 110.95, 111.21, 112.89, 113.41, 120.41, 126.52, 128.28, 128.72, 130.63,
142.63,144.23, 147.31, 148.57, 153.24 (Carom), 165.20, 171.14 (2x C=0).

HRMS (ESI): m/z caled. for Co1Hy3BrN4O3 459.0954; Found: 459.1472 [M + H]*.

IR (KBr), v, cm~! = 2969 (NH), 1739, 1673 (2x C=0).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N'-((5-nitrofuran-2-yl)methylene)propanehydra
zide (9a)

Yellow solid, yield 0.40 g (95%), m.p. 213-215 °C.

1H NMR (400 MHz, DMSO-dg), 5: Z/E 64/36 2.75 (t, | = 6.7 Hz, 0.72H, CHy), 3.07 (t,
] = 6.8 Hz, 1.28H, CHy,), 4.07-4.15 (m, 2H, CH,), 7.14 (d, ] = 3.9 Hz, 0.64H, Harom), 7.19 (d,
J=4.0Hz, 0.36H, Harom), 7.29 (d, ] = 8.4 Hz, 0.36H, Harom), 7.34 (d, ] = 8.3 Hz, 0.64H, Harom),
7.38-7.45 (m, 1H, Harom), 7.58 (s, 0.64H, Harom), 7.63 (s, 0.36H, Harom), 7.75 (d, ] = 3.9 Hz,
1H, Harom), 7.88 (s, 0.64H, CH=N), 8.05 (s, 0.36H, CH=N), 11.81 (s, 0.64H, NH), 11.86 (s,
0.36H, NH).

13C NMR (101 MHz, DMSO-dy), §: 30.23, 32.22 (CH,-C), 37.95, 38.23 (N-CHj), 111.10,
111.18, 112.79, 112.89, 113.39, 113.45, 114.60, 114.69, 114.80, 115.41, 126.57, 130.54, 131.47,
134.39, 142.58, 142.61, 151.44, 153.26 (Carom), 166.73, 172.22 (2x C=0).
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HRMS (ESI): m/z caled. for C15Hp1BrN4Og 423.9862; Found: 423.0412 [M + H]*.

IR (KBr), v, cm~! = 3034 (NH), 1764, 1667 (2x C=0), 1611 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N’-(thiophen-2-ylmethylene)propanehydrazide (9b)

White solid, yield 0.39 g (99%), m.p. 205-207 °C.

'H NMR (400 MHz, DMSO-dg), 5: Z/E 58/42 2.68 (t, ] = 6.7 Hz, 0.84H, CH,), 3.01 (t,
] = 6.8 Hz, 1.16H, CH,), 4.04-4.14 (m, 2H, CHj), 7.05-7.14 (m, 1H, Harom), 7.25-7.46 (m, 3H,
Harom), 7.56-7.66 (m, 2H, Harom), 8.12 (s, 0.58H, CH=N), 8.30 (s, 0.42H, CH=N), 11.38 (s,
0.58H, NH), 11.42 (s, 0.42H, NH).

13C NMR (101 MHz, DMSO-dg), 6: 30.11, 32.11 (CH,-C), 38.04, 38.38 (N-CH,), 111.06,
111.18, 112.85,113.41, 126.51, 127.80, 127.84, 128.35, 128.86, 130.31, 130.58, 130.94, 138.51,
138.72, 138.88, 141.62, 142.59, 142.62, 153.23, 153.25 (Carom), 165.84, 171.40 (2x C=0).

HRMS (ESI): m/z caled. for C15H12BrN3 O3S 394.9783; Found: 394.0314 [M + H]*.

IR (KBr), v, cm~! = 2890 (NH), 1767, 1661 (2x C=0), 1613 (C=N).

3-(6-bromo-2-oxobenzol[d]oxazol-3(2H)-yl)-N’-((5-nitrothiophen-2-yl)methylene)propanehy
drazide (9c)

Yellow solid, yield 0.43 g (99%), m.p. 250-252 °C.

'H NMR (400 MHz, DMSO-de), 8: Z/E 70/30 & 2.74 (t, ] = 6.6 Hz, 0.6H, CHy), 3.04 (t,
J = 6.6 Hz, 1.4H, CHy), 4.05-4.15 (m, 2H, CH,), 7.29 (d, ] = 8.4 Hz, 0.3H, Harom), 7.34 (d,
J=8.3Hz, 0.7H, Harom), 7.38-7.48 (m, 1.7H, Harom), 7.52 (d, | = 4.5 Hz, 0.3H, Harom), 7.56
(s, 0.7H, Harom), 7.63 (s, 0.3H, Harom), 8.06 (d, ] = 4.3 Hz, 0.7H, Harom), 8.09 (s, 0.7H + 0.3H,
Harom + CH=N), 8.35 (s, 0.3H, CH=N), 11.81, 11.84 (2s, 1H, NH).

13C NMR (101 MHz, DMSO-dg), &: 30.07, 32.15 (CH,-C), 38.15 (N-CH,), 111.04, 113.52,
126.54, 130.42, 136.62, 139.98, 142.60, 146.35, 150.43, 153.22 (Carom), 166.62, 172.18 (2x C=0).

HRMS (ESI): m/z caled. for C15H11BrN4OsS 439.9634; Found: 439.0181 [M + H]*.

IR (KBr), v, cm~! = 2990 (NH), 1781, 1655 (2x C=0), 1613 (C=N).

3-(6-bromo-2-oxobenzo[dJoxazol-3(2H)-yl)-N’-((5-bromothiophen-2-yl)methylene)propanehy
drazide (9d)

Light brown solid, yield 0.42 g (89%), m.p. 216-218 °C.

'H NMR (400 MHz, DMSO-ds), §: Z/E 60/40 2.68 (t, ] = 6.6 Hz, 0.8H, CH}), 2.98 (t,
] = 6.7 Hz, 1.2H, CH;), 4.00-4.13 (m, 2H, CHy), 7.15-7.34 (m, 3H, Harom), 7.41 (d, ] = 8.8 Hz,
1H, Harom), 7.60 (d, ] = 16.0 Hz, 1H, Harom), 8.01 (s, 0.6H, CH=N), 8.23 (s, 0.4H, CH=N),
11.45,11.49 (2s, 1H, NH).

13C NMR (101 MHz, DMSO-dg), &: 30.06, 32.11 (CH,-C), 38.11 (N-CH,), 111.03, 112.84,
113.45, 114.14, 114.63, 126.50, 130.77, 137.58, 140.64, 142.62, 153.21 (Carom), 166.00, 171.58
(2x C=0).

HRMS (ESI): m/z caled. for C15H11BroN3O3S 471.8888; Found: 471.9395 [M + H]*.

IR (KBr), v, cm~! = 3115 (NH), 1760, 1668 (2x C=0), 1614 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N'"-(pyridin-4-ylmethylene)propanehydrazide (10)

Light brown solid, yield 0.37 g (94%), m.p. 205-207 °C.

'H NMR (400 MHz, DMSO-dg), 8: Z/E 72/28 2.74 (t, ] = 6.6 Hz, 0.56H, CH,), 3.11 (t,
] = 6.8 Hz, 1.44H, CH,), 4.05-4.22 (m, 2H, CH,), 7.29 (d, ] = 8.4 Hz, 0.28H, Harom), 7.35 (d,
J = 8.3 Hz, 0.72H, Harom), 7.39-7.50 (m, 2.44H, Harom), 7.56 (s, 0.72H, Harom), 7.59 (d,
J =5.1 Hz, 0.56H, Harom), 7.64 (s, 0.28H, Harom), 7.90 (s, 0.72H, Harom), 8.08 (s, 0.28H, Harom),
8.56 (d, | =5.0 Hz, 1H + 0.44H, Harom + CH=N), 8.61 (d, ] = 5.0 Hz, 0.56H, CH=N), 11.68 (s,
0.72H, NH), 11.75 (s, 0.28H, NH).

13C NMR (101 MHz, DMSO-dy), §: 30.24, 32.14 (CH,-C), 38.17, 38.27 (N-CHj), 111.06,
111.19, 112.84, 112.88, 113.43, 113.48, 120.62, 120.97, 126.56, 130.57, 140.85, 141.09, 141.36,
142.59, 144.01, 150.12, 150.21, 153.24 (Carom), 166.51, 172.34 (2x C=0).

HRMS (ESI): m/z caled. for C14H;3BrN,O3 389.0171; Found: 389.0746 [M + H]*.

IR (KBr), v, em~! = 2957 (NH), 1771, 1674 (2x C=0), 1600 (C=N).
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3-(6-bromo-2-oxobenzoldloxazol-3(2H)-yl)-N’-(naphthalen-1-ylmethylene)propanehydrazide (11)

Pale-yellow solid, yield 0.43 g (99%), m.p. 192-194 °C.

'H NMR (400 MHz, DMSO-dg), 8: Z/E 67/33 2.76 (t, ] = 6.7 Hz, 0.67H, CH,), 3.18 (t,
] = 6.8 Hz, 1.33H, CH,), 4.09-4.21 (m, 2H, CHy), 7.29-7.47 (m, 2H, Harom), 7.49-7.68 (m,
4H, Harom), 7.77 (d, | = 7.2 Hz, 0.67H, Harom), 7.83 (d, ] = 7.2 Hz, 0.33H, Harom), 7.99 (d,
J=7.8Hz, 2H, Harom), 8.45 (d, ] = 8.0 Hz, 0.67H, Harom), 8.67 (d, ] = 12.8 Hz, 0.33 + 0.67H,
Harom+ CH=N), 8.78 (d, ] = 8.5 Hz, 0.33H, CH=N), 11.47 (s, 0.67H, NH), 11.58 (s,
0.33H, NH).

13C NMR (101 MHz, DMSO-dg), 6: 30.34, 32.17 (CH,-C), 38.18, 38.44 (N-CH,), 111.09,
111.20, 112.80, 112.88, 113.41, 123.29, 124.28, 125.50, 126.21, 126.28, 126.35, 126.48, 126.53,
127.24,127.36, 128.12, 128.77, 128.84, 129.26, 129.36, 130.05, 130.08, 130.22, 130.55, 130.60,
133.44, 133.51, 142.58, 142.62, 142.65, 146.49, 153.27 (Carom), 166.03, 171.79 (2x C=0).

HRMS (ESI): m/z caled. for Co1H14BrN3 O3 438.0375; Found: 438.0939 [M + H]*.

IR (KBr), v, cm~! = 2964 (NH), 1788, 1667 (2x C=0), 1619 (C=N).

3-(6-bromo-2-oxobenzo[d]Joxazol-3(2H)-yl)-N'-((2-hydroxynaphthalen-1-yl)methylene)propa
nehydrazide (12)

White solid, yield 0.45 g (99%), m.p. 260-262 °C.

'H NMR (400 MHz, DMSO-de), &: Z/E 70/30 2.77 (t, ] = 6.6 Hz, 1.4H, CHp), 3.15 (t,
] =6.7 Hz, 0.6H, CH,), 4.10-4.19 (m, 2H, CH3), 7.15-7.23 (m, 1H, Harom), 7.35-7.44 (m, 3H,
Harom), 7.47-7.53 (m, 0.3H, Harom), 7.54-7.61 (m, 1H, Harom), 7.65 (s, 0.7H, Harom), 7.81-7.93
(m, 2H, Harom), 8.21 (d, ] = 8.6 Hz, 0.7H, Harom), 8.53 (d, ] = 8.6 Hz, 0.3H, Harom), 8.85 (s,
0.3H, CH=N), 9.07 (s, 0.7H, CH=N), 10.89 (s, 0.3H, OH), 11.42 (s, 0.3H, OH), 11.82 (s, 0.7H,
NH), 12.43 (s, 0.7H, NH).

13C NMR (101 MHz, DMSO-dg), &: 30.72, 31.93 (CH,-C), 38.36 (N-CH,), 108.48, 109.96,
111.15,111.22,112.81, 112.91, 113.38, 113.46, 118.17, 118.78, 120.95, 122.80, 123.44, 123.55,
126.48, 126.56, 127.79, 127.82, 128.10, 128.77, 128.94, 130.59, 130.65, 131.48, 132.37, 132.72,
142.64, 145.50, 153.30, 156.77, 157.80 (Carom), 165.69, 171.01 (2x C=0).

HRMS (ESI): m/z caled. for Co1H1BrN3Oy4 454.0324; Found: 454.0842 [M + H]*.

IR (KBr), v, cm~! = 3304 (OH), 3070 (NH), 1760, 1689 (2x C=0), 1622 (C=N).

3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-N’-(naphthalen-2-ylmethylene)propanehydrazide (13)

White solid, yield 0.32 g (72%), m.p. 214-216 °C.

'H NMR (400 MHz, DMSO-dg), 5: Z/E 68/322.74 (t, ] = 6.7 Hz, 0.64H, CH,), 3.14 (t,
] =6.7 Hz, 1.36H, CH,), 4.08-4.22 (m, 2H, CH,), 7.31 (d, | = 8.4 Hz, 0.32H, Harom), 7.36 (d,
J = 8.3 Hz, 0.68H, Harom), 7.40-7.46 (m, 1H, Harom), 7.50-7.59 (m, 2.68H, Harom), 7.64
(s, 0.32H, Harom), 7.74 (d, | = 8.6 Hz, 0.68H, Harom), 7.83-8.03 (m, 4H, Harom), 8.09 (s,
0.32H + 0.68H, Harom+ CH=N), 8.24 (s, 0.32H, CH=N), 11.53 (s, 1H, NH).

13C NMR (101 MHz, DMSO-dy), §: 30.32, 32.18 (CH,-C), 38.23, 38.43 (N-CH}), 111.07,
111.22,112.84,112.87, 113.42, 113.48, 122.15, 122.65, 126.53, 126.73, 127.03, 127.11, 127.76,
128.26, 128.29, 128.36, 128.44, 128.51, 128.68, 130.62, 131.72, 131.90, 132.81, 133.56, 133.70,
142.61, 143.44, 146.39, 153.28 (Carom), 166.05, 171.89 (2x C=0).

HRMS (ESI): m/z caled. for Co1H14BrN3O3 438.0375; Found: 438.0947 [M + H]*.

IR (KBr), v, cm~! = 3280 (NH), 1748, 1679 (2x C=0), 1609 (C=N).

6-bromo-3-(3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropyl)benzo[d]Joxazol-2(3H)-one (14)

To a solution of hydrazide 6 (0.40 g, 1.3 mmol) in propan-2-ol (25 mL), pentane-2,4-
dione (0.20 g, 2 mmol) and hydrochloric acid (3 drops) were added, and the mixture was
refluxed for 18 h. The formed precipitate was filtered off, washed with propan-2-ol, and
dried. The obtained solid was recrystallized from propan-2-ol.

White solid, yield 0.26 g (56%), m.p. 150-152 °C.
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'H NMR (400 MHz, DMSO-dg), 6: 2.10 (s, 3H, CH3), 2.41 (s, 3H, CH3), 3.49 (t, ] = 6.7 Hz,
2H, CHy), 4.16 (t, ] = 6.7 Hz, 2H, CH,), 6.14 (s, 1H, Harom), 7.32 (d, ] = 8.3 Hz, 1H, Harom),
742 (d, ] = 8.3 Hz, 1H, Harom), 7.63 (s, 1H, Harom)-

13C NMR (101 MHz, DMSO-dg), 6: 13.38, 13.99 (2x CH3), 32.93 (CH,-C), 37.73 (N-CH,),
110.97,111.27,112.81, 113.39, 126.48, 130.56, 142.63, 143.28, 151.67 (Carom), 153.24, 171.00 (2x
C=0).

HRMS (ESI): m/z caled. for C15H14BrN3O3 364.0219; Found: 364.0780 [M + H]*.

IR (KBr), v, cm~! = 1765, 1731 (2x C=0), 1611 (C=N).

3-(6-bromo-2-oxobenzo[dloxazol-3(2H)-yl)-N-(2,5-dimethyl-1H-pyrrol-1-yl)propanamide (15)

To a solution of hydrazide 6 (0.40 g, 1.3 mmol) in propan-2-ol (25 mL), hexane-2,5-
dione (0.45 g, 3,9 mmol) and acetic acid (0.5 mL) were added, and the mixture was refluxed
for 18 h. The mixture was cooled down and left for 4 h to crystallize at 4 °C. The formed
precipitate was filtered off, washed with propan-2-ol, and dried. The obtained solid was
recrystallized from the mixture of propan-2-ol (35 mL) and 1,4-dioxane (15 mL).

White solid, yield 0.23 g (47%), m.p. 205-207 °C.

'H NMR (400 MHz, DMSO-dp), §: 1.67-1.80 (m, 3H, CH3), 2.25-2.43 (m, 3H, CH3),
2.63-2.75 (m, 0.66H, CHy), 2.84-2.95 (t, | = 6.3 Hz, 1.34H, CH;), 3.98-4.12 (m, 2H, CH)),
7.19-7.30 and 7.36-7.44 and 7.56-7.68 (3m, 5H, Harom), 10.05 and 10.17 (2s, 1H, NH).

13C NMR (101 MHz, DMSO-d), &: 16.12, 16.28 (2CH3), 34.35 (CH,-C), 38.61 (N-CH,),
111.02, 111.27,112.80, 113.36, 126.46, 130.59, 142.55, 152.61, 153.21, 156.95 (Carom), 165.95,
171.98 (2x C=0).

HRMS (ESI): m/z caled. for C14H14BrN3O5 378.0375; Found: 378.0942 [M + H]*.

IR (KBr), v, cm~! = 3188 (NH), 1775, 1662 (2x C=0).

1-(3-(6-bromo-2-oxobenzo[d]Joxazol-3(2H)-yl)propanamido)-5-oxopyrrolidine-3-carboxylic
acid (16)

Hydrazide 6 (2 mmol, 0.62 g) was dissolved in water (10 mL) and then itaconic acid
(3 mmol, 0.39 g) was added. The mixture was refluxed for 24 h. The formed precipitate
was filtered and washed with hot water and dried. The compound 16 was purified by
dissolution in 10% NayCOs;, filtration, and acidification of the filtrate with acetic acid to
pH 5-6. The precipitated crystals were filtered and washed with water and hexane.

White solid, yield 0.77 g (93%), m.p. 203-205 °C.

'H NMR (400 MHz, DMSO-dg), &: 2.40-2.47 (m, 1H, O=C-CH,-CHCOOH), 2.61
(m, 1H+2H, O=C-CH,-CHCOOH + NCH,CH),), 3.25 (t, ] = 8.0 Hz, 1H, CHOOH), 3.45 (t,
] =7.4Hz, 1H, N-CH,-CHOOH), 3.54 (t, ] = 8.8 Hz, 1H, N-CH,-CHOOH), 4.03 (t, ] = 6.9 Hz,
2H, NCH,CHy), 7.26 (d, | = 8.2 Hz, 1H, Harom), 7.40 (d, ] = 8.3 Hz, 1H, Harom), 7.64 (s, 1H,
Harom), 10.21 (s, 1H, NH), 12.65 (s, 1H, OH).

13C NMR (101 MHz, DMSO-dy), &: 30.98, 31.17, 34.02, 38.30 (CH,-C, O=C-CH,-
CHCOOH, N-CH,-CHCOOH), 49.35 (N-CHy), 111.15, 112.86, 113.46, 126.52, 130.47, 142.61
(Carom), 153.24, 168.47, 170.66, 173.99 (4x C=0).

HRMS (ESI): m/z caled. for C15H14BrN3Og 412.0066; Found: 412.0618 [M + H]*.

IR (KBr), v, cm~! = 3203 (OH), 3010 (NH), 1760, 1696, 1683, 1615 (4x C=0).

6-bromo-3-(2-(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-2-yl)ethyl)benzo[doxazol-2(3H)-one (17)

The mixture of methanol (20 mL) and KOH (15 mmol, 0.84 g) was stirred at 40 °C. After
KOH dissolved CS; (10 mmol, 0.77 g, dropwise) was added and the mixture was stirred
at room temperature for 20 min. The solution of hydrazide was prepared by dissolving
hydrazide (5 mmol, 1.50 g) in methanol (40 mL). The hydrazide solution (dropwise) was
added to the primary solution and refluxed for 17 h. The mixture was cooled down, and
hydrochloric acid was added dropwise until the pH reached 1. The residue was filtered
off and washed with water. The obtained solid was recrystallized from the mixture of
propan-2-ol (60 mL) and 1,4-dioxane (6 mL).
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White solid, yield 1.06 g (62%), m.p. 205-207 °C.

'H NMR (400 MHz, DMSO-dg), 6: 3.18 (t, ] = 6.6 Hz, 2H, CH,), 4.18 (t, ] = 6.7 Hz, 2H,
CHy), 7.33 (d, ] = 8.4 Hz, 1H, Harom), 743 (d, ] = 8.4, 1H, Harom), 7-67 (s, 1H, Harom), 14.34
(s, 1H, NH).

13C NMR (101 MHz, DMSO-dy), 8: 23.60 (CH,-C), 38.34 (N-CH,), 110.91, 113.07, 113.74,
126.64, 130.09, 142.58 (Carom), 153.24 (C=0), 161.31 (O-C=N), 177.78 (C=S).

HRMS (ESI): m/z caled. for C11HgBrN3O3S 342.1670; Found: 342.0017 [M + H]*.

IR (KBr), v, cm~! = 3225 (NH), X 1632 (C=N), 1158 (C=S).

3-(6-bromo-2-oxobenzo[dJoxazol-3(2H)-yl)-N’-(3-oxoindolin-2-ylidene)propanehydrazide (18)

To a hot solution of hydrazide 6 (0.30 g, 1 mmol) in propan-2-ol (15 mL), isatine (0.19 g,
1,3 mmol) was added, and the mixture was heated at reflux for 3 h and then cooled down.
The precipitate was filtered off, washed with propan-2-ol, and dried. The obtained solid
was recrystallized from the mixture of propan-2-ol (40 mL) and 1,4-dioxane (5 mL).

Yellow solid, yield 0.35 g (80%), m.p. 221-223 °C.

'H NMR (400 MHz, DMSO-dy), 5: 3.01-3.28 (m, 2H, CH,), 4.14 (t, ] = 7.0 Hz, 2H, CH,),
6.84-6.95 (m, 1H, Harom), 6.96-7.10 (m, 1H, Harom), 7.29-7.47 (m, 3H, Harom), 7.62 (s, 1H,
Harom), 7.88-8.11 (m, 1H, Harom), 10.78 (s, 1H, NH), 11.23 (s, 1H, NH).

13C NMR (101 MHz, DMSO-dg), &: 25.51 (CH,-C), 37.86 (N-CH}), 111.30, 112.85, 113.46,
115.16, 121.63, 126.04, 126.51, 130.52, 130.55, 131.58, 142.37, 142.62 (Carom), 143.75 (C=N),
153.25, 162.37, 164.51 (3C=0).

HRMS (ESI): m/z caled. for C1gH13BrN4Oy4 429.0120; Found: 429.0651 [M + H]*.

IR (KBr), v, cm~! = 3181, 3070 (2x NH), 1769, 1728, 1694 (3x C=0), 1602 (C=N).

2.2. Preparation of Bacterial Cultures

The bacterial strains used in this study were obtained from the American Type Culture
Collection (ATCC) and included the Gram-positive cocci Staphylococcus aureus subsp. aureus
(ATCC 9144) and methicillin-resistant S. aureus (MRSA, ATCC 43300), the Gram-positive
spore-forming rod Bacillus subtilis (ATCC 6051), and the Gram-negative rods Escherichia
coli (ATCC 8739) and Pseudomonas aeruginosa (ATCC 10145). All strains were cultured
on tryptic soy agar (TSA; Liofilchem, Teramo, Italy) for 24 h at 37 °C prior to use in the
disc agar diffusion assay, as well as for determination of minimal inhibitory concentration
(MIC), minimal bactericidal concentration (MBC), growth curves, and time-kill assays.
Several well-isolated colonies from each culture were suspended in sterile saline to achieve
a turbidity equivalent to 0.5 McFarland units. Working suspensions at an approximate
concentration of 6 logjg CFU/mL were prepared for antibacterial testing.

2.3. Disc Agar Diffusion Assay

Compounds were initially screened to exclude those lacking antibacterial activity and
to identify bacterial strains resistant to the synthesized derivatives. Antibacterial activity
was evaluated using the disc agar diffusion assay in accordance with the Clinical and
Laboratory Standards Institute (CLSI) guidelines [48].

For the disc diffusion test, bacterial suspensions were prepared by selecting
3-5 colonies from 18-24 h tryptic soy agar TSA cultures. The suspensions were adjusted
to a 0.5 McFarland standard, corresponding to approximately 1.5 x 108 CFU/mL, and
subsequently used for antibacterial testing [49].

Miiller-Hinton agar (MHA) (Liofilchem, Roseto degli Abruzzi, Italy) plates were
inoculated with the bacterial suspensions. Sterile 6 mm paper discs were impregnated with
5 uL of the tested compounds and placed on the inoculated agar surfaces. Plates were
incubated at 37 °C for 24 h. Ciprofloxacin (KRKA, Novo Mesto, Slovenia) at a concentration
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of 10 pg/disc served as a positive control. All assays were performed in triplicate, and
mean inhibition zone diameters with + standard deviations (SD) were calculated.

Inhibition zones were measured using a digital caliper (Mitutoyo, Kawasaki, Japan).
Compounds producing inhibition zones larger than 8 mm were considered active and
were subsequently subjected to further antibacterial evaluation. These compounds were
further assessed for their antibacterial potential by determining bacterial growth curves,
performing time-kill assays, and conducting cytotoxicity testing.

2.4. Determination of MIC and MBC

The minimum inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC) were determined using the microdilution method described by Balouiri et al.
(2016) [49]. Serial two-fold dilutions of the tested compounds were prepared in 96-well
microplates, ranging from 1:2 to 1:128. Each well was inoculated with a bacterial suspension
containing approximately 5 x 10* CFU, previously diluted 1:150 in Miiller—Hinton broth
(MHB). Ciprofloxacin (KRKA, Slovenia) at a concentration of 0.45 pug/mL served as the
positive antibacterial control. The Petri plates were incubated at 37 °C for 24 h. Follow-
ing incubation, the MIC was defined as the lowest concentration of the compound that
completely inhibited visible bacterial growth. To determine the MBC, aliquots from wells
showing no visible growth were subcultured onto Mueller-Hinton agar (MHA) plates and
incubated at 37 °C for 24 h. The MBC was defined as the lowest concentration producing a
>99.9% reduction in viable bacterial count relative to the initial inoculum. All experiments
were performed in triplicate.

2.5. Growth Curve Assay

The growth kinetics of Staphylococcus aureus subsp. aureus (ATCC 9144) and methicillin-
resistant S. aureus (MRSA; ATCC 43300) in response to compounds 9a, 11, 12, and 13 were
evaluated following the methodology described by [50], with slight modifications. A single
colony from a tryptic soy agar (TSA; Liofilchem, Teramo, Italy) plate was inoculated into
Mueller-Hinton broth (MHB; Liofilchem, Roseto degli Abruzzi, Italy) and incubated at
37 °C for 18 h with orbital shaking at 200 rpm. The overnight cultures were then diluted in
fresh MHB to achieve an initial optical density at 600 nm (ODg() of 0.05.

Twofold serial dilutions of each test compound were prepared in MHB within the
wells of a 96-well flat-bottom microplate (Thermo Fisher Scientific, Nunc, Rochester, NY,
USA). An equal volume of bacterial inoculum was added to each well, resulting in final
compound concentrations of 125, 62.5, 31.25, 15.6, 7.8, 3.9, and 1.95 ug/mL. Ciprofloxacin
(KRKA, Slovenia) at 0.5 pg/mL served as the positive control antibiotic. Wells containing
only bacterial inoculum and MHB were included as growth controls, while wells with
MHB alone served as blanks for background correction.

The microplates were incubated at 37 °C for 24 h with orbital shaking at 200 rpm. Opti-
cal density (ODggo) was measured at 1,2, 3, 4, 5, 6, 7, 8, 20, and 24 h using a Multiskan™ FC
Microplate Photometer (Thermo Fisher Scientific, Skanlt, Rocherster, NY, USA). All assays
were performed in duplicate, and growth curves were generated by plotting ODggg values
against time to assess the effects of each compound on bacterial growth dynamics [51].

2.6. Time—Kill Assay

For this study, a single compound and a single pathogen were selected based on the
results of the disk diffusion assay. Time—kill kinetics were evaluated using the macrodilution
method according to CLSI guidelines, as described previously [52]. Staphylococcus aureus
(ATCC 9144) was cultured on TSA plates overnight at 37 °C. The following day, a single
colony was inoculated into MHB and incubated for 16 h at 37 °C with orbital shaking at
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200 rpm. The turbidity of the resulting culture was adjusted to 0.5 McFarland standard
using phosphate-buffered saline (PBS).

The suspension was further diluted in MHB, and compound 11 was added at a
concentration corresponding to the previously determined MIC, resulting in a final volume
of 10 mL and a bacterial concentration of approximately 1 x 10® CFU/mL. A suspension
containing S. aureus in MHB without compound 11 served as the growth control. Test tubes
were incubated for 6 h at 37 °C with orbital shaking at 200 rpm.

At0,1,2,3,4,5,and 6 h, 50 puL aliquots were collected and serially diluted tenfold in
MHB. From each dilution, 100 pL was spread onto Mueller-Hinton agar plates (Liofilchem,
Italy) using a sterile spreader. Plates were incubated for 24 h at 37 °C, after which viable
colonies were counted, and bacterial viability was expressed as log;g CFU/mL. All assays
were performed in triplicate.

2.7. Cytotoxicity Assay

The cytotoxicity of compounds 9a, 11, 12, and 13 was evaluated on Vero cells (ATCC
CCL-81) using the MTT assay [51]. Vero cells were seeded at a density of 1 x 10* cells
per well in 96-well plates (TPP, Trasadingen, Switzerland) and incubated in a humidified
atmosphere containing 5% CO, at 37 °C for 24 £ 1 h. Various concentrations of the
compounds (125, 62.5, 31.25, 15.6, 7.8, 3.9, and 1.95 pug/mL) were prepared in DMEM
containing 2% PBS and added to the wells. The plates were then incubated for 72 h. Each
concentration was tested twice in quadruplicate.

After 72 h, cell morphology in each well was examined microscopically using an
inverted optical microscope (DMIiL, Leica, Wetzlar, Germany) equipped with a 3.1 MP
camera (Optikam Pro 3, Optika, Ponteranica, Italy) at 10 x 10 magnification.

Subsequently, 10 puL of MTT reagent (5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA)
was added to each well, and the cells were incubated for 4 h at 37 °C. Following incubation,
the medium was removed, and 100 puL of dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe,
Germany) was added to each well. The plates were then shaken for 5 min, and the optical
density of each well was measured using a microplate reader (Multiskan™ FC Microplate
Photometer, Thermo Scientific Skanlt, Waltham, MA, USA).

The absorbance of the purple formazan product was recorded at 570 nm, which
corresponds to the primary wavelength proportional to the number of viable cells. A
reference wavelength of 620 nm was used to correct non-specific absorbance caused by
the microplate or other components in the wells. The percentage of cell survival was
subsequently calculated, followed by the construction of dose-response curves to determine
the CCsg value, defined as the concentration causing 50% cell lysis and death. [53].

CCsp and MIC values were compared and used to calculate the therapeutic index of
the compounds (CCsp/MIC). Therapeutic index (TI) values were interpreted as follows:
compounds with TI < 1 were considered unsafe, as their cytotoxic concentrations were
lower than the effective antibacterial concentrations; TI values between 1 and 10 indicated
limited therapeutic safety, whereas TI > 10 reflected good therapeutic safety (https://pmc.
ncbinlm.nih.gov/articles/PMC4958397/ (accessed on 29 January 2026)).

2.8. Single-Crystal X-Ray Analysis

Diffraction data were collected at 150 K on a Rigaku, XtaLAB Synergy, Dualflex,
HyPix diffractometer (Rigaku Corporation, Tokyo 196-8666, Japan) using monochromated
Cu-K« radiation (A = 1.54184 A). The crystal structure was solved using the heavy-atom
method [54] and refined with the olex2.refine [55] refinement package using Levenberg—
Marquardt minimisation. All nonhydrogen atoms were refined in anisotropical approxima-
tion. The hydrogen atoms were refined by the riding model with Uiso(H) = 1.2Ueq(C). Crys-
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tal data: a = 20.0070(3), b = 5.82366(9), c = 26.5802(4) A, p = 101.220(1)°; V = 3037.78(8) A3,
Z =8, u=23.798 mm~!, Dcalc = 1.5751 g-cm~3; space group is P2;/n. The final R; was
0.0937 (I > 20(I)) and wRy was 0.2840 (all data). For further details, see the crystallo-
graphic data for this compound deposited at the Cambridge Crystallographic Data Centre.
Deposition Number CCDC 2505139 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service.
(https:/ /www.ccdc.cam.ac.uk/services/structures (accessed on 29 January 2026)).

3. Results
3.1. Chemistry

There has been growing interest in the synthesis and application of -amino acids
due to their occurrence in biologically active compounds, natural products, and significant
derivatives. Both alicyclic and heterocyclic B-amino acids are key components in numerous
natural and synthetic bioactive molecules [56,57]. Continuing our work in the field of
synthesis and research of amino acids, their derivatives, and cyclization products, in this
work, we synthesized various 3-(6-bromo-2-oxo-1,3-benzoxazol-3(2H)-yl)propanoic acid
derivatives and investigated their antimicrobial activity. In our previous work [58], we
synthesized a series of derivatives of compound 1 and investigated their antibacterial
activity. In the present study, by introducing a bromo substituent into the benzoxazolinone
ring, we aimed to enhance the antibacterial activity of related compounds. The initial acid
2 was obtained by bromination of carboxylic acid 1 (Scheme 1).
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Scheme 1. Synthesis of compounds 1-7.

The resulting acid 2 was expected to be cyclized by boiling its solution in toluene
or xylene in a mixture with phosphorus pentoxide. However, structural studies of the
resulting compounds revealed that under these conditions, cyclization does not occur, but
rather acylation of the aromatic ring occurs and compounds 3a, b are formed. Notably,
these compounds were not the initially expected products. To determine their structures,
X-ray diffraction analysis was performed, which unambiguously confirmed the identity of
6-bromo-3-(3-oxo-3-(p-tolyl)propyl)benzo[d]oxazol-2(3H)-one (3a). The structures of the
compounds 3a and 3b were further confirmed by IR, 'H and '*C NMR spectroscopy, and
mass spectrometry.

Benzimidazoles have garnered significant research attention due to their diverse
therapeutic potentials [59]. Therefore, their exploration was undertaken in our study.
The Phillips reaction of compound 2 with a corresponding benzene-1,2-diamines in 18%
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hydrochloric acid afforded the scheduled structures 4a—e. The presence of the characteristic
benzimidazole multiplets in the aromatic proton region and a broad characteristic singlets
observed at 12.34 (4a), 12.17 (4b), 9.79 (4c) and 9.80 (4d) ppm confirmed the presence of the
benzimidazole NH protons.

To obtain the target acid hydrazide 6, the conventional synthetic route, carboxylic
acid — ester — hydrazide, was employed. Specifically, esterification of carboxylic acid 1
was carried out using methanol in the presence of catalytic sulfuric acid to afford ester 5,
which subsequently underwent hydrazinolysis to yield acid hydrazide 6. The structures
of the intermediate and final products 5 and 6 were confirmed by 'H and 3C NMR
spectroscopy, IR spectroscopy, and mass spectrometry. The 'H NMR spectrum of compound
6 displayed two characteristic singlets at § 9.11 and 4.17 ppm, corresponding to the protons
of the CONHNH,; moiety. Three aromatic protons appeared in the range of 6 7.23-7.64 ppm.
Additionally, two triplets attributed to the NCH,CH, fragment of the alkyl chain were
observed at 6 2.50 and 4.02 ppm, with coupling constants of | = 6.5 Hz and | = 6.7 Hz,
respectively. The 3C NMR spectrum of compound 6 showed resonance signals consistent
with the expected structure, further confirming the identity of the synthesized molecule.

In the next stage, hydroxamic acid 7 was synthesized by the interaction of ester 5 with
hydroxylamine in a mixture of water and methanol 1:1 mixture at 0-5 °C according to the
procedure described in [60]. In the 'H NMR spectrum of the synthesized hydroxamic acid,
a distinct singlet for the NH proton was observed at 8.79 ppm, along with a singlet for the
OH proton at 10.48 ppm.

Numerous hydrazones have been reported, demonstrating a wide range of biological
activities [61-66]. Therefore, continuing our work in this area, we synthesized a series of
compounds of this class, 8-13. To introduce the hydrazone moiety, hydrazide 6 was reacted
with various aromatic and heteroaromatic aldehydes in propan-2-ol under reflux (Scheme 2).
The reactions were complete within 3 h, affording the corresponding hydrazones 8-13 in
yields ranging from 50% to 99%.

NMR analysis revealed that hydrazones 8-13 exist in solution (DMSO-dg) as mixtures
of E/Z rotamers. In all 'H NMR spectra (compounds 8-12, except 8b and 13, where CO-
NH can be seen as singlets at 11.41 and 11.53 ppm, respectively), the resonances of the
N=CH and CO-NH protons appeared as duplicate sets in the ranges 7.75-9.07 ppm and
11.07-11.82 ppm (OH), respectively. The intensity ratio of these signals varied between
0.58:0.42 and 0.72:0.28, depending on the molecular structure. In the 1*C NMR spectra, the
resonances of the N=CH and CO-NH carbons were observed within the expected intervals.
This case of isomerism is described in more detail in the paper [58].

Heterocyclization of 3-(6-bromo-2-oxo-1,3-benzoxazol-3(2H)-yl)propanehydrazide
(6) with diketones gave compounds containing benzoxazolinone-pyrazole (14) and
benzoxazolinone-pyrrole (15) hybrids (Scheme 3). Condensation of acid hydrazide 6
with pentane-2,4-dione in refluxing propan-2-ol in the presence of a catalytic amount of
hydrochloric acid yielded the pyrazole derivative 14 in 56% yield. In an analogous pro-
cedure, replacement of pentane-2,4-dione with hexane-2,5-dione and the use of catalytic
acetic acid furnished the pyrrole derivative 15 in 46% yield. The characteristic NMR sig-
nals corresponding to 3,5-dimethylpyrazole and 2,5-dimethylpyrrole moieties were clearly
observed, and all spectroscopic and HRMS data were fully consistent with the proposed
structures. Investigation of the reaction of hydrazide 6 with itaconic acid has revealed that
these primary amines form a compound containing a fragment of y-amino acid, which un-
dergoes cyclization to the five-membered pyrrolidone cycle 16 already during the reaction
(Scheme 3).
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Scheme 2. Synthesis of hydrazones 8-13.
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Scheme 3. Synthesis of biheterocyclic compounds 14-18.

Hydrazinocarbonyl compounds undergo reaction with sulphur disulphide in the
presence of potassium hydroxide quite easily, and 6-bromo-3-(2-(5-thioxo-4,5-dihydro-1,3 4-
oxadiazol-2-yl)ethyl)benzo[d]oxazol-2(3H)-one (17) was synthesized from acid hydrazide
6 according to the method described in the literature [58]. In this 'H NMR spectrum,
besides the characteristic proton signals of aromatic and alkyl moieties, the singlet of the
NH group proton at 14.34 is observed. 'H NMR analysis indicated that the compound
exists exclusively in the thione form in DMSO-d¢ solution, as evidenced by a character-
istic singlet at 14.34 ppm corresponding to the NH proton. In the 3C NMR spectrum,
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resonances at 153.24 ppm (C=N), 161.31 ppm (C=0), and 177.78 ppm (C=S) confirmed the
structural assignment.

Investigation of the reaction of hydrazide 6 with itaconic acid has revealed that these
primary amines form a compound containing a fragment of y-amino acid, which under-
goes cyclization to the five-membered pyrrolidone cycle 16 already during the reaction
(Scheme 3). At the end of the synthetic work, 3-(6-bromo-2-oxobenzo[d]oxazol-3(2H)-yl)-
N’-(3-oxoindolin-2-ylidene)propanehydrazide (18) was synthesized via a condensation
reaction between isatin and hydrazide 6, affording the product in 80% yield.

3.2. Evaluation of Antibacterial Activity by the Kirby—Bauer Method

A total of eighteen synthesized chemical compounds (No. 1-18), including several
structural analogues (e.g., 3a, 3b, 4a—4e, 8a—8m, 9a-9d), were evaluated for their antibacte-
rial properties. The antibacterial activity was assessed using the Kirby—Bauer disk diffusion
method, and inhibition zone diameters (mm) were measured against five representative
bacterial strains: S. aureus, MRSA, B. subtilis, E. coli, and P. aeruginosa (described in the
Supplementary Figure 5122).

A considerable number of the synthesized compounds (No. 1-8, 9b-9d, 10, and
13-18) exhibited no detectable inhibitory activity against any of the tested bacterial strains.
Since the disk diameter was 6 mm, this area was entirely covered; thus, any potential
inhibition smaller than 6 mm could not be observed, making it impossible to determine
whether minimal antibacterial effects were present. These findings suggest that most
of the synthesized molecules either lack intrinsic antibacterial activity or were tested at
concentrations below their effective inhibitory threshold. Only a few compounds demon-
strated measurable antibacterial effects against specific bacterial strains (described in the
Supplementary Figure S122).

Compound 9a exhibited moderate antibacterial activity against the Gram-positive rod
B. subtilis, with an inhibition zone of 12.87 + 0.35 mm.

Compound 11 showed the highest potency, displaying pronounced inhibitory effects
against the Gram-positive cocci S. aureus (14.57 & 0.25 mm) and MRSA (12.14 £ 0.14 mm).

Compound 12 exhibited weak to moderate activity against S. aureus (9.42 = 0.20 mm)
and MRSA (9.00 £ 0.17 mm), while remaining inactive against B. subtilis and all Gram-
negative bacteria.

Compound 13 demonstrated low inhibitory activity against E. coli (8.71 &£ 0.27 mm)
but showed no detectable effect on other tested strains. All other compounds, including the
structurally diverse analogues (e.g., 8a—8m), failed to produce measurable inhibition zones
against any of the bacterial species tested. Comparison of bacterial susceptibility revealed
a clear pattern of selective activity toward Gram-positive cocci. S. aureus and MRSA
were susceptible to two compounds, whereas the Gram-positive spore-forming bacterium
B. subtilis and the Gram-negative bacterium E. coli were each susceptible to one compound.
P. aeruginosa exhibited no susceptibility to any of the tested compounds and was therefore
excluded from further analysis. This high resistance is consistent with the characteristic
structural and functional barriers of Gram-negative bacteria, such as the low permeability
of the outer membrane and the presence of efficient efflux pump systems that prevent
intracellular accumulation of antibacterial agents.

Ciprofloxacin was used as a positive control to validate the assay conditions. It
exhibited strong and broad-spectrum antibacterial activity, producing inhibition zones
of 36.00 £ 0.20 mm (S. aureus), 32.00 £ 0.27 mm (MRSA), 42.00 £ 0.53 mm (B. subtilis),
40.00 £ 0.61 mm (E. coli), and 26.00 &+ 0.44 mm (P. aeruginosa). These results confirm
the reliability of the experimental method and the suitability of the setup for accurately
determining antibacterial efficacy.
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Among all evaluated compounds, only four—9a, 11, 12, and 13—displayed measur-
able antibacterial activity in the Kirby-Bauer disk diffusion assay, predominantly against
Gram-positive bacterial strains. Compound 11 demonstrated the greatest potency, effec-
tively inhibiting both methicillin-sensitive and methicillin-resistant S. aureus. These results
suggest that the tested compounds contain promising structural motifs for the development
of new agents targeting Gram-positive pathogens.

3.3. MIC and MBC Ewvaluation

The minimum inhibitory concentrations (MICs) and minimum bactericidal concen-
trations (MBCs) of the most active synthesized compounds were determined against
representative Gram-positive and Gram-negative bacterial strains, including S. aureus,
MRSA, B. subtilis, and E. coli. Ciprofloxacin was used as a reference antibiotic control.

Against S. aureus, compound 11 exhibited a MIC value of 31.25 ug/mL and an MBC
value of 62.5 ng/mL, while compound 12 showed a MIC of 31.25 pg/mL and an MBC
of 125 ug/mL. These results indicate moderate antibacterial activity, with compound 11
displaying slightly stronger bactericidal potential than compound 12.

For MRSA, compound 11 demonstrated MIC and MBC values of 62.5 ug/mL, sug-
gesting similar inhibitory and bactericidal thresholds. In contrast, compound 12 was more
potent, with a MIC of 7.8 ug/mL and an MBC of 62.5 ug/mL, indicating relatively higher
inhibitory activity but requiring a greater concentration for bactericidal action.

The reference antibiotic ciprofloxacin exhibited strong activity against both S. aureus
and MRSA, with MIC/MBC values of 0.125/0.125 ug/mL and 0.25/0.5 ug/mL, respectively,
thereby confirming the reliability of the assay conditions.

The spore-forming Gram-positive bacterium B. subtilis was tested against compound
9a, which exhibited strong inhibitory activity, with a MIC of 7.8 ug/mL and an MBC of
62.5 ng/mlL, suggesting a pronounced bacteriostatic effect at low concentrations. In com-
parison, ciprofloxacin showed substantially higher potency, with MIC and MBC values of
0.06 pg/mL and 0.125 ug/mL, respectively.

The Gram-negative bacterium E. coli was susceptible only to compound 13, which
showed relatively weak activity, with both MIC and MBC values of 250 pg/mL. This result
indicates limited efficacy and suggests that compound 13 exerts minimal bacteriostatic and
bactericidal effects against E. coli. In contrast, ciprofloxacin displayed high potency, with
MIC and MBC values of 0.5 pg/mL, consistent with its known broad-spectrum activity.

Overall, the synthesized compounds exhibited selective antibacterial activity, primarily
against Gram-positive bacteria. Compounds 11 and 12 were active against S. aureus and
MRSA, compound 9a was effective against B. subtilis, and compound 13 showed weak
activity against E. coli.

In general, the higher MIC and MBC values observed for the synthesized compounds
compared with ciprofloxacin indicate moderate antibacterial potency. Nevertheless, their
selectivity toward Gram-positive organisms, particularly methicillin-resistant S. aureus,
suggests that these molecules may serve as promising lead structures for the development
of new antibacterial agents targeting resistant staphylococcal infections.

3.4. Correlation Between Disk Diffusion and MIC/MBC

The antibacterial activities of compounds 9a, 11, 12, and 13 were evaluated against
S. aureus, MRSA, B. subtilis, E. coli, and P. aeruginosa, using ciprofloxacin as a reference
standard. The corresponding MIC, MBC, and MBC/MIC values are summarized in Table 1.
As shown in the table, the synthesized compounds exhibited variable inhibitory effects,
primarily against Gram-positive strains.
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Table 1. MIC, MBC, and MBC/MIC values of four compounds against different bacterial species.

Chemical Concentrations Bacterial Strains

Compounds (ug/mL) S. aureus MRSA B. subtilis E. coli P. aeruginosa

MIC NT NT 7.8 NT NT

9a MBC NT NT 62.5 NT NT

MBC/MIC NT NT 8 NT NT

MIC 31.25 62.5 NT NT NT

11 MBC 62.5 62.5 NT NT NT

MBC/MIC NT NT NT NT NT

MIC 31.25 7.8 NT NT NT

12 MBC 125 62.5 NT NT NT

MBC/MIC 4 8 NT NT NT

MIC NT NT NT 250 NT

13 MBC NT NT NT 250 NT

MBC/MIC NT NT NT 1 NT

MIC 0.125 0.25 0.06 0.5 NT

Ciprofloxacin
MBC 0.125 0.5 0.125 0.5 NT

Note: MRSA: Methicillin-resistant S. aureus, MIC: minimal inhibitory concentration, MBC: minimal bactericidal
concentration, NT—not tested.

Compound 9a displayed activity exclusively against B. subtilis (MIC = 7.8 pg/mL,
MBC = 62.5 pg/mL, MBC/MIC = 8), indicating a predominantly bacteriostatic mode
of action.

Compound 11 demonstrated moderate activity against S. aureus and MRSA, with MIC
values of 31.25 pg/mL and 62.5 pg/mL, respectively.

Compound 12 exhibited the most potent antibacterial effect, inhibiting S. aureus
(MIC = 31.25 pg/mL) and MRSA (MIC = 7.8 pg/mL) with corresponding MBC/MIC
ratios of 4 and 8, respectively, again suggesting a bacteriostatic effect. The higher sus-
ceptibility of MRSA to compound 12 is noteworthy and may reflect favorable structural
interactions with bacterial targets associated with resistance mechanisms.

Compound 13 was active only against E. coli (MIC = MBC =250 ug/mL, MBC/MIC =1),
demonstrating a bactericidal effect.

The reference antibiotic ciprofloxacin exhibited potent broad-spectrum activity
(MIC = 0.06-0.5 pg/mL), thereby confirming the reliability and validity of the assay conditions.

Overall, these results indicate that the tested compounds display selective antibacterial
activity, mainly against Gram-positive bacteria, with compound 12 emerging as the most
promising derivative in the series.

3.5. Bacterial Growth Curve Analysis

The antibacterial activities of several synthesized compounds were systematically
evaluated against S. aureus and MRSA over a 24 h incubation period, with optical density
measured at ten time points. Bacterial growth was monitored spectrophotometrically at
600 nm (ODgqp) at 1,2, 3,4,5,6,7,8,20, and 24 h, enabling a detailed assessment of growth
kinetics and the temporal dynamics of inhibition (Figures 2-9). Ciprofloxacin was used as
a positive control, while untreated bacterial cultures served as baseline growth references.
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Figure 2. Effect of compound 9a on the growth of Staphylococcus aureus at concentrations ranging
from 1.95 to 125 ug/mL. Bacterial growth was monitored by measuring optical density at 600 nm
(OD600) at 1,2,3,4,5,6,7,8, 20, and 24 h after incubation. Values represent mean + SD (v = 3).
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Figure 3. Effect of compound 11 on the growth of Staphylococcus aureus at concentrations ranging
from 1.95 to 125 ug/mL. Bacterial growth was monitored by measuring optical density at 600 nm
(OD600) at 1,2,3,4,5,6,7,8, 20, and 24 h after incubation. Values represent mean + SD (v = 3).
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Figure 5. Effect of compound 13 on the growth of Staphylococcus aureus at concentrations ranging

from

1.95 to 125 pug/mL. Bacterial growth was monitored by measuring optical density at 600 nm

(OD600) at 1,2,3,4,5,6,7,8, 20, and 24 h after incubation. Values represent mean + SD (v = 3).
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Figure 6. Effect of compound 9a on the growth of MRSA at concentrations ranging from 1.95 to
125 ug/mL. Bacterial growth was monitored by measuring optical density at 600 nm (OD600) at 1, 2,
3,4,5,6,7,8,20, and 24 h after incubation. Values represent mean + SD (v = 3).
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Figure 7. Effect of compound 11 on the growth of MRSA at concentrations ranging from 1.95 to
125 ug/mL. Bacterial growth was monitored by measuring optical density at 600 nm (OD600) at 1, 2,
3,4,5,6,7,8,20, and 24 h after incubation. Values represent mean + SD (v = 3).
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Figure 8. Effect of compound 12 on the growth of MRSA at concentrations ranging from 1.95 to
125 ug/mL. Bacterial growth was monitored by measuring optical density at 600 nm (OD600) at 1, 2,
3,4,5,6,7,8,20, and 24 h after incubation. Values represent mean + SD (v = 3).
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Figure 9. Effect of compound 13 on the growth of MRSA at concentrations ranging from 1.95 to
125 pg/mL. Bacterial growth was monitored by measuring optical density at 600 nm (OD600) at 1, 2,
3,4,5,6,7,8,20, and 24 h after incubation. Values represent mean + SD (v = 3).

The compounds exhibited a clear dose-dependent antibacterial effect across all tested
samples. At the highest concentration (125 ng/mL), bacterial proliferation was strongly sup-
pressed for both S. aureus and MRSA. In the case of compound 13, elevated ODggg readings
were observed, particularly at early time points, due to the compound’s inherent turbidity.
Consequently, part of the measured optical density at high concentrations may reflect solu-
tion cloudiness rather than bacterial growth. Nevertheless, overall ODggg values remained
substantially lower than those of untreated controls, confirming effective inhibition.

The time-dependent inhibition profile varied according to both compound concentra-
tion and bacterial strain. At 125 ug/mL, inhibition was apparent from the first hour and
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persisted throughout the 24 h, indicating sustained antibacterial activity. At 62.5 ug/mL,
partial growth suppression was observed—ODgq values gradually increased over time
but remained significantly below those of untreated cultures, suggesting slowed, though
not completely halted, bacterial proliferation.

At intermediate concentrations (31.25-15.625 pug/mL), bacterial growth resumed pro-
gressively after 4-6 h, indicating that inhibitory effects at these levels were transient or
limited. Notably, MRSA exhibited a slightly faster recovery compared with S. aureus, reveal-
ing strain-dependent differences in susceptibility. These findings emphasize that inhibitory
effects at sub-maximal concentrations are temporary and that the timing of growth recovery
is a critical parameter for assessing compound potency.

At the lowest concentrations (7.8-1.95 pug/mlL), bacterial growth closely resembled
that of untreated controls, with ODgq steadily increasing over the 24 h period. These
results confirm that inhibition at such low concentrations was minimal and insufficient for
effective bacterial suppression.

Comparison among the tested compounds revealed clear differences in potency. Cer-
tain compounds maintained low ODgq values across nearly all concentrations, indicating
stronger and more sustained antibacterial activity, while others demonstrated only moder-
ate inhibition, particularly against MRSA. Overall, the growth curves show that although
several compounds were capable of delaying bacterial proliferation, their inhibitory effects
diminished over time at intermediate and lower concentrations.

3.6. Time-Kill Kinetics Against Staphylococcus aureus

The effect of compound 11 on the growth kinetics of S. aureus was evaluated by
quantifying viable bacterial counts (log;g CFU/mL) over a 6 h incubation period, and the
results are presented in the time-kill curve (Figure 10). Compound 11 was selected for
this experiment because it exhibited the most pronounced antibacterial activity against
S. aureus in the disk diffusion assay.

...o*-o----..-.-g‘ /—é_—__§
6 petts P ——

- T

Mean bacterial count (log10 CFU/mL)

1 T T T
0 1 2 3 4 5
Time (h)

o

| ------- Inoculum  ==f==Compound 11 = «®« « Growth control |

Figure 10. Time-kill kinetics of Staphylococcus aureus exposed to compound 11 at a concentration of
31.25 pg/mL. Mean bacterial counts (logjg CFU/mL) £ SD from three independent experiments are
presented for the growth control (black circles, dotted line) and compound 11-treated cultures (green
squares, solid line). The dashed gray line represents the mean inoculum at 0 h.

https:/ /doi.org/10.3390/app16042096


https://doi.org/10.3390/app16042096

Appl. Sci. 2026, 16, 2096

27 of 36

At baseline, both the untreated control and the compound 11-treated cultures had
bacterial concentrations of 6.00 logjg CFU/mL (£ 0.07 and £ 0.05, respectively). After 1 h,
bacterial counts in both groups remained near the initial inoculum, with the control at
6.05 + 0.09 logj9 CFU/mL (Figure 11a) and the treated culture at 6.06 & 0.12 log;o CFU/mL
(Figure 11b). These data indicate that during the first hour, untreated S. aureus cells were
in the adaptation or lag phase, and treatment with compound 11 at 31.25 pg/mL did not
cause the death of a significant portion of the population.

Figure 11. Time-kill effect of compound 11 on Staphylococcus aureus growth at different time points.
Panels (a—f) show growth control (a,c,e) and compound-11-treated (b,d,f) cultures at 1,2, and 6 h,
respectively, plated at a 1:10% dilution.

By 2 h, divergence between the groups became apparent (p < 0.05): the control in-
creased to 6.70 &+ 0.17 log;p CFU/mL (Figure 11c), whereas the treated culture rose only
slightly to 6.23 £ 0.08 log9g CFU/mL (Figure 11d), indicating the onset of growth inhibition.

After 3 h, both cultures exhibited limited growth, with bacterial counts of
6.78 £+ 0.11 logyp CFU/mL in the control and 6.30 & 0.27 log;p CFU/mL in the treated
group, maintaining a consistent difference. The most pronounced separation occurred at
4 h: the control reached 7.67 & 0.28 log;9 CFU/mL, while the treated culture decreased to
6.05 £ 0.19 log;p CFU/mL, corresponding to a 1.62-logjo reduction relative to the control.
These data clearly show that the control bacteria rapidly adapted and transitioned from the
lag phase to the log phase within four hours, while the inhibitory effect of compound 11
persisted throughout the entire incubation period.
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At 5 h, the control culture increased to 8.04 £ 0.18 logjp CFU/mL, compared with
6.37 £ 0.14 logjp CFU/mL in the treated group, and by 6 h, the control reached
8.78 £ 0.22 logjg CFU/mL (Figure 1le), meanwhile, the culture exposed to compound
11 reached only 6.47 + 0.29 log19 CFU/mL (Figure 11f).

Quantitatively, the untreated control exhibited bacterial growth over the 6 h experi-
ment (A = 2.78 logjo CFU/mL), corresponding to an approximately 600-fold increase in
population size, a specific growth rate of 1.07 h~!, a relative growth rate of 190% h~!, and
a generation time of approximately 39 min, with growth becoming evident after the initial
adaptation phase. Treatment with compound 11 resulted in limited bacterial growth, with
counts remaining near the initial inoculum and increasing by only 0.46 log;o CFU/mL over
6 h. This corresponds to a modest 2.9-fold population increase, a specific growth rate of
0.18 h~1, a relative growth rate of 19.3% h™!, and a generation time of approximately 3.9 h.

In summary, these results did not demonstrate that compound 11 at the tested con-
centration exhibited bactericidal activity under the experimental conditions. However,
suppression of S. aureus proliferation was evident, resulting in a nearly stable bacterial
population throughout the experiment, in contrast to the continuous and robust growth
observed in the untreated control.

3.7. Cytotoxicity Evaluation

The cytotoxicity of compounds 9a, 11, 12, and 13 was evaluated at concentrations
ranging from 125 to 1.95 ug/mL. The results showed a clear, concentration-dependent
decrease in cytotoxicity for all tested compounds.

Vero cells exposed to compounds exhibited distinct morphological changes under
microscopic observation (described in the Supplementary Figures S109-5121). The cells lost
their typical elongated or polygonal shape and became rounded, shrunken, or irregularly
shaped—many cells detached from the culture surface, creating gaps and discontinuities in
the monolayer. The cytoplasm appeared granular or vacuolated, indicating intracellular
damage. Overall, these changes resulted in a disrupted and sparsely populated cell layer,
clearly indicating cytotoxic effects.

The MTT assay confirmed that the compounds 9a, 11, 12, and 13 exhibited cytotoxic
effects on Vero cells at concentrations of 125, 62.5, and 31.25 ng/mL (Figure 12). At 15.6
and 7.8 ug/mL, only compound 12 remained cytotoxic. At the lowest concentrations tested
(3.9 and 1.95 pg/mL), none of the compounds showed cytotoxicity.

The cytotoxicity of the tested chemical compounds (9a, 11, 12, and 13) was determined
by measuring their CCsy values for subsequent analysis. Among them, compound 12
exhibited the highest cytotoxicity, with the lowest CCsj value of 11.7 ug/mL. Compound
9a showed moderate cytotoxicity (CCsg = 19.6 pg/mL), while compounds 13 and 11 were
less cytotoxic, with CCs values of 25.7 ug/mL and 29.7 ug/mL, respectively.

At the highest concentration (125 pg/mL), cell viability ranged from 6.8% to 11.4%,
indicating strong cytotoxic effects. As the concentration decreased, cell viability increased
markedly. For compound 9a, viability rose from 9.5% at 125 pug/mL to 99.8% at 1.95 ug/mL.
Similar trends were observed for compounds 11 (from 11.4% to 99.6%), 12 (from 6.8% to
93.5%), and 13 (from 10.2% to 97.6%).

At concentrations below 7.8 ug/mlL, all compounds showed minimal cytotoxicity,
maintaining over 90% cell viability, suggesting good biocompatibility at lower doses
(Figure 12). These results confirm that the cytotoxic effects of the tested compounds are
dose-dependent, with negligible toxicity observed at low concentrations.

The therapeutic indices (TIs) of the tested compounds indicated varying degrees of
therapeutic safety. Compound 9a exhibited a TI of 2.5 against B. subtilis, suggesting limited
therapeutic safety. Compound 11 showed TIs of 0.95 and 0.48 against S. aureus and MRSA,

https:/ /doi.org/10.3390/app16042096


https://doi.org/10.3390/app16042096

Appl. Sci. 2026, 16, 2096

29 of 36

respectively, indicating insufficient therapeutic safety. Compound 12 had TIs of 0.37 and
1.5 for S. aureus and MRSA, respectively, reflecting lack of safety against S. aureus but
limited safety against MRSA. Finally, compound 13 exhibited a TI of 0.1 against E. col,
demonstrating very poor therapeutic safety.

90.0 1 J
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20.0
- I ' ‘ ]: i

0.0 .
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31.25 15.63 78 39
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Figure 12. Cell viability after treatment with compounds 9a, 11, 12, and 13 for 72 h on Vero cells.
Control sample (untreated cells) = 100% viability. According to the guidelines in ISO 10993-5 (2009) a
material concentration is considered non-cytotoxic when cell viability remains above 70%.

3.8. Crystallography

Crystal structure 3a is characterized by the fact that there are two independent
molecules (A and B) in the asymmetric unit. Figure 13 shows an ORTEP view of the
asymmetric unit with thermal ellipsoids and the atom-numbering scheme followed in the
text. In both independent molecules, the ethane fragments (CH,CHj) with benzooxazolone
and p-methylbenzoyl substituents are characterized by a fully staggered conformation.
The torsion angles describing the molecular conformation are slightly different in these
molecules (see Table 2).

Figure 13. ORTEP diagrams of the asymmetric unit for 3a with the labels of atoms and molecules.
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Table 2. Torsion angles characterizing the conformation of molecules in the crystal structure of 3a.

Angle Molecule A Molecule B
C2-N3-C9-C10 —108.6(8) —99.9(8)
N3-C9-C10-C11 176.7(8) —173.8(8)
C9-C10-C11-C13 —174.79) 175.6(9)
C10-C11-C13-C14 —9.109) —7.209)

The electronegativity of carbon atoms in the ethane fragments is increased due to
their bonding with electron acceptor substituents. This leads to the formation of weak and
moderate hydrogen bonds of the CH---O type in the crystal structure. Thus, the C10-H
group (molecule A) forms an intermolecular hydrogen bond of length 3.19(1) A with the
oxygen atom O12 (molecule B). This bond is designated by the number I (see Figure 14),
and given its length, the bond should be considered moderate (its other parameters are
H---O =246 A, C-H---O = 133°). The C9-H group (molecule B) forms an intermolecular hy-
drogen bond (bond II in Figure 14) with the oxygen atom O1 (molecule A). The parameters
of this bond are as follows C---O = 3.22(1) A, H---O = 2.62 A, C-H---O = 121°. This bond
can also be considered as a CH---m-bond, since the length C.-Cg = 3.48 AH---Cs=2734,
C-H:-- Cs = 134°, where Cs is the centroid of the oxazole cycle). In addition, this C9-H
group also forms a hydrogen bond (bond III in Figure 14) with the O8 atom of another
A molecule. The parameters of the bond are following C---O = 3.36(1) A, H---O = 2.71 A,
C-H---O =125°. Thusly, the C9-H group participates in a bifurcated hydrogen bond with
the O1 atom of the A molecule and the O8 atom of another A molecule. In the crystal
structure, there are also other intermolecular hydrogen bonds, which should be considered
very weak.

1

Figure 14. A fragment of molecular packing showing CH---O hydrogen bonds in the crystal structure
of 3a.

Halogen bonds Br---Br with a length of 3.668(7) A were also detected in the crystal
structure. Considering that the van der Waals radius of bromine is 1.95 A [67], it can be
concluded that these halogen bonds are quite strong. Through these bonds, molecular
chains are formed from A molecules along the monoclinic axis (see Figure 15).
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Figure 15. A halogen-bonded molecular chain in the crystal structure of 3a.

4. Conclusions

In this work, a series of new derivatives of 3-(6-bromobenzoxazolonyl-3)propanoic
acid—methyl ester, hydrazide, hydroxamic acid, hydrazones with aromatic and heterocyclic
fragments were synthesized. An attempt was made to cyclize 3-(6-bromobenzoxazolonyl-
3)propanoic acid to the corresponding tricyclic compound with phosphorus pentoxide in
aromatic solvents, but as X-ray structural analysis showed, under these conditions solvent
acylation occurred with the formation of 6-bromo-3-(3-oxo-3-(p-tolyl)propyl)benzo[d]oxazol-
2(3H)-one (3a) and 6-bromo-3-(3-(3,4-dimethylphenyl)-3-oxopropyl)benzo[d]oxazol-2(3H)-
one (3b). The corresponding benzimidazole derivatives were obtained by condensation
of 3-(6-bromobenzoxazolonyl-3)propanoic acid with o-phenylenediamines. Meanwhile,
acid hydrazide with diketones formed dimethylpyrrole and dimethylpyrazole derivatives,
and under the influence of carbon disulfide, followed by acidification of the intermedi-
ate compound with hydrochloric acid, a compound containing an oxothiadiazole ring
was synthesized.

The synthesized compounds exhibited selective antibacterial activity predominantly
against Gram-positive bacteria. Compounds 11 and 12 demonstrated the highest potency
toward S. aureus, including MRSA strains, whereas compound 9a showed activity against
B. subtilis. Compound 13 exerted only weak inhibition of E. coli, and none of the com-
pounds were active against P. aeruginosa. This activity profile is consistent with established
structural differences in bacterial cell envelopes, as Gram-negative species possess an outer
membrane and multiple intrinsic resistance mechanisms that restrict antimicrobial pene-
tration. Disk-diffusion assays, together with MIC and MBC determinations, provided a
coherent antibacterial profile for all tested compounds. Compounds 11 and 12 exhibited
moderate inhibitory and bactericidal activity, while 9a acted primarily as a bacteriostatic
agent. Compound 13 demonstrated only limited bactericidal effects, in agreement with
its minimal inhibition zones in disk-diffusion tests. The strong concordance between
MIC/MBC values and disk-diffusion diameters supports the reliability and reproducibility
of the methodologies employed. Dynamic growth-curve and time-kill analyses offered
further mechanistic insight. The bacterial growth curve analysis can demonstrate the
inhibitory effects of different compound concentrations and their duration on bacteria in
real time. Growth curve analysis allows interpolation of bacterial concentration, as the
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relationship between optical density (ODgq) and bacterial count remains linear only for a
short period. During our study, bacterial numbers and medium turbidity (ODgqp) either
remained stable or increased, depending on the antibacterial activity of the compounds
or the concentrations used. However, ODggg-based growth curve analysis does not reveal
the percentages of bacterial subpopulations that died or failed to grow or divide, nor how
the growth rate was affected, since it is unknown whether the increased turbidity reflects
a higher or lower proportion of the initial cell population that survived. Therefore, to
accurately assess bactericidal effects, MBC assays and time-kill curve data are necessary.

Compound 11 suppressed S. aureus proliferation in a clear dose- and time-dependent
manner, showing sustained inhibition at higher concentrations. In contrast, MRSA cultures
exhibited faster regrowth at sub-inhibitory concentrations, underscoring strain-specific
kinetic responses and the importance of time-dependent assays for identifying potential
tolerance or adaptive behaviour.

Comparison of the CC50 values of the compounds 9a, 11, 12, and 13 showed differ-
ences of up to threefold. The TIs values obtained for different bacterial species indicated
the limited applicability of the tested compounds as standalone antibacterial agents. How-
ever, the observed growth suppression suggests that these compounds are worth further
investigation as potential adjuvants in combination therapy, enabling dose reduction in
conventional antibiotics. Therefore, further studies are warranted to better evaluate their
synergistic potential, optimize effective concentrations, and assess their therapeutic rele-
vance in more complex biological models.

Although the therapeutic index is low for systemic application, these compounds
may still be suitable for topical or localized use, where higher local concentrations can be
achieved with limited systemic exposure.

In conclusion, the tested compounds—particularly 11 and 12—showed selective an-
tibacterial activity against Gram-positive bacteria, including resistant S. aureus strains.
Results from disk-diffusion, MIC/MBC, growth-curve, and time-kill assays indicate that
compound 11 consistently inhibited bacterial growth under the conditions tested, sug-
gesting it may be a candidate for further investigation as a potential scaffold for future
antibacterial development.

Future work should focus on structural optimization to enhance potency, especially
against Gram-negative bacteria, clarification of mechanisms of action using molecular and
biochemical approaches, and progression to in vivo evaluation to assess pharmacokinetics,
efficacy, and safety [68,69].
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