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ARTICLE INFO ABSTRACT

Keywords: Background: Metacetamol, a regioisomer of paracetamol known for its significantly lower toxi-
3-hydroxyacetanilide city, remains largely underexplored in medicinal chemistry despite its potential as a safer ther-
3-acetaminophen apeutic scaffold. While paracetamol can cause hepatotoxicity through the accumulation of toxic
FtsA enzyme metabolites, metacetamol presents an advantageous starting point for derivatisation and devel-
Diazocoupling

oping new pharmacological agents.

Objective: This study aims to synthesise new metacetamol azo derivatives 1-18 and perform
structural elucidation with FTIR and NMR spectroscopies. The research further evaluates their
antibacterial efficacy through both in vitro assays and in silico modelling.

Methods: The compounds were produced via a diazocoupling reaction between substituted ani-
lines and metacetamol. Antibacterial potential against Staphylococcus aureus and Escherichia coli
was pre-screened using the Kirby-Bauer disc diffusion, followed by the turbidimetric kinetic
method for Minimum Inhibitory Concentrations (MIC) determination. Molecular docking was
performed against the FtsA enzyme to investigate the mechanism of action, while SwissADME
predicted druglikeliness and pharmacokinetic properties.

Result: Metacetamol azo 1-18 were successfully synthesised with yields ranging from 32% to
95%. Most derivatives exhibited notable antibacterial inhibition compared to the parent meta-
cetamol, which showed no activity. Specifically, compound 2 (m-F) demonstrated the highest
activity against E. coli (MIC = 147.47 ppm), comparable to the reference drug, ampicillin (MIC
= 118.14 ppm). All derivatives were found to comply with Lipinski’s Rule of Five, suggesting
high oral bioavailability and favourable GI absorption.

Discussion: The enhanced potency of compound 2 (m-F) is attributed to the high electro-
negativity, specific meta-positional effect and small atomic size of the fluorine atom. These factors
minimise steric hindrance while strengthening the C-F bond against metabolic transformation.
Molecular docking reveals that 2 (m-F) establishes stable hydrogen bonds with key residues of
LYS17 and LYS254 in the FtsA enzyme, potentially inhibiting bacterial cell division. Furthermore,
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the azo linker improves molecular conjugation and binding affinity, while the secondary phenyl
ring facilitates critical interactions with bacterial proteins through st-it stacking and hydrophobic
forces.

Conclusion: Collectively, the strategic incorporation of an azo linker into metacetamol scaffold
significantly elevates antibacterial activity while preserving desirable pharmacokinetic char-
acteristics. These findings provide a promising starting point for optimising metacetamol-based
agents as potential therapeutic candidates.

1. Introduction

The metacetamol, also known as 3-acetamidophenol, 3-acetaminophen or 3-hydroxyacetanilide, is a regioisomer of paracetamol
that has been overlooked in derivatisation or medicinal chemistry efforts. In contrast, paracetamol is a prominent over-the-counter
analgesic, antipyretic and a promising anti-arthritic drug "*. However, paracetamol has evidence to cause worrying side effects such
as acute liver failure and hepatotoxicity even at therapeutic dosage *“. The minor paracetamol component that cannot be excreted by
the kidney is oxidised by the cytochrome P450, leading to accumulation of N-acetyl-p-benzoquinone imine (NAPQI) than glutathione
detoxification capacity, causing a series of reactions such as inducing oxidative stress, mitochondrial dysfunction and necrotic cell
death >°. Consequently, the attention of researchers has been slowly shifted towards metacetamol due to its lower toxicity than
paracetamol, positioning it as an underexplored yet promising scaffold for the development of safer therapeutic functions ”.

There have been a few recent studies reported on metacetamol derivatives for biological capabilities. Significant discovery re-
ported with levofloxacin, as a well-known antibacterial agent that is often prescribed to patients, was able to form a co-crystal with
metacetamol, which was highlighted to have better physicochemical and pharmacological properties as compared to paracetamol °.
In the subsequent year, Joolakanti et al. (2021) reported that the incorporation of metacetamol with 1,2,3-triazole derivatives has
shown commendable antibacterial, antioxidant and anti-inflammatory activities. Meanwhile, a study done by Senkardes et al. (2023)°
yielded positive results for synthesising dual functional drugs, antibacterial and anticancer agents, by using metacetamol as a starting
material.

The current strategy for effective drug design and development directed towards the fusion of two or more pharmacophores
elevates the binding affinity of drugs, enhances the biological activities through synergistic actions and reduces the drug
resistance '*"''. Based on the aforementioned hypotheses, the azo linker (-N = N-) is the essential pharmacophore that enhances
conjugation and modulates the physicochemical properties of the compound, which has been incorporated into the drug target
molecules for a wide range of biological activities '”. Several examples of marketed drugs with an azo linker are prontosil
antibacterial drugs '®, basalazide '*, sulfasalazine '>'°, olasalazine '7, and phenazopyridine '®. The promising activities of the azo
moiety are achieved by involving several mechanisms, such as suppression of the proliferation rate of the pathogen, reducing the
synthesis of DNA, RNA and protein production '°.

Hence, in this study, an azo linker was incorporated into compounds 1-18 from the diazonium coupling reaction of electron-
withdrawing and electron-donating substituted aniline with metacetamol. The different substituents at different positions of aniline
would influence the receptor selectivity °. In addition, previous literature has reported that the presence of electron-withdrawing
groups leading to electron deficiency of compounds would strengthen the interaction with the bacterial sites, enhancing the biolo-
gical activity *'. Whereas, the existence of an electron-donating group increases the lipophilicity of the compounds, aiding the
penetration of the cell membrane *2. Upon obtaining the metacetamol azo 1-18, their antibacterial activity was evaluated via the
Kirby-Bauer disc diffusion for initial screening, followed by minimum inhibitory concentration (MIC) determination using the
Turbidimetric Kinetic method against Gram-positive bacteria (Staphylococcus aureus, ATCC 25923) and Gram-negative bacteria
(Escherichia coli, ATCC 25922), with ampicillin as a reference drug. Subsequently, molecular docking analysis was carried out to gain
insight into the interaction of the compounds with targeted proteins. The physicochemical and pharmacokinetic properties of the
compounds were also studied by employing the SwissADME online tool, as the substituent of the compound could affect the ab-
sorption, distribution, metabolism and excretion (ADME) properties of the compound and its druglikeness properties *°.

2. Materials and methods
2.1. Measurement and reagents

All the reagents and solvents were purchased from Merck (Darmstadt, Germany) sources through a local supplier and used
without further purification. Melting points of the compounds were analysed using an open tube capillary Stuart SMP3 (Stone,
Staffordshire, United Kingdom). Thermo Fisher ScientificTM Flash 2000 Analysers (Waltham, Massachusetts, United States) were
used for the elementary analysis CHNS. The Fourier Transform Infrared Spectroscopy (FTIR) was deployed to identify the presence of
functional groups via Perkin Elmer Thermo Fisher Scientific Smart Omni Transmission Nicolet 1605 (Madison, USA) spectro-
photometer. The compounds were dissolved in DMSO-d6 before being scanned with JOEL ECA 500 (Kobe, Japan) for 'H at 500 MHz
and '3C at 125 MHz, and chemical shifts were recorded in & ppm. A Shimadzu UV-visible spectrophotometer (UV-1900i) (Negeri
Sembilan, Malaysia) was used to perform optical measurements.
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2.2. Synthesis of metacetamol azo derivatives (1—18)

Aniline derivatives (2 mmol) were dissolved in the mixture of distilled water (10 mL) and hydrochloric acid (6 mL, 3 M) before
being cooled to a low temperature (0-5 °C). Sodium nitrite (2 mmol) dissolved in 10 mL of distilled water was added dropwise to the
aniline derivatives to form a diazonium salt. The mixture was monitored closely by using potassium iodide-starch paper. Once the KI
paper turned blue, indicating formation of diazonium salt, metacetamol (2 mmol) under alkaline conditions (pH 9-10) was added
slowly into the solution **. The mixture was stirred for 15 min, and reaction completion was monitored by thin-layer chromatography
(TLC) with a mobile phase of hexane: ethyl acetate (2:1) ratio. The precipitate obtained was filtered and rinsed with cold water and
purified by recrystallisation in methanol and water (1:10) solutions.

(E)-N-(2-((2-fluorophenyl)diazenyl)-5-hydroxyphenyl)acetamide (1). o-Fluoroaniline (0.222g, 2mmol). Yield (0.404 g,
74%) as a yellow solid, m.p. 245°C - 246°C. (Found: C, 61.40; H, 4.46; N, 15.34. C;4H;,FN30, Requires C, 61.53; H, 4.43; N,
15.38%). Vinax (em™1) 3113 (OH), 1661 (C=0), 1606 (Ar-C), 1551 (N = N), 1307 (C-N). 1H NMR (500 MHz, DMSO-d6), $H (ppm):
2.19 (3H, s, CHs), 6.63 (2H, dd, J = 11.5Hz, J = 2Hz, Ar-H), 7.34 (1 H, t, J = 8 Hz, Ar-H), 7.45 (1 H, t, J = 11.5Hz, Ar-H), 7.69
(2H, d, J = 10Hz, Ar-H), 7.91 (1 H, s, Ar-H), 10.54 (1 H, s, NH), 10.58 (1 H, s, OH). '3C NMR (125 MHz, DMSO-d6), sc (ppm): 25.1
(CH3), 106.8, 111.6, 117.0, 117.8, 122.4, 124.9, 132.2, 133.9, 138.4 (C-N = N-), 138.8 (C-NH), 157.9 (C-N = N-), 159.9 (C-OH),
162.4 (C-F), 169.1 (C=0).

(E)-N-(2-((3-fluorophenyl)diazenyl)-5-hydroxyphenyl)acetamide (2). m-Fluoroaniline (0.222 g, 2 mmol). Yield (0.453 g,
83%) as a yellow solid, m.p. 235°C - 236°C. (Found: C, 61.68; H, 4.39; N, 15.09. C;4H;,FN30, Requires C, 61.53; H, 4.43; N,
15.38%). Vmax (cmfl) 3378 (NH), 3111 (OH), 1667 (C=0), 1593 (Ar-C), 1536 (N = N), 1318 (C-N). 1H NMR (500 MHz, DMSO-d6),
SH (ppm): 2.18 (3H, s, CH3), 6.62 (1 H, dd, J = 11.5Hz,J = 3Hz, Ar-H), 7.27 (1 H, t, Ar- H), 7.56 (1 H, m, Ar-H), 7.66 (2H, d, J =
9.5Hz, Ar-H), 7.73 (1H, d, J = 7.5Hz, Ar-H), 7.84 (1 H, s, Ar-H), 10.12 (1 H, s, NH). 13C NMR (125 MHz, DMSO-d6), 5c (ppm): 24.5
(CH,), 107.2,107.4,111.7, 117.0, 120.4, 131.9, 133.9, 138.9 (C-N = N-), 154.0 (C-NH), 161.9 (C-N = N-), 162.4 (C-OH), 163.9 (C-
F), 169.2 (C=0).

(E)-N-(2-((4-fluorophenyl)diazenyl)-5-hydroxyphenyl)acetamide (3). p-Fluoroaniline (0.222g, 2mmol). Yield (0.432g,
79%) as a yellow solid, m.p. 228°C - 229°C. (Found: C, 61.31; H, 4.31; N, 15.55. C;4H;,FN30, Requires C, 61.53; H, 4.43; N,
15.38%). Vimax (cm ™ 1) 3371 (NH), 3121 (OH), 1659 (C=0), 1605 (Ar-C), 1542 (N = N), 1317 (C-N). "H NMR (500 MHz, DMSO-d6),
S8H (ppm): 2.19 (3H, s, CH3), 6.58 (1 H, dd, J = 11.5Hz, J = 3 Hz, Ar-H), 7.37 (2H, t, Ar-H), 7.66 (1 H, dd, J = 14 Hz, J = 5Hz, Ar-
H), 7.85 (1H, s, J = 9Hz, Ar-H), 7.98 (2H, m, Ar-H), 10.18 (1 H, s, NH). 13C NMR (125 MHz, DMSO-d6), éc (ppm): 24.6 (CHjs),
107.3, 111.8, 116.0, 119.8, 124.6, 124.7, 133.3, 138.8 (C-N = N-), 149.0 (C-NH), 162.1 (C-N = N-), 162.9 (C-OH), 164.0 (C-F),
168.9 (C=0).

(E)-N-(2-((2-chlorophenyl)diazenyl)-5-hydroxyphenyl)acetamide (4). o-Chloroaniline (0.255 mL, 2 mmol). Yield (0.458 g,
79%) as orange, m.p. 246°C - 247°C. (Found: C, 57.66; H, 4.15; N, 14.69. C4H;,CIN30, Requires C, 58.04; H, 4.17; N, 14.50%).
vmax (cm ™) 3443 (NH), 3102 (OH), 1663 (C=0), 1607 (Ar-C), 1530 (N = N), 1315 (C-N). '"H NMR (500 MHz, DMSO-d6), sH
(ppm): 2.20 (3 H, s, CH3), 6.68 (1 H, dd, J = 11.5Hz, J = 3.00 Hz, Ar-H), 7.48 (2H, m, Ar-H), 7.66 (1 H, d, J = 7.5 Hz, Ar-H), 7.75
(1H,d,J = 9Hz, Ar-H), 7.87 (1 H, dd, J = 10Hz, J = 2.5Hz, Ar-H), 7.98 (1H, d, J = 3 Hz, Ar-H), 10.73 (1 H, s, NH). *C NMR
(125 MHz, DMSO-d6), sc (ppm): 24.9 (CH,), 106.8, 111.7, 118.0, 125.0, 128.5, 130.4, 131.5, 132.9 (C-Cl), 133.7 (C-N = N-), 137.8
(C-NH), 147.9 (C-N = N-), 162.7 (C-OH), 169.3 (C=0).

(E)-N-(2-((2-chlorophenyl)diazenyl)-5-hydroxyphenyl)acetamide (5). m-Chloroaniline (0.255 mL, 2 mmol). Yield (0.429 g,
74%) as reddish yellow, m.p, 240°C - 241°C. (Found: C, 57.92; H, 4.39; N, 14.84. C,4H;,CIN;0, Requires C, 58.04; H, 4.17; N,
14.50%). vmax (cm 1) 3378 (NH), 1650 (C=0), 1612 (Ar-C), 1546 (N = N), 1375 (C-N). *H NMR (500 MHz, DMSO-d6), §H (ppm):
2.21 (3H, s, CH3), 6.62 (1 H, dd, J = 9Hz,J = 2.5Hz, Ar-H), 7.54 (1H, d, J = 7 Hz, Ar-H), 7.59 (1 H, t, J = 8 Hz, Ar-H), 7.68 (1 H,
d, J = 9Hz, Ar-H), 7.89 (2H, d, J = 9Hz, Ar-H), 8.00 (1H, s, Ar-H), 10.19 (1 H, s, NH), 10.56 (1 H, s, OH). 13C NMR (125 MHz,
DMSO0-d6), sc (ppm): 24.6 (CH3), 107.3, 111.6, 119.5, 120.9, 122.8, 129.8, 130.9, 133.8 (C-Cl), 134.0 (C-N = N-), 139.3 (C-NH),
153.2 (C-N = N-), 162.5 (C-OH), 169.0 (C=0).

(E)-N-(2-((4-chlorophenyl)diazenyl)-5-hydroxyphenyl)acetamide (6). p-Chloroaniline (0.255g, 2mmol). Yield (0.440 g,
76%) as golden yellow, m.p. 243°C - 244°C. (Found: C, 58.27; H, 4.38; N, 14.25. C;4H;,CIN30, Requires C, 58.04; H, 4.17; N,
14.50%). vmax (cm 1) 3458 (NH), 3109 (OH), 1664 (C=0), 1607 (Ar-C), 1545 (N = N), 1315 (C-N). 'H NMR (500 MHz, DMSO-
d6), SH (ppm): 2.20 (3H, s, CHs), 6.62 (1 H, d, J = 9.00 Hz, Ar-H), 7.61 (2H, d, J = 6.5Hz, Ar-H), 7.67 (1 H, d, J = 9.00 Hz, Ar-H),
7.89 (1H,s, Ar-H), 7.97 (2H, d, J = 6.00 Hz, Ar-H), 10.16 (1 H, s, NH), 10.53 (1 H, s, OH). 13C NMR (125 MHz, DMSO0-d6), 5c (ppm):
24.6 (CH,), 107.2, 111.6, 119.5, 124.2, 129.3, 133.7 (C-Cl), 134.7 (C-N = N-), 139.0 (C-NH), 150.8 (C-N = N-), 162.2 (C-OH), 168.9
(C=0).

(E)-N-(2((2-bromophenyl)diazenyl)-5-hydroxyphenyl)acetamide (7). o-Bromoaniline (0.344 g, 2mmol). Yield (0.301 g,
45%) as yellow solid. m.p. 244°C - 245°C. (Found: C, 50.21; H, 3.68; N, 12.59. C; 4H;,BrN30, Requires C, 50.32; H, 3.62; N, 12.57%).
vmax (cm™ 1) 3437 (NH), 3089 (OH), 1661 (C=0), 1604 (Ar-C), 1518 (N = N), 1313 (C-N). 'H NMR (500 MHz, DMSO-d6), sH
(ppm): 2.22 (3H, s, CH3), 6.66 (1H, dd, J = 9Hz, J = 2.5Hz, Ar-H), 7.40 (1 H, t, J =6.5Hz, Ar-H), 7.51 (1 H, t, J = 7 Hz, Ar-H),
7.76 (1 H, d, J = 8.5Hz, Ar-H), 7.83 (2H, d, J = 2.0 Hz, Ar-H), 8.00 (1 H, s, Ar-H), 10.60 (1 H, s, NH), 10.64 (1 H, s, OH). 13C NMR
(125 MHz, DMSO-d6), éc (ppm): 24.9 (CH3), 106.7, 111.6 (C-Br), 118.3, 123.6, 124.3, 128.5, 131.6, 133.4, 133.6 (C-N = N-), 137.9
(C-NH), 148.9 (C-N = N-), 162.6 (C-OH), 169.2 (C=0).

(E)-N-(2-((3-bromophenyl)diazenyl)-5-hydroxyphenyl)acetamide (8). m-Bromoaniline (0.344 g, 2 mmol). Yield (0.214 g,
32%) as yellow solid. m.p. 244°C - 245°C. (Found: C, 50.13; H, 3.87; N, 12.50. C;4H;,BrN30, Requires C, 50.32; H, 3.62; N, 12.57%).
vmax (Cm_l) 3368 (NH), 3160 (OH), 1644 (C=0), 1598 (Ar-C), 1541 (N = N), 1325 (C-N). 'H NMR (500 MHz, DMSO-d6). sH
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(ppm): 2.21 (3H, s, CH3), 6.60 (1 H, dd, J = 9Hz,J = 2.5Hz, Ar-H), 7.52 (1 H, t, J = 7.5Hz, Ar-H), 7.65 (1 H, d, J = 7.0 Hz, Ar-H),
7.69 (1H,d,J = 8.5Hz, Ar-H), 7.89 (1 H, s, Ar-H), 7.94 (1 H, d, J = 8.0 Hz, Ar-H), 8.13 (1 H, s, Ar-H), 10.22 (1 H, s, NH). 13C NMR
(125 MHz, DMSO0-d6), éc (ppm): 24.5 (CHj), 107.2, 111.6, 119.7, 122.4 (C-Br), 123.0, 123.7, 131.1, 132.6, 133.6 (C-N = N-), 139.2
(C-NH), 153.3 (C-N = N-), 162.6 (C-OH), 168.9 (C=0).

(E)-N-(2-((4-bromophenyl)diazenyl)-5-hydroxyphenyl)acetamide (9). p-Bromoaniline (0.344 g, 2mmol). Yield (0.254 g,
38%) as yellow solid. m.p. 246°C - 247°C. (Found: C, 50.12; H, 3.81; N, 12.75. C;4H;,BrN30, Requires C, 50.32; H, 3.62; N, 12.57%).
vmax (cm ™) 3111 (OH), 1665 (C=0), 1599 (Ar-C), 1537 (N = N), 1318 (C-N). "H NMR (500 MHz, DMSO-d6), $H (ppm): 2.20 (3 H,
s, CH3), 6.59 (1 H, dd, J = 9.5Hz,J = 3Hz, Ar-H), 7.67 (1 H,d, J = 9.0Hz, Ar-H), 7.72 (2H, d, J = 8.5Hz, Ar-H), 7.88 (1 H, d, J =
9.0 Hz, Ar-H), 7.92 (1 H, s, Ar-H), 10.17 (1 H, s, NH), 10.47 (1 H, s, OH). *C NMR (125 MHz, DMSO-d6), sc (ppm): 24.6 (CHs),
107.0, 111.5, 119.8, 123.5 (C-Br), 124.4, 132.2, 133.6 (C-N = N-), 139.0 (C-NH), 151.0 (C-N = N-), 162.2 (C-OH), 168.8 (C=0).

(E)-N-(5-hydroxy-2-((2-iodophenyl)diazenyl)phenyl)acetamide (10). o-Iodoaniline (0.219 g, 2 mmol). Yield (0.724 g, 95%)
as a reddish orange solid, m.p. 249°C - 250°C. (Found: C, 44.38; H, 3.32; N, 11.16. C;4H;,IN50, Requires C, 44.11; H, 3.17; N,
11.02%). vmax (cm_l) 3362 (NH), 3110 (OH), 1666 (C=0), 1602 (Ar- C), 1540 (N = N), 1323 (C-N). H NMR (500 MHz, DMSO-
d6), sH (ppm): 2.23 (3H, s, CH3), 6.66 (1H, dd, J = 8.5Hz, J = 2.5Hz, Ar-H), 7.23 (1H, t, J = 7.5Hz, Ar-H), 751 (1H, t, J =
7.5Hz, Ar-H), 7.77 (1 H, m, Ar-H), 7.96 (1 H, d, J = 3 Hz, Ar-H), 8.06 (1 H, d, J = 8 Hz, Ar-H), 10.35 (1 H, s, NH),10.58 (1 H. s, OH).
13C NMR (125 MHz, DMSO-d6), éc (ppm): 25.0 (CH3), 101.5 (C-I), 107.0,111.7,118.0, 122.4,129.2, 131.8, 133.6 (C-N = N-), 138.4
(C-NH), 139.4, 151.1 (C-OH), 162.5 (C-N = N-), 169.1 (C=0).

(E)-N-(5-hydroxy-2-((3-iodophenyl)diazenyl)phenyl)acetamide (11). m-Iodoaniline (0.219 g, 2 mmol). Yield (0.709 g, 93%)
as a yellow solid, m.p. 252°C - 253°C. (Found: C, 44.05; H, 3.14; N, 11.32. C14H;,IN30, Requires C, 44.11; H, 3.17; N, 11.02%).
ymax (Cm_l) 3370 (NH), 3156 (OH), 1643 (C=0), 1599 (Ar-C), 1543 (N = N), 1326 (C-N). H NMR (500 MHz, DMSO-d6), sH
(ppm): 2.20 (3H, s, CH3), 6.62 (1H, d, J = 9Hz, Ar-H), 7.37 (1H, t, J = 8 Hz, Ar-H), 7.65 (1 H, d, J = 8.5Hz, Ar-H), 7.83 (1 H, d, J
= 7.5Hz, Ar-H), 7.89 (1H, s, Ar-H), 7.93 (1H, d, J = 7 Hz, Ar-H), 8.23 (1H, s, Ar-H), 10.19 (1 H, s, NH), 10.35 (1 H, s, OH). 13¢
NMR (125 MHz, DMSO-d6), éc (ppm): 24.3 (CHs), 94.8 (C-I), 107.0, 111.3, 120.3, 122.6, 129.7, 130.9, 133.6 (C-N = N-), 138.3 (C-
NH), 138.6, 153.0 (C-N = N-), 162.1 (C-OH), 168.6 (C=0).

(E)-N-(5-hydroxy-2-((4-iodophenyl)diazenyl)phenyl)acetamide (12). p-Iodoaniline (0.219 g, 2 mmol). Yield (0.694 g, 91%)
as a yellow solid, m.p. 233°C - 234°C. (Found: C, 43.93; H, 3.14; N, 11.02. C;4H;,IN30, Requires C, 44.11; H, 3.17; N, 11.02%).
vmax (cm™ 1) 3372 (NH), 3099 (OH), 1655 (C=0), 1601 (Ar-C), 1539 (N = N), 1315 (C-N). H NMR (500 MHz, DMSO-d6), sH
(ppm): 2.19 (3H, s, CH3), 6.59 (1 H, dd, J = 8.5Hz,J = 2.5Hz, Ar-H), 7.68 (1H, d, J = 8.5Hz, Ar-H), 7.70 (2H, d, J = 8.5Hz, Ar-
H),7.89 (1H, d,J = 5Hz, Ar-H), 7.92 (2H, d, J = 2.5 Hz, Ar-H), 10.16 (1 H, s, NH), 10.49 (1 H. s, OH). 13C NMR (125 MHz, DMSO-
d6), éc (ppm): 24.6 (CH3), 97.3 (C-1), 107.1,111.6, 119.7, 124.5, 133.7 (C-N = N-), 138.1, 139.0 (C-NH), 151.5 (C-N = N-), 162.2 (C-
OH), 168.9 (C=0).

(E)-N-(5-hydroxy-2-(o-tolyldiazenyl)phenyl)acetamide (13). o-Toluidine (0.107 g, 2 mmol). Yield (0.366 g, 68%) as yellow
solid, m.p. 223°C - 224°C. (Found: C, 66.89; H, 5.74; N, 15.33. C;5H;5N50, Requires C, 66.90; H, 5.61; N, 15.60%). vmax (cm 1)
3365 (NH), 3096 (OH), 2919 (CH), 1658 (C=0), 1600 (Ar-C), 1538 (N = N), 1314 (C-N). 'H NMR (500 MHz, DMSO-dg), 5H (ppm):
2.20 (3H, s, CH3), 2.41 (3H, s, CH3), 6.61 (1H, dd, J = 9.5Hz, J = 3Hz, Ar-H), 7.31 (1H, d, J = 8Hz, Ar-H), 743 (1H, t, J =
6.0 Hz, Ar-H), 7.66 (1 H, d, J = 9.0 Hz, Ar-H), 7.72 (1 H, d, J = 8.0 Hz, Ar-H), 7.90 (1 H, s, Ar-H), 10.24 (1 H, s, NH), 10.45 (1 H, s,
OH). 13C NMR (125 MHz, DMSO-dg), éc (ppm): 20.9 (CH3), 24.6 (CH3), 107.1,111.4, 119.6, 120.1, 123.2, 129.0, 131.1, 133.6, 138.5
(C-N = N-), 138.7 (C-NH), 152.2 (C-N = N-), 161.8 (C-0), 168.9 (C=0).

(E)-N-(5-hydroxy-2-(m-tolydiazenyl)phenyl)acetamide (14). m-Toluidine (0.107 g, 2 mmol). Yield (0.382 g, 71%) as yellow
solid, m.p. 230°C - 231°C. (Found: C, 67.29; H, 5.53; N, 15.35. C;5H;5N305 Requires C, 66.90; H, 5.61; N, 15.60%). vmax (em™)
3366 (NH), 3102 (OH), 2918 (CH), 1661 (C=0),1600 (Ar-C), 1539 (N = N), 1314 (C-N). 1H NMR (500 MHz, DMSO-dg), 6H (ppm):
2.20 (3H, s, CH3), 2.38 (3H, s, CH3), 6.60 (1H, dd, J = 9Hz,J = 2.5Hz, Ar-H), 7.36 (1H, d, J = 7.5Hz, Ar-H), 7.67 (1H, d, J =
7.5Hz, Ar-H), 7.84 (2H, d, J = 9.0 Hz, Ar-H), 7.91 (1 H, s, Ar-H), 10.19 (1 H, s, NH), 10.37 (1 H, s, OH). 13¢ NMR (125 MHz, DMSO-
de), 6c (ppm): 21.0 (CH3), 24.6 (CH3), 107.0, 111.3,119.7, 122.6, 129.7, 133.5 (C-N = N-), 138.4 (C-NH-), 140.5, 150.2 (C-N = N-),
161.5 (C-0), 168.9 (C=0).

(E)-N-(5-hydroxy-2-(p-tolydiazenyl)phenyl)acetamide (15). p-Toluidine (0.107 g, 2 mmol), Yield (0.248 g, 46%) as yellow
solid, m.p. 235°C - 236°C. (Found: C, 66.87; H, 5.88; N, 15.46. C;5H;5N305 Requires C, 66.90; H, 5.61; N, 15.60%). vmax (em™)
3365 (NH), 3097 (OH), 2910 (CH3), 1658 (C=0), 1601 (Ar-C), 1539 (N = N), 1314 (C-N). H NMR (500 MHz, DMSO-d6), SH (ppm):
2.20 (3H, s, CHs), 2.41 (3H, s, CHs), 6.59 (1H, dd, J = 9Hz, J = 2.5Hz, Ar-H), 7.36 (2H, d, J = 9Hz, Ar-H), 7.67 (1H, d, J =
8.5 Hz, Ar-H), 7.83 (2H, d, J = 8 Hz, Ar-H), 7.91 (1 H, s, Ar-H), 10.19 (1 H, s, NH), 10.37 (1 H, s, OH). '>C NMR (125 MHz, DMSO-
d6), ¢ (ppm): 21.5 (CH3), 25.1 (CH3), 107.5,111.8,120.2, 123.1, 130.2, 134.0 (C-N = N-), 138.9 (C-NH-), 141.0 (C-CH3-), 150.7 (C-
N = N-), 162.0 (C-0), 169.4 (C=0).

(E)-N-(5-hydroxy-2-((2-methoxyphenyl)diazenyl)phenyl)acetamide (16). o-Anisidine (0.246 mL, 2 mmol). Yield (0.394 g,
69%) as yellow, m.p. 227°C - 228°C. (Found: C, 62.94; H, 5.36; N, 15.01. C;5H;5N303 Requires C, 63.15; H, 5.30; N, 14.73%). vmax
(ecm™1) 3426 (NH), 3116 (OH), 2929 (OCH3), 1647 (C=0), 1596 (Ar-C), 1543 (N = N). '"H NMR (500 MHz, DMSO-d6), sH (ppm):
2.19 (3H, s, CHs), 3.94 (3H, s, OCHs), 6.66 (1H, dd, J = 9Hz, J = 2Hz, Ar-H), 7.06 (1 H, t, J = 8.5Hz, Ar-H), 7.26 (1H, d, J =
7.5Hz, Ar-H), 7.46 (1H, t, J = 8.5Hz, Ar-H), 7.71 (2H, d, J = 9Hz, Ar-H), 7.74 (1H, d, J = 9Hz, Ar-H), 8.07 (1H, d, J = 2.5Hz,
Ar-H), 10.49 (1 H, s, NH), 11.63 (1 H, s, OH). 13C NMR (125 MHz, DMSO-d6), éc (ppm): 24.9 (CHj), 55.8 (OCH3), 106.1, 111.0,
113.1, 115.6, 120.7, 129.2, 132.1, 133.1 (C-N = N-), 135.7 (C-N = N-), 140.3 (C-NH), 156.0 (C-0), 161.3 (C-OH), 169.4 (C=0).

(E)-N-(5-hydroxy-2-((3-methoxyphenyl)diazenyl)phenyl)acetamide (17). m-Anisidine (0.246 mL, 2 mmol). Yield (0.377 g,
66%) as red, m.p. 200°C - 201°C. (Found: C, 63.24; H, 5.39; N, 14.59. C;5H;5N303 Requires C, 63.15; H, 5.30; N, 14.73%). vmax
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(Cm_l) 3363 (NH), 3126 (OH), 2913 (OCH3), 1650 (C=0), 1606 (Ar-C), 1543 (N = N), 1321 (C-N). H NMR (500 MHz, DMSO-d6),
SH (ppm): 2.19 (3H, s, CH3), 3.84 (3H, s, OCH3), 6.63 (1 H,dd, J = 11.5Hz,J = 3Hz, Ar-H), 7.06 (1 H, dd, J = 10 Hz, J = 3 Hz, Ar-
H),7.44(1H,t,J = 7.5Hz, Ar-H), 7.48 (1 H, s, Ar-H), 7.52 (1 H,d, J = 8 Hz, Ar-H), 7.68 (1 H,d, J = 8.5Hz, Ar-H),7.87 (1H,d,J =
2Hz, Ar-H), 10.21 (1 H, s, NH). 13¢ NMR (125 MHz, DMSO-d6), éc (ppm): 24.6 (CH3), 55.3 (OCH3), 106.1, 107.3, 111.6, 116.5,
116.6, 119.5, 130.0, 133.7 (C-N = N-), 138.9 (C-N = N-), 153.5 (C-NH), 160.0 (C-O), 162.0 (C-OH), 168.9 (C=0).
(E)-N-(5-hydroxy-2-((4-methoxyphenyl)diazenyl)phenyl)acetamide (18). p-Anisidine (0.246 g, 2mmol). Yield (0.399g,
70%) as yellow, m.p. 234°C - 235°C. (Found: C, 63.08; H, 5.37; N, 14.38. C;5H;5N303 Requires C, 63.15; H, 5.30; N, 14.73%). vmax
(em™ 1Y) 3660 (NH), 3103 (OH), 2999 (OCH3y), 1663 (C=0), 1603 (Ar-C), 1549 (N = N). H NMR (500 MHz, DMSO-d6), 6H (ppm):
2.20 (3H, s, CH3), 3.84 (3H, s, OCH3), 6.59 (1H, dd, J = 9Hz, J = 3Hz, Ar-H), 7.09 (2H, d, J = 9.0Hz, Ar-H), 7.65 (1H, d, J =
8.5Hz, Ar-H), 7.93 (3H, d, J = 9.5 Hz, Ar-H), 10.15 (1 H, s, NH). 13C NMR (125 MHz, DMSO0-d6), éc (ppm): 24.6 (CH3), 55.5 (OCH3),
107.0, 111.3, 114.4, 119.4, 124.4, 133.5 (C-N = N-), 138.2 (C-N = N-), 146.4 (C-NH), 161.1 (C-0), 161.2 (C-OH), 168.8 (C=0).

2.3. Antibacterial evaluation

2.3.1. Kirby-Bauer disc diffusion method

The initial antibacterial activity of the compounds 1-18 was screened by adapting the Kirby-Bauer disc diffusion method from
Desai et al. (2022) *°. Approximately 20 mL of sterile Mueller-Hinton Agar was poured into each of the petri dishes and allowed to
cool to room temperature for solidification under aseptic conditions. Two bacterial strains with Gram-positive (Staphylococcus aureus)
and Gram-negative (Escherichia coli) were chosen for the antibacterial evaluation ° owing to their pathogenic nature and frequent
occurrences in healthcare settings »”. The bacteria were adjusted to a 0.5 McFarland standard, which is equivalent to 1.5 x 10® CFU/
mL of cell density “°. The 100 pL of bacterial suspensions were uniformly swabbed onto the petri dishes with Mueller-Hinton Agar
using a sterile cotton swab and left dry for 15 min by following the standard guidelines from Clinical and Laboratory Standard
Institute (CLSI) *°. The 10 L compounds were prepared by dissolving 10 mg of compound in 1 mL DMSO, giving the final DMSO
concentration of approximately 1% (v/v), which is below the threshold known to cause inhibitory effects on bacterial growth. The
sterile discs (6 mm diameter) were impregnated with 10 pL of the synthesised compounds 1-18 and gently pressed on the agar
surface. Ampicillin and DMSO were used as positive and negative controls, respectively. The plates were then incubated at 37°C for
24 h before measuring the inhibition zone of the discs in millimetres (mm).

2.3.2. Turbidimetric kinetic method

Compounds 1 (o-F), 2 (n-F), 5 (m-Cl) and 14 (m-CH3) with prominent activities in the initial disc diffusion screening were further
subjected to minimum inhibitory concentration (MIC) determination using the Turbidimetric Kinetic Method *°. The Luria-Bertani
broth was used to culture the bacteria under optimum conditions in an incubator shaker (120 rpm) for 24 h. Compounds at different
concentrations of 50 ppm, 80 ppm and 100 ppm were added to respective bottles containing 10 mL of Luria-Bertani broth and in-
oculated with 200 pL of inoculum. The mixture was shaken for 6 h in an incubator shaker at 120 rpm. For every interval of 1h,
1000 pL of aliquots in different concentrations was pipetted out into a cuvette to measure the transmittance value. The reading was
obtained by using a UV-visible spectrophotometer at a 560 nm wavelength. Each concentration of the compounds was done in
triplicate to obtain the mean reading of the transmittance value (Supplementary data S57-S98). The standard deviation of the
replicates was calculated, and the Relative Standard Deviation (RSD) is within an acceptable range for a biological assay of less than
20% *'. The data were presented as mean * SD, and one-way analysis of variance (ANOVA) statistical treatment was performed with
all datasets achieving p < 0.05. Then, the transmittance values obtained were used to determine the number of colony-forming units
(CFU) mL ™" formed against time by substituting the value into Eqs. (1) and (2) according to the bacteria strain. Subsequently, the
values obtained were subjected to Eq. (3) in order to derive the specific growth rate of the bacteria when pu= 0. The minimum
inhibition concentration (MIC) was determined by extrapolating the graph of specific growth rate versus concentration.

S. aureus:In N, = 27.4 - 10.3T 1)
E. coli: In N, = 27.1 —-8.56T (2)
p = (In N¢ - In No)/(t - to) 3

2.4. Molecular Docking

The 2D structure of selected synthesised compounds was drawn using Discovery Studio® 4.0 (Accelrys, San Diego, USA) and
saved in PDB format, followed by geometry and energy optimisation using Avogadro %, employing the steepest descent and con-
jugated gradient method, using the MMFF94 force field. The crystal structure of the FtsA enzyme (PDB ID: 3WQU) was downloaded
from the Protein Data Bank (PDB). Hydrogen atoms were added to the FtsA enzyme structure using AutoDockTools ** while the
docking was performed using AutoDock Vina, with a grid box for FtsA enzyme set 40 X 30 x 40 and 1.0 A spacing **. The grid box
was set to be 1.0 A so that all the residues were available in an equal-opportunity zone for ligand binding. The docked ligand binding
was ranked according to its binding energies. The highest binding affinity was selected, and the binding interactions were visualised
using Discovery Studio® 4.0 (Accelrys, San Diego, USA). This ligand conformation was carefully inspected, analysed, and discussed.
To verify the docking parameters, redocking of the Adenosine-5-Triphosphate, which is present in the FtsA enzyme crystal protein
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structure, was done. The redocking for Adenosine-5’-Triphosphate was performed using AutoDock Vina with the parameters de-
scribed above.

2.5. ADME prediction

The online software SwissADME tool (http://www.swissadme.ch/index.php) was carried out by inserting the SMILE notation of
the compounds ***°, The computational studies have become indispensable as they have acted as a guidance for drug discovery in the
initial stages and improved previous statistics of 50% of drug candidates being rejected in the development stage *’. This would be an
advantage for researchers as it has improved accuracy, reduced the time and cost of drug development ***°. The integration of
computer technology ADME would improve understanding of compound behaviours from aspects such as pharmacokinetics, phy-
sicochemical, toxicity, lipophilicity, water solubility and drug-likeness characteristics “**'. The following formula was used to de-
termine the oral absorption rate (%): ABS = 109 - [0.345  Topological polar surface area(TPSA)] 42,

3. results and discussion
3.1. Synthesis and structural characterisation

The synthesis of metacetamol azo derivatives 1-18, as shown in Fig. 1, was achieved via two classical steps of reaction that
involve diazotisation and coupling reaction with electron-rich aromatic compounds *°. The substituted anilines were reacted with
sodium nitrite under low temperature (0-5°C) in acidic conditions to form diazonium salt. The reaction was maintained at a low
temperature to ensure stability of the diazonium salt **. The mixture was monitored closely by using potassium iodide-starch paper,
whereby transformation to a purple-blue colour indicates formation of nitrous acid *°, signifying the progress of the diazotisation
reaction. Subsequently, the metacetamol in alkaline conditions serves as an electron-rich aromatic coupling reagent, which was
added into the diazonium salt solution to yield the targeted metacetamol azo 1-18 in low to high yield of 32-95%.

The structure of metacetamol azo 1-18 was elucidated by using FTIR and NMR spectroscopies (Supplementary data, Figures S1-
S54). The significant FTIR absorption band detected around 1550 cm ™! was attributed to the formation of an azo bond “°. The peaks
at 3368-3458 cm ~ ! and 3089-3160 cm ! corresponded to the presence of amide v(NH) and hydroxyl v(OH) from the metacetamol
core structure, respectively “7“®, The assignment of v(NH) at a higher wavenumber was due to the structural composition and
position of the heteroatom derivatives, which demonstrated a more stable hydrogen bond than v(OH) *. Moreover, the v(OH) band
typically appears broad due to intermolecular hydrogen bonding, while the v(NH) vibration is relatively narrower and features a
pointy peak °°. Whereas the strong absorption band at lower frequencies of 1643-1646 cm ™' were assigned to the stretching
vibrations of the carbonyl functional group, (C=0) '

The compounds were further confirmed by characterising using 'H and '3C NMR analysis. Chemical shift in NMR is one of the
most reliable techniques to be used for molecular assignment and structure elucidation due to the high sensitivity of chemical
environment towards the surrounding nucleus °*. In 'H NMR spectra, the most upfield singlet proton found at 2.15 ppm — 2.22 ppm
was attributed to the CH; proton due to the high shielding effect °* and the electron-donating nature of the methyl group that forms a
CH- interaction **. In contrast, two singlet peaks were observed at the most downfield region of 10.35 — 11.63 ppm and 10.12 ppm —
10.73 ppm were assigned to the hydroxyl group (OH) and amide group (NH), respectively. This is due to the high polarizability of the
surrounding electronic environment of groups with oxygen and nitrogen atoms that reduces electron density, resulting in a high
deshielding effect, hence shifting the proton towards a more downfield region °°. However, the hydroxyl peak for compounds 1 (o-F),
2 (m-F), 3 (p-F), 4 (0-Cl), 8 (m-Br), 17 (0-CHs) and 18 (p-OCHg3) was not observed due to its labile property °°. In *C NMR, peaks
resonating at 24.3-25.0 ppm were attributed to the CH3 peak. Meanwhile, the carbonyl group (C=O0) resonate at the most downfield
region of 169.3 ppm — 169.3 ppm due to the high electronegativity of the oxygen atom °”°°. Additionally, peaks at 106.5 ppm to
138.6 correspond to aromatic carbon, whereas C-N = N- of the azo linker found at 133.1-162.5 ppm *°

2 NaNO,, HC NEN .
[ B aNLa, | A __NaOH, 0-5°C__
_50
R e R O\
N OH
1 1-18

R= Do-F 7yo-Br 13)o-CH;s
2ym-F 8)m-Br  14)ym- CH,
J)p-F Np-Br  ys5y,.CH,
4)o-Cl 10)o-1 :

Sym-Cl 1l)ym-1 19)0-0CH;
6)p-Cl 12)p-1 17) m - OCH;
18) p - OCH;4

Fig. 1. Synthesis of metacetamol azo derivatives (1 —18).
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3.2. Antibacterial evaluation

In this study, the initial in vitro antibacterial screening of metacetamol azo 1-18 was evaluated towards Gram-positive bacteria
(Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli) using the Kirby-Bauer disc diffusion method. This screening is to
provide a qualitative indication of activity to identify candidates for further analysis. The two bacteria were deployed due to their
ability to mutate swiftly to develop as multidrug-resistant bacteria and their fast-growing ability °°. Moreover, both strains have been
seen as causes of superficial and systemic infections ®*, which estimated that antimicrobial-resistant bacteria would cause a hundred
million deaths worldwide in 2050 °. With ampicillin as the standard drug and DMSO as a negative control, the zone of inhibition of
each compound was measured, and the results were tabulated as in Table 1.

Overall, the newly synthesised compounds (except compound 16) have shown promising antibacterial potential compared to
metacetamol, with no inhibition likely reflecting the presence of azo bonds that enhance binding affinity towards the enzyme’s
active site of the microbes, potentially via formation of hydrogen bonding °°. Moreover, an additional phenyl ring from the aniline
derivative boosts the interaction with proteins of bacteria via numerous intermolecular forces such as w-w stacking effects ©*,
hydrogen bonding, hydrophobic interaction, dipole-induced dipole and van der Waals forces °° that would disrupt the cytoplasmic
membrane °°.

Notably, fluorine-substituted compounds 2 (m-F) have shown the most potent activity towards E. coli strains with an inhibition
zone of 12 mm, owing to the ideal positioning and small atomic size of the fluorine atom that would cause less steric hindrance
between the active site of the bacterial membrane and compounds that contribute to effective membrane disruption *°. The C-F bond
of fluorinated compounds has a high dissociation energy of 105.4 kcal/mol, making it less likely to undergo metabolic and enzymatic
transformation °”-°%, allowing the compounds to have a longer duration of reaction and better bioavailability °°. Comparatively, the
least active of para-fluorine substituted may be due to the compensation of both resonance and inductive effect, resulting in a less
acidic compound 7°. Other halogenated substituted compound series (1-12) also show promising inhibitions against both strains,
comparable to standard ampicillin, probably due to the increase in lipophilicity attributed to the inductive effect 7' and electro-
negative nature of the substituent, which improves the interaction between the enzyme-active sites and receptor-recognition sites of
the compounds 2.

Upon comparing the electron-donating substituted series (13-18), the presence of a moderate electron-donating group, methyl,
exhibited better inhibition ability than a strong electron-donating group of the methoxy ”*, especially towards E. coli. This may be due
to methyl’s favourable balance of electron donation (inductive donating) without the strong resonance delocalisation associated with
methoxy, thereby preserving molecular lipophilicity and enhancing cell membrane penetration and binding to bacterial targets 7.

The finding also indicates metacetamol-azo 1-18 is relatively less susceptible to Gram-negative bacteria (E. coli) as compared to
Gram-positive bacteria (S. aureus). This may be due to the permeability barriers of Gram-negative bacteria that are densely packed
with lipopolysaccharides on the outer leaflet ”>”® and an asymmetric phospholipid bilayer on the inner leaflet ””. In contrast, Gram-
positive bacteria lack an outer membrane, consisting only of a thick peptidoglycan layer, which is more sensitive *”? and is easily
penetrated by antibacterial drugs *°.

The selected compounds 1 (0-F), 2 (m-F), 5 (m-Cl) and 14 (m-CH3) with prominent activities in preliminary screening were
further examined with the turbidimetric kinetic method to determine their minimum inhibitory concentration (MIC). The MIC is the
smallest concentration of an antimicrobial agent that prevents visible growth after overnight incubation, and it is used to verify the
resistance of microorganisms to the antibacterial agent. At the concentrations of 50 ppm, 80 ppm, and 100 ppm against S. aureus and
E. coli, the transmittance values obtained were subjected to the equation of colony-forming units (CFU)mL ™! (InN¢) versus time of
each strain. Extrapolating the concentration at the specific growth rate of bacteria, following the expression of Eq. 3, gave the MIC
values as tabulated in Table 2, and the graph is in Supplementary $55-S56. The MIC values were categorised as significant if below
100 ppm, moderate when 100 < MIC < 625 ppm and weak when MIC > 625ppm °'. Compounds exhibiting MIC values below
200 ppm are considered promising antimicrobial candidates and can be suggested for pharmacological purposes °%.

Table 1
Zone of inhibition of compound 1-18.
Compound Diameter of inhibition zone (mm) Compound Diameter of inhibition zone (mm)
S. aureus E. coli S. aureus E. coli
1 (o-F) 8 12 (p-1) - 7
2 (m-F) 7 12 13 (0-CH3) 9 -
3 (p-F) 8 - 14 (m-CH3) 8 7
4 (o-CD) 8 - 15 (p-CH3) 9 -
5 (m-Cl) 8 7 16 (0-OCH3) -
6 (p-C1) 8 - 17 (m-OCHj3) 7
7 (0-Br) 7 - 18 (p-OCH3) 8
8 (m-Br) - 7 Metacetamol - -
9 (p-Br) 7 - Ampicillin 7 7
10 (o-D 7 - DMSO - -
11 (m-) 7

Note: (-) = no activity; o = ortho, m = meta, p = para
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Table 2
Minimum inhibitory concentration of selected compounds.

Compound Minimum inhibitory concentration (ppm) Compound Minimum inhibitory concentration (ppm)
E. coli S. aureus E. coli S. aureus

1 (o-F) 155.25 142.65 14 (m-CHj3) 200.11 151.82

2 (m-F) 147.47 108.67 Ampicillin 118.14 98.79

5 (m-Cl) 172.67 176.51 DMSO - -

Note: (-) = no activity; o = ortho, m = meta, p = para

The MIC data showed a similar inhibition trend as in the disc diffusion screening test. Upon comparing fluoro-substituted
compound 1 (o-F) and 2 (m-F), the latter exhibited stronger bacteriostatic activity. This meta-effect portrayed by 2 (m-F) is attributed
to the dominance of the inductive effect (-I) at the meta-position, which enhances the lipophilicity and membrane-binding affinity of
the compound “"°'. Unlike para-substitution, where the resonance effect (+R) can partially counteract the inductive electron
withdrawal, potentially reducing the acidity and binding affinity of the molecule ’°. In contrast, the lower activity of the ortho
derivative, 1 (0-F), likely stems from localised steric crowding near the pharmacophore, which may distort the optimal binding
conformation, reducing the antibacterial activity ®°. Furthermore, the fluorine-substituted compounds depicted higher activity than
chlorine, 5 (m-Cl). This is exerted by the ability of fluorine to withdraw a larger amount of electron density, leading to higher cationic
property and acidity, resulting in better electrostatic interaction with the negatively charged bacterial cell membrane, altering the
lipid bilayer structure of the cell ®. Conversely, compound 14 (m-CHs) with an electron-donating group showed reduced anti-
bacterial activity due to higher electron density ”* that alters the electronic distribution and hinders membrane penetration ability **.

3.3. Molecular docking

In this study, the FtsA enzyme was chosen as the therapeutic target because it plays a crucial role in bacterial cell division and
replication in many bacterial species *°. FtsA belongs to the actin/MreB family of proteins and possesses ATP-binding sites °°. By
targeting the ATP-binding site in FtsA, the cell division and replication will be inhibited, subsequently causing cell death. In the
docking procedure, the redocking step with Adenosine-5’-Triphosphate, the FtsA enzyme co-crystal was performed to verify the

GlU.
oy A251
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) A232
A328
A28 61U Gy
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Fig. 2. Diagrams showing (A) the alignment of the redocked Adenosine-5'-Triphosphate (purple stick model) and Adenosine-5"-Triphosphate co-crystallized (blue
stick model) within the binding site of FtsA; (B) superimposition of redocking Adenosine-5-Triphosphate (purple stick model) and Adenosine-5"-Triphosphate crystal
(blue stick model); (C) compound 2 (m-F) within the binding site of FtsA; (D) the 2D schematic diagram of residues in the binding site of FtsA exhibiting hydrogen
bond (green dotted line) and p-cation interaction (orange dotted line) with compound 2 (m-F) visualized and analyzed by using Discovery Studio 4.0.
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docking parameter used in this study ®’. This was done to ensure the reproducibility of the docking outputs. The orientation of the
best docking pose of Adenosine-5’-Triphosphate was superimposed with the original crystal structure of Adenosine-5"-Triphosphate at
the ATP binding site of the crystal structure. The root mean square derivative (RMSD) value between the top-ranked docked Ade-
nosine-5-Triphosphate conformation and the co-crystal pose of Adenosine-5’-Triphosphate was found to be 1.6171 A (Fig. 1). It was
observed that both docked conformations of the inhibitor had a similar orientation with a crystallised inhibitor in the crystal structure
from the redocking study, suggesting that AutoDock Vina has high accuracy in terms of predicting the binding interactions of the
ligand of interest with the crystal structure .

Thereafter, the docking was performed on the selected metacetamol azo compounds 1 (o-F), 2 (m-F), 5 (m-C1) and 14 (m-CH3),
which showed promising antibacterial activity toward both bacterial strains tested in the in vitro studies earlier. This is to investigate
the mechanism of action of how these compounds particularly cause inhibition at the molecular level. As illustrated in Fig. 1, vi-
sualised by Discovery Studio 4.0, the major similarities of these selected compounds are that there are multiple hydrogen bonding
interactions present to the amino acid of the FtsA enzyme, leading to high binding energy ranging from —8.2 to —9.4 kcal/mol.
Meanwhile, the positive control, ampicillin, possessed a binding energy of —9.0 kcal/mol. For compound 2 (m-F), with the highest
inhibition towards E. coli, the establishment of two hydrogen bonds with the important amino acids, LYS 17 and LYS 254, is similar to
those observed in ampicillin and Adenosine-5’-Triphosphate co-crystal, respectively. These two amino acids, located at the active site
of the FtsA enzyme, are important for cell structural integrity through FtsA-FtsA interaction and/or with other essential division
components like FtsZ, at which disruption by an inhibitor allosterically inhibits FtsA function °>°°. This is likely driven by the
strategic meta-substitution of the fluorine atom, which acts as a powerful electron-withdrawing group. By inductively polarising the
molecular scaffold, the fluorine enhances the electrostatic complementarity of neighbouring atoms, thereby optimising the strength
of the hydrogen bonds with the key residues ©”-°". Additionally, van der Waals interaction with GLU 251 and p-cation interaction with
HIS255 were also found. Moreover, several key residues were also observed in the vicinity (GLY 325, SER 14, GLU 209). Disturbances
to these amino acids will lead to ribose destabilisation, thus stopping the bacteria's replication or cell division °*. The detailed binding
illustration can be retrieved from Supplementary data, $99, while the binding summary of the selected compound is tabulated in
Table 3.

3.4. ADME prediction

Physicochemical, pharmacokinetic and toxicity properties of metacetamol-azo 1-18 are studied via SwissADME to examine the
absorption, distribution, metabolism and excretion (ADME) properties and predict its druglikeness properties. The SwissADME is a
fast and yet free online access tool that would be able to provide modest predictive results °*°*. The physicochemical properties of the
compounds were tabulated in Table 4. None of the compounds violated the Pfizer Rule, also known as Lipinski’s rule of five, with
molecular weight (MW) < 500 g/mol, number of hydrogen bond donors (nHBD) < 5, number of hydrogen bond acceptors (nHBA) <
10, Topological polar surface area (TPSA) < 140A2 and Log P value < 5.0 %, Compounds without breaking more than one of
Lipinski’s rules are expected to display good intestinal permeability and aqueous solubility *”. Based on the result, metacetamol-azo
1-18 were detected to have = 3 rotatable bonds, indicating good molecular flexibility °° and high oral bioavailability with all the
topological polar surface area (TPSA) values less than 140A2 °7°°, The absorption value of the compounds, ranging from 80.27% to
83.45%, was derived by using the formula [109 — (0.345  TPSA)] °°. This is aligned with the predicted solubility, which belongs to
the range of moderately soluble to soluble.

The druglikeness of metacetamol-azo 1-18 was organised in Table 5 according to the different pharmacokinetic rules reported.
Interestingly, all compounds 1-18 abide by all criteria of the rules tested below except for metacematol, which violated the Ghose
filter and Muegge rules due to low molecular weight.

o Ghose filter: (160 < MW < 480, 20 < Number of atoms < 70, 40 < MR < 130 & —0.4 < Log P < 5.6). Emphasising the compound’s
lipophilicity and molar refractivity, significant for receptor binding, cellular absorption and bioavailability '°.

e Veber: (TPSA < 131.6 A2 & nRotB < 10). Prioritise on surface area and flexibility of the molecule, criteria that influence the oral
bioavailability and permeability ''-'%%,

e Egan: (TPSA < 131.6 A& Log P > 5.88). Explains the balance of hydrophilic and hydrophobic properties of compounds

o Muegee: (200 < MW < 600, nHBD < 5, nHBA < 10, nrotb < 15, TPSA < 150 f\z, —2 < Log P < 5, number of rings < 7, number of

heteroatoms > 1 & number of carbons > 4). An additional condition ensuring the drugs follow the druglikeness properties)
101,104

101,103

Table 3
Molecular docking interaction of selected compounds towards FtsA enzyme (PDB ID: 3WQU).

Compounds Binding affinity (kcal/mol) Key Binding residues

1 (o-F) -8.8 SER15, GLY232, LEU329, HIS255, ASN328, GLU358

2 (m-F) -9.4 HIS255, LYS17, LYS254, GLY232

5 (m-C1) -8.6 LYS17, GLY325, SER14, HIS255, LYS254, SER15

14 (m-CH3) -8.2 GLY325, LYS77, SER361, ASP185, VAL211, GLU209, ASP210
Ampicillin -9.0 ASN328, HIS255, GLU358, GLY325, LYS17, SER15
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Table 4
Physicochemical properties of compound 1-18.

Compound MwW? nHAY nAHA® nRotB¢ nHBA® nHBD! MR# TPSAP ABS' MLOGP ESOLK
1 (0-F) 273.26 20 12 4 5 2 73.35 74.05 83.45 2.38 S
2 (m-F) 273.26 20 12 4 5 2 73.35 74.05 83.45 2.38 S
3 (p-F) 273.26 20 12 4 5 2 73.35 74.05 83.45 2.38 S
4 (0-C) 289.72 20 12 4 4 2 78.41 74.05 83.45 2.51 S
5 (m-Cl) 289.72 20 12 4 4 2 78.41 74.05 83.45 2.51 S
6 (p-Cl) 289.72 20 12 4 4 2 78.41 74.05 83.45 2.51 S
7 (0-Br) 334.17 20 12 4 4 2 81.1 74.05 83.45 2.63 MS
8 (m-Br) 334.17 20 12 4 4 2 81.1 74.05 83.45 2.63 MS
9 (p-Br) 334.17 20 12 4 4 2 81.1 74.05 83.45 2.63 MS
10 (o-) 381.17 20 12 4 4 2 86.11 74.05 83.45 2.76 MS
11 (m-) 381.17 20 12 4 4 2 86.11 74.05 83.45 2.76 MS
12 (p-D) 381.17 20 12 4 4 2 86.11 74.05 83.45 2.76 MS
13 (0-OCHs) 269.3 20 12 4 4 2 78.36 74.05 83.45 2.24 S
14 (m-OCHs) 269.3 20 12 4 4 2 78.36 74.05 83.45 2.24 S
15 (p-OCH3) 269.3 20 12 4 4 2 78.36 74.05 83.45 2.24 S
16 (0-OCH3) 285.3 21 12 5 5 2 79.89 83.28 80.27 1.7 S
17 (m-OCH3) 285.3 21 12 5 5 2 79.89 83.28 80.27 1.7 S
18 (p-OCH3) 285.3 21 12 5 5 2 79.89 83.28 80.27 1.7 S
Metacetamol 151.16 11 6 2 2 2 42.78 49.33 91.98 1.25 S

Note: *Molecular weight (MW); PNumber of heavy atom (nHA); “Number of aromatic heavy atom (nAHA), dNumber of rotatable bonds (nRotB); *“Number of hydrogen
bond acceptors (nHBA); ‘Number of hydrogen bond donors (nHBD); #Molecular refractivity (MR); "Topological polar surface area (TPSA); ‘Absorption value in
percentage (ABS); ’Octanol/water partition coefficient (MLOGP); and Estimate solubility (ESOL) with S representing soluble and MS representing moderately soluble.

Table 5
Druglikeness of compound 1-18.
Compound Lipinski Ghose Veber Egan Muegee PAINS? Brenk
1 (o-F) Yes Yes Yes Yes Yes 1 1
2 (m-F) Yes Yes Yes Yes Yes 1 1
3 (P Yes Yes Yes Yes Yes 1 1
4 (0-Cl) Yes Yes Yes Yes Yes 1 1
5 (m-Cl) Yes Yes Yes Yes Yes 1 1
6 (p-C1) Yes Yes Yes Yes Yes 1 1
7 (o-Br) Yes Yes Yes Yes Yes 1 1
8 (m-Br) Yes Yes Yes Yes Yes 1 1
9 (p-Br) Yes Yes Yes Yes Yes 1 1
10 (o-I) Yes Yes Yes Yes Yes 1 2
11 (m-1) Yes Yes Yes Yes Yes 1 2
12 (p-D Yes Yes Yes Yes Yes 1 2
13 (0-OCH3) Yes Yes Yes Yes Yes 1 1
14 (m-OCHs3) Yes Yes Yes Yes Yes 1 1
15 (p-OCH3) Yes Yes Yes Yes Yes 1 1
16 (0-OCH3) Yes Yes Yes Yes Yes 1 1
17 (m-OCHs) Yes Yes Yes Yes Yes 1 1
18 (p-OCH3) Yes Yes Yes Yes Yes 1 1
Metacetamol Yes No Yes Yes No 1 0

Note: *Pan assay interferences structures (PAINS)

In regard to the distribution factor as tabulated in Table 6, all compounds 1-18 showed high gastrointestinal (GI) absorption. This
is an advantage for drug candidates as it is readily available for efficient and convenient oral administration '°>. Most of the com-
pounds are able to diffuse through the blood-brain barrier except for methoxy-substituted compounds 16 — 18 due to a comparatively
higher TPSA value '°°. Observation of the compounds' diffusion through Cytochromes P450 (CYP) isoforms indicated active diffusion
to CYP1A2, CYP2C19 (except 1-3 (F-substituted) and 16-18 (-OCHj substituted) and CYP2C9 (except compounds 1-3 (F-sub-
stituted). These CYP450 isoforms play an important role in metabolising or oxidising the drugs to facilitate the drug excretion from
the body '°7-'°%, All compounds are inactive against CYP2D6 and CYP3A4. The result of metacetamol alone showed that there is no
balance in inhibiting the CYP450 isoforms, which may cause accumulation toxicity if it is not excreted through an alternative
pathway '°°. Finally, the compounds were predicted to have low skin permeability (log Kp) with the value ranging from —5.83 to
—6.37 cm/s, indicating these compounds were not suitable for transdermal medication ''°.
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Table 6
Pharmacological properties of compound 1-18.

Compound GI* BBB® P-gp© cyp1A2¢ CYP2C19° cyp2cof CYP2D68 CYP3A4" Log Kp (cm/s)
1 (o-F) High Yes No Yes No No No No -6.11
2 (m-F) High Yes No Yes No No No No -6.11
3 (@-F) High Yes No Yes No No No No -6.11
4 (0-Cl) High Yes No Yes Yes Yes No No -5.83
5 (m-Cl) High Yes No Yes Yes Yes No No -5.83
6 (p-Cl) High Yes No Yes Yes Yes No No -5.83
7 (0-Br) High Yes No Yes Yes Yes No No -6.06
8 (m-Br) High Yes No Yes Yes Yes No No -6.06
9 (p-Br) High Yes No Yes Yes Yes No No -6.06
10 (o-I) High Yes No Yes Yes Yes No No -6.37
11 (m-1) High Yes No Yes Yes Yes No No -6.37
12 (p-D High Yes No Yes Yes Yes No No -6.37
13 (0-OCH3) High Yes No Yes Yes Yes No No -5.9
14 (m-OCH3) High Yes No Yes Yes Yes No No -5.9
15 (p-OCH3) High Yes No Yes Yes Yes No No -5.9
16 (0-OCH3y) High No No Yes No Yes No No -6.27
17 (m-OCH3) High No No Yes No Yes No No -6.27
18 (p-OCH3) High No No Yes No Yes No No -6.27
Metacetamol High Yes No No No No No No -6.27

Note: *Gastrointestinal absorption (GI); "Blood-brain barrier permeability (BBB); “Permeability glycoprotein substrate (P-gp), CYP1A2 inhibitor (CYP1A2); °CYP2C19
inhibitor (CYP2C19); ‘CYP2C9 inhibitor (CYP2C9); 8CYP2D6 inhibitor (CYP2D6) and “CYP3A4 inhibitor (CYP3A4)

3.5. Study limitations

While the findings of this study provide a promising foundation for the development of metacetamol-based antibacterials, several
limitations must be acknowledged. To note, this study focused exclusively on two standard bacterial strains: the Gram-positive
Staphylococcus aureus (ATCC 25923) and the Gram-negative Escherichia coli (ATCC 25922). Even though these are clinically sig-
nificant pathogens, they do not represent the full diversity of bacterial species. Future studies should expand testing to include clinical
isolates and a broader range of multidrug-resistant (MDR) strains to better determine the clinical utility of these derivatives.
Furthermore, the pharmacological assessment is currently restricted to initial in vitro screening and in silico modelling. Consequently,
further in vivo pharmacological and toxicity evaluations in animal models are essential to validate these compounds as safe and
effective therapeutic candidates. Finally, the pharmacokinetic and drug-likeness assessments were conducted using the SwissADME
online tool, which provides predictive trends rather than experimental data. While these computational models are indispensable for
early-stage drug discovery, they do not fully account for the complex metabolic transformations that occur in vivo. Experimental
pharmacokinetic studies are therefore necessary to confirm these predictions. Despite these constraints, the findings provide a
structural foundation for the future optimisation and rigorous biological testing of the metacetamol azo scaffold.

4. Conclusion

A series of metacetamol azo derivatives 1-18 was successfully synthesised and structurally characterised via spectroscopic
techniques. The findings demonstrated that the incorporation of the azo linker (-N = N-) combined with o, m and p-F/Cl/Br/ I/CH3/
OCHj3; substituents of aniline significantly enhanced the antibacterial properties relative to the parent drug, metacetamol. Among the
synthesised compounds, 2 (m-F) exhibited promising antibacterial activity with MIC values of 108.67 ppm for S. aureus and 147.47
for E. coli, comparable to standard ampicillin (98.79 ppm for S. aureus and 118.14 ppm for E. coli). This enhanced activity is likely
attributed to optimal electronic, positioning and steric characteristics of the fluorine substituent. Molecular docking analysis further
supported the in vitro finding, revealing the strong binding affinity (-9.4 kcal/mol) of 2 (m-F) toward key residues within the active
site of the bacterial cell division of the FtsA enzyme. In addition, computational ADME studies revealed that metacetamol-azo 1-18
possessed favourable physicochemical and pharmacokinetic profiles, suggesting promising drug-like characteristics and supporting
their potential as biologically active agents. Overall, the present study collectively demonstrates that strategic azo functionalisation of
metacetamol provides a useful structural design for the development of new antibacterial scaffolds with enhanced antibacterial
potency. Nevertheless, further detailed mechanism-of-action investigations, in vivo pharmacological and toxicity evaluations are
necessary to further validate these compounds as potential therapeutic candidates.
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