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Abstract

Reaction of 5-oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-carbohydrazide with selected
aldehydes and ketone provided novel hydrazone derivatives bearing azole moieties: pyra-
zole, pyrrole, and indole. The drug likeness of the newly synthesized compounds and
their physicochemical characteristics were examined to fit Lipinski’s Rule of Five. N-(2,5-
dimethyl-1H-pyrrol-1-yl)-5-oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-carboxamide (5)
exhibited the most favorable overall ADMET profile, combining compliance with key
physicochemical requirements for antimicrobial activity with superior solubility and re-
duced predicted hepatotoxicity and nephrotoxicity. Despite generally elevated plasma
protein binding across the series, this compound provided the most advantageous balance
between permeability, systemic exposure, and safety.

Keywords: 5-oxopyrrolidine; diphenylamine; in silico; Lipinski’s rule of five

1. Introduction
Increasing antimicrobial resistance (AMR) continues to pose a profound global health

threat as it threatens ability of modern healthcare systems to effectively manage infectious
diseases [1]. The World Health Organization (WHO) has listed AMR as one of the top
10 threats to human health [2]. Traditional antibiotics are losing efficacy as microorgan-
isms acquire resistance through drug-degrading enzymes, target modifications, and efflux
mechanisms, making the development of new antimicrobial agents, capable of overcoming
increasingly drug-resistant bacterial and fungal pathogens, an urgent priority [3].

Hydrazone derivatives are among intensively studied heterocyclic scaffolds in an-
timicrobial drug discovery due to their versatile azomethine (–NH–N=CH–) linkage,
which plays a critical role in biological recognition and metal coordination. Several pre-
scribed drugs, including isoniazid, an antibiotic used to treat tuberculosis [4], and nifurox-
azide, an antibiotic indicated in the treatment of gastrointestinal infections [5], contain a
hydrazide–hydrazone functionality. Hydrazone derivatives are attractive compounds in
medicinal chemistry because it is easy to change their lipophilicity, total charge and pla-
narity by proper choice of the main core and/or substituents, resulting in diverse biological
activities including antioxidant, antimicrobial, antitubercular, anticancer, anti-inflammatory,
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and antidiabetic effects, with hybrids like isatin– or pyridine–hydrazones enhancing po-
tency via moiety synergy [6–11]. They also contain a site of protonation–deprotonation
and possess the NH group that can participate in H-bonding [12]. Hydrazide–hydrazone
compounds demonstrate potent antibacterial and antifungal activities, often outperforming
conventional antibiotics through topoisomerase inhibition, efflux pump blockade, biofilm
disruption, ROS induction, and increased metal chelation [12–15].

The most common route in synthesis of hydrazones is the condensation of a carboxylic
acid hydrazide with an appropriate aldehyde or ketone [16]. This nucleophilic addition
reaction involves the attack of the terminal amino group of the hydrazide on the carbonyl
carbon of the aldehyde or ketone, followed by the elimination of a water molecule to
form a stable C=NC=N double bond. The resulting hydrazone bond is stabilized by the
delocalization of electrons, i.e., it is facilitated by the electronegativity of the hydrazide
carbonyl oxygen. The synthesis reaction of hydrazones is commonly performed in organic
solvents like ethanol or methanol, often under reflux conditions, and can be accelerated
by the presence of acid catalysts or through structural tuning, such as the inclusion of
neighboring acid/base groups that enhance reaction kinetics at physiological pH [17].

5-Oxopyrrolidine (pyrrolidin-2-one) derivatives constitute a versatile class of bioactive
molecules, owing to their five-membered lactam structure, which serves as a versatile
scaffold in medicinal chemistry often enhancing biological activity through its rigid cyclic
structure and hydrogen bonding capabilities [18]. In drug discovery, the 5-oxopyrrolidine
core has been highlighted for its synthetic flexibility and pharmacophore richness, con-
tributing to the development of new therapeutic agents with activities ranging from cy-
totoxic effects on cancer cell lines to inhibition of bacterial growth and modulation of
neurological pathways [18]. Studies have demonstrated that structural modification of the
5-oxopyrrolidine skeleton, particularly via substitution at the nitrogen or carbon positions,
can significantly influence antimicrobial and anticancer efficacy, further underscoring the
scaffold’s importance in designing next-generation multifunctional drug candidates [18,19].

Diphenylamine is a flexible skeleton for drug development [20]. Diphenylamine
derivatives have been reported to possess important biological properties, including
anticancer, antimalarial, and antimicrobial activity [21,22]. 2-(Benzylidenehydrazinyl)-
N,N-diphenylacetamide derivatives have shown significant activity against bacterial and
fungal strains indicating the potential of diphenyl-hydrazine derivatives as antimicrobial
agents [23].

Azole moieties, particularly pyrrole, pyrazole, and indole fragments, are important
pharmacophores in antimicrobial agents due to their ability to mimic nucleobases, chelate
metals, and disrupt microbial enzymes or membranes [19,24,25]. Pyrazole derivatives
exhibit broad-spectrum antibacterial activity through DNA gyrase inhibition, with N-
substituted pyrazoles showing potent effects against S. aureus and E. coli (MIC 4–16 µg/mL),
often enhanced by hybridizing with other heterocycles [26]. Indole fragments, prevalent in
natural antifungals like gliotoxin derivatives, interfere with ergosterol biosynthesis and
biofilm formation, delivering antifungal efficacy against Candida species (MIC 3–12 µg/mL)
comparable to fluconazole [27].

Chemical absorption, distribution, metabolism, excretion, and toxicity (ADMET), play
key roles in drug discovery and development. A high-quality drug candidate should
not only have sufficient efficacy against the therapeutic target, but also show appropriate
ADMET properties at a therapeutic dose. A lot of in silico models are hence developed for
prediction of chemical ADMET properties [28]. There is no universal ADMET range that
guarantees strong antimicrobial activity due to antimicrobial potency being dependent on
target interaction and bacterial penetration mechanisms. However, there are empirically
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favourable ranges of physicochemical and ADMET-related properties that are commonly
associated with successful antibacterial drugs—especially for small-molecule antibiotics.

When assessing the drug likeness of newly synthesized compounds, their physic-
ochemical characteristics are examined to fit Lipinski’s Rule of Five (RO5). It is worth
mentioning that although classical drug-likeness criteria (e.g., Lipinski’s RO5) provide a
general framework, many approved antibiotics deviate from these rules. Nevertheless,
empirical ranges for key physicochemical and pharmacokinetic parameters have emerged
from analyses of successful antibacterial agents.

With antibiotic resistance escalating worldwide, hydrazone-based molecules bear-
ing N-heterocyclic moieties, continue to represent a promising and adaptable class of
organic compounds for developing next-generation antibacterial and antifungal agents.
As a continuation of the search for biologically active hydrazone compounds with 5-
oxopyrrolidine and diphenylamine fragments [29,30], we report the synthesis of 5-oxo-
1-(4-(phenylamino)phenyl)pyrrolidine hydrazones bearing azole moieties and ADMET
prediction of their biological properties.

2. Materials and Methods
2.1. Synthesis

Reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and TCI Europe
N.V. (Zwijndrecht, Belgium). The reaction course and purity of the synthesized compounds
were monitored by TLC using aluminium plates precoated with silica gel 60 F254 (Mer-
ckKGaA, Darmstadt, Germany). The melting points were determined on a MEL-TEMP
(Electrothermal, A Bibby Scientific Company, Burlington, NJ, USA) melting point apparatus
and are uncorrected. The 1H and 13C NMR spectra were recorded in DMSO-d6 on a Bruker
Avance III (400 MHz, 101 MHz) spectrometer (Bruker BioSpin AG, Fällanden, Switzerland)
operating in the Fourier transform mode. Chemical shifts (δ) are reported in parts per
million (ppm) calibrated from TMS (0 ppm) as an internal standard for 1H NMR, and
DMSO-d6 (39.43 ppm) for 13C NMR. In 1H NMR spectra, signal splitting is denoted using
standard abbreviations: singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m).
FT-IR spectra (ν, cm−1) were recorded on a Perkin–Elmer Spectrum BX FT–IR spectrometer
(Perkin–Elmer Inc., Waltham, MA, USA) using KBr pellets. Mass spectra were obtained on
a Bruker maXis UHR-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) using
ESI in both positive and negative ionization modes. Elemental analysis (C, H, N) were
performed using the CE-440 Elemental Analyzer (Exeter Analytical, Inc., North Chelmsford,
MA, USA).

5-Oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-carbohydrazide (1) was synthesized as de-
scribed in [31]. M.p., 1H and 13C NMR spectra were found to be identical with the ones
described in [31].

General procedure for the synthesis of compounds 2–4
To hydrazide 1 (0.2 g, 0.65 mmol) dissolved in methanol (25 mL), a corresponding

aldehyde (0.75 mmol) was added followed by addition of concentrated HCl (5 drops). The
reaction mixture was stirred at 90 ◦C for 24 h. The precipitate formed was filtered off, dried
and recrystallised from methanol and water mixture.

5-Oxo-N′-((3-phenyl-1H-pyrazol-4-yl)methylene)-1-(4-(phenylamino)phenyl)pyrrolidine-3-
carbohydrazide (2)

Prepared from 3-phenyl-1H-pyrazole-4-carboxaldehyde. Yield 75% (0.23 g), green
crystals; m.p. 122–123 ◦C. IR (KBr) νmax (cm−1): 1610, 1660 (C=O), 3100, 3310, 3614 (NH);
1H NMR (400 MHz, DMSO-d6): δ = 2.62–2.79 (m, 2H, H14), 2.98–3.03 (m, 1H, H15),
3.25–3.33 (m, 2H, H16), 6.97–7.07 (m, 2H, H9,11); 7.20 (t, 1H; J = 7.2 Hz, H4); 7.35–7.41 (m,
2H, H2,6); 7.66–7.68 (m, 5H, H3,5,8,12,26); 7.73 (s, 1H, H24); 7.75–7.78 (m, 2H; H23,27); 7.80 (s,
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1H, NH), 8.15 (s, 1H, H20); 8.34 (s, 1H, H18); 8.68 (s, 1H, H25); 8.89 (s, 1H, NH); 9.87 (s,
1H, NH); 13C NMR (101 MHz, DMSO-d6): δ = 35.2 (C15), 35.3, 36.0 (C14), 51.0, 51.5 (C16),
111.7, 112.3, 112.4, 116.7, 117.5, 120.0, 120.9, 121.2, 121.7, 122.2, 123.1, 124.3, 124.6, 129.6,
130.8, 130.9, 131.9, 137.3, 137.4, 140.4, 142.0, 143.9, 144.9, 168.5 (C1–12,18,19–27), 172.0 (C13);
172.3 (C17); MS (ESI-): m/z calcd for C27H24N6O2, 463 [M-H]+; found 463. Anal. Calcd. for
C27H24N6O2: C 69.81; H 5.21; N 18.09%; Found: C 69.79; H 5.19; N 18.05%.

N′-((1-methyl-1H-pyrazol-5-yl)methylene)-5-oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-
carbohydrazide (3)

Prepared from 1-methyl-1H-pyrazole-5-carbaldehyde. Yield 68% (0.18 g), green crys-
tals; m.p. 99–100 ◦C. IR (KBr) νmax (cm−1): 1612, 1660 (C=O), 3060, 3310, 3614 (NH); 1H
NMR (400 MHz, DMSO-d6): δ = 2.66–2.81 (m, 2H; H14); 3.38–3.48 (m, 1H, H15); 3.90–4.04 (m,
2H, H16); 3.67 (s, 3H, H22); 5.42, 5.71 (2 s, 0.6H, NH); 6.77–6.81 (m, 1H, H4); 7.00 (s, 2H,
H20,21); 7.02–7.12 (m, 4H, H2,6,8,12); 7.19–7.29 (m, 2H, H3,5); 7.29 (s, 0.4H, NH); 7.43–7.52 (m,
3H, H9,11,18); 8.14 (s, 1H, NH); 13C NMR (101 MHz, DMSO-d6): δ = 35.0 (C15); 35.2 (C14);
50.3, 52.4 (C16); 106.3 (C20,21); 116.5 (C2,6); 117.2; 117.3 (C8,12); 119.7 (C4); 121.5 (C10); 129.3,
129.4 (C3,5); 131.6, 131.7 (C9,11); 133.3 (C19); 140.2 (C7), 143.7 (C1); 171.2 (C13); 173.5 (C17);
Anal. Calcd. for C22H22N6O2: C 65.66; H 5.51; N 20.88%; Found: C 65.59; H 5.53; N 20.81%.

N′-((1H-indol-4-yl)methylene)-5-oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-carbohydrazide (4)
Prepared from indole-4-carboxaldehyde. Yield 79% (0.22 g), light grey crystals; m.p.

200–201 ◦C. IR (KBr) νmax (cm−1): 1615, 1660 (C=O), 3050, 3310, 3615 (NH); 1H NMR
(400 MHz, DMSO-d6): δ = 2.71–2.92 (m, 2H, H14), 3.28–3.34 (m, 0.6H, H15), 3.92–3.96 (m,
0.4H, H15), 3.98–4.22 (m, 2H, H16), 6.76–6.80 (m, 1H, H4), 6.97–7.10 (m, 4H, H8,12,24,25);
7.12–7.21 (m, 4H, H2,3,5,6); 7.43–7.46 (m, 1H, H21); 7.50 (d, 2H; J = 8.8 Hz, H9,11); 7.77 (s,
1H, NH), 8.13 (s, 1H, H20 Indole); 8.14 (s, 0.6H, H18); 8.21–8.24 (m, 1H, H22); 8.38 (s, 0.4H,
H18); 11.20 (s, 0.6H, NH); 11.33 (s, 0.4H, NH); 11.57 (s, 1H, NHindole); 13C NMR (101 MHz,
DMSO-d6): δ = 33.1 (C15), 35.0, 35.1, 35.8 (C14), 50.8, 51.2 (C16), 111.6, 112.1, 112.2, 116.4,
117.4, 119.7, 120.7, 121.0, 121.4, 122.1, 122.9, 124.2, 124.5, 129.4, 130.6, 130.8, 131.9, 132, 137.2,
137.3, 140.1, 141.6, 143.8, 144.5, 168.2 (C1–12,18,19–26), 171.7 (C13); 171.9, 173.1 (C17); MS (ESI-):
m/z calcd for C26H23N5O2, 436 [M-H]+; found 436. Anal. Calcd. for C26H23N5O2: C 71.38;
H 5.30; N 16.01%; Found: C 71.32; H 5.23; N 15.95%.

N-(2,5-dimethyl-1H-pyrrol-1-yl)-5-oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-carboxamide (5)
A mixture of 1 (0.2 g, 0.65 mmol), propan-2-ol (10 mL), hexane-2,5-dione (0.08 g,

0.7 mmol), and acetic acid (1.5 mL) was refluxed for 5 h. Then cold water (20 mL) was
added. The precipitate formed was filtered off and recrystallized from ethanol. Yield 86%
(0.22 g), light grey crystals; m.p. 123–124 ◦C. IR (KBr) νmax (cm−1): 1644, 1678 (C=O), 3050,
3390 (NH); 1H NMR (400 MHz, DMSO-d6): δ = 2.00 (s, 6H, H22,23); 2.68–2.74 (m, 1H; H14);
2.83–2.89 (m, 1H; H14); 3.42–3.50 (m, 1H, H15); 3.92–3.96 (m, 1H, H16); 4.10 (t, 1H, J = 9.2 Hz,
H16); 5.65 (s, 2H, H19,20); 6.80 (t, 1H, J = 7.2 Hz, H4); 7.03–7.10 (m, 4H, H2,6,8,12); 7.22 (t,
2H, J = 8.0 Hz, H3,5); 7.51 (d, 2H, J = 9.2 Hz, H9,11); 8.15 (s, 1H, NH); 10.90 (s, 1H, NH); 13C
NMR (101 MHz, DMSO-d6): δ = 10.9 (C22,23); 34.1 (C15); 35.4 (C14); 50.7 (C16); 103.1 (C19,20);
116.3 (C2,6); 117.2 (C8,12); 119.4 (C4); 121.2 (C18,21); 126.7 (C10); 129.2 (C3,5); 131.6 (C9,11);
140.0 (C7), 143.6 (C1); 170.9 (C13); 172.0 (C17); MS (ESI+): m/z calcd for C23H24N4O2,
389 [M+H]+; found 389. Anal. Calcd. for C23H24N4O2: C 71.11; H 6.23; N 14.42%; Found:
C 71.10; H 6.19; N 14.39%.

2.2. In Silico Pharmacokinetics ADMET Study

The effectiveness and viability of drug molecules hinge on their pharmacodynamic
and pharmacokinetic characteristics, which include vital aspects such as high therapeutic
effectiveness, permissible toxicity levels, and selectivity for the target protein. This research
utilized online platforms like ADMETlab 3.0 [32] and SwissADME [33] for assessing

https://doi.org/10.3390/org7020020

https://doi.org/10.3390/org7020020


Organics 2026, 7, 20 5 of 13

drug-like properties and the ADMET (absorption, distribution, metabolism, excretion,
and toxicity) profiles. The approach involved employing in silico predictions to evaluate
intestinal absorption, penetration of the blood–brain barrier into the central nervous system,
clearance, and potential toxicity of prospective drug candidates.

3. Results and Discussion
3.1. Chemistry

The hydrazone bond is formed through the condensation reaction of a hydrazine
derivative with a carbonyl compound (aldehyde or ketone). The rate of formation of the hy-
drazone bond can be modulated by the electronic properties of the substituents on both the
carbonyl and hydrazine moieties. For instance, aromatic hydrazones tend to be more stable
than their aliphatic counterparts due to resonance stabilization. Incorporating pyrazole,
pyrrole, or indole rings into hydrazone derivatives enhances antimicrobial activity, as these
heterocyclic moieties increase the compounds’ ability to interact with bacterial and fungal
targets, often leading to improved efficacy against a broad spectrum of microorganisms.
The presence of nitrogen-rich heterocycles in hydrazone scaffolds contributes to higher
lipophilicity and better binding affinity to microbial enzymes, resulting in potent antibacte-
rial and antifungal properties that surpass those of simple hydrazones [34–36]. Hydrazones
2–4 were synthesized according to the synthesis route reported previously [29,30]. Target
hydrazones 2–4 were synthesized from 5-oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-
carbohydrazide (1) [31] and the corresponding aldehydes in methanol at 90 ◦C in the
presence of hydrochloric acid as a catalyst in 68–79% yield (Scheme 1). Though, the yields
of all synthesized compounds are good, the slight differences are observed which can be
explained by the differences in the structures of the target compounds. Hydrazone 4 bear-
ing indole moiety, possesses a strongly conjugated system and, therefore, was obtained in
the highest yield, whereas hydrazone 3 with methylpyrazole moiety gave the lowest yield
due to insufficient resonance stabilization. These observations highlight the importance
of electronic effects in hydrazone formation and suggest that modulation of substituent
conjugation may serve as a useful strategy for improving synthetic efficiency in related
systems.

Scheme 1. Synthesis of compounds 2–5.

Condensation reactions of acid hydrazides with aliphatic diketones provide five-
membered heterocyclic compounds [37]. Thus, pyrrole derivative 5 was obtained from
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hydrazide 1 in reaction with hexane-2,5-dione in acetic acid at reflux temperature of the
reaction mixture. This reaction further demonstrates the synthetic versatility of the starting
hydrazide and its suitability as a platform for generating structurally diverse heterocyclic
frameworks, which could be exploited in future scaffold diversification studies.

The structures of the synthesized compounds 2–5 were confirmed by 1H and 13C
NMR, IR, MS, and elemental analysis data. As an example, in the 1H NMR spectrum for
2, the formation of hydrazone linkage has been confirmed by the presence of a singlet at
8.34 ppm attributed to the proton in the N=CH group and a singlet at 8.89 ppm attributed
to the amine proton in the CO-NH-N group. The NH proton in pyrazole ring resonated
at 9.87 ppm. The evidence of the formation of pyrazole ring has been supported also by
the singlet at 8.15 ppm attributed to the CH proton (H20). The protons of the benzene ring
originating from initial 3-phenyl-1H-pyrazole-4-carboxaldehyde gave additional peaks in
the aromatic region of the spectrum. The assignments of aromatic protons and carbons were
made based on 1H and 13C NMR data, chemical shift comparison with already published
values [29], and characteristic splitting patterns. In the 1H NMR spectrum of 3, NH proton
(H18) of the N=CH group gave a set of resonances in the intensity ratio of 0.3:0.3:0.4 and, in
the 1H NMR spectrum of 4, double sets of resonances of N=CH group proton (H18) and
CO-NH-N group proton in the intensity ratio 0.6:0.4 indicate the presence of a mixture
of Z/E isomers resulting from the hindered rotation around the amide bond in DMSO-d6

solutions. In the 1H NMR spectra, the NH proton signals for the Z isomers appear more
downfield than those observed for the corresponding protons in the E isomers [38]. No
presence of E/Z isomers in the DMSO-d6 solution is observed in the 1H NMR spectra
of 2 and 5, since the possibility to observe E and Z isomers of hydrazones in DMSO-d6

solution via 1H NMR depends on the interplay of solvent polarity, intramolecular hydrogen
bonding, and rate of interconversion. In many cases, only one isomer is detected or signals
are averaged, because one isomer is heavily favored (e.g., by intramolecular hydrogen
bonding or steric effects) or rapid interconversion between isomers averages them into a
single set of signals [39]. The IR spectra of 2–4 show characteristic absorption bands at
1610–1615 cm−1 and 1660 cm−1 for the C=O group and ~3310–3615 cm−1 for NH stretching
with additional peaks observed around and 3050–3100 cm−1, indicating slight variations
in their molecular environments. The formation of the 2,5-dimethylpyrrole moiety in
compound 5 has been confirmed by the singlet at 2.00 ppm attributed to six protons of
two methyl groups and the singlet at 5.65 ppm attributed to two protons in pyrrole ring
in the 1H NMR spectrum. The IR spectrum for 5 shows characteristic absorption bands
at 1644 and 1678 cm−1 corresponding to C=O stretching vibrations, along with bands
at 3050 and 3390 cm−1 attributable to NH stretching. Overall, the combined synthetic
and spectroscopic results demonstrate that the investigated scaffold is both structurally
adaptable and sensitive to electronic modulation, providing a valuable foundation for the
rational design of new derivatives with improved properties.

3.2. Drug-Likeness Assessment and ADMET Predictions

The physicochemical and toxicity profiles of the four investigated compounds were
evaluated within the established ADMET-guided framework for antimicrobial drug devel-
opment in order to identify the candidate most likely to demonstrate favorable translational
potential. Each compound was assessed with respect to molecular weight, lipophilicity,
polarity, hydrogen bonding capacity, solubility, plasma protein binding, clearance, volume
of distribution and predicted organ toxicity (Table 1) with emphasis on parameters known
to indirectly support antimicrobial efficacy through improved permeability exposure and
safety balance.
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Table 1. ADMET properties of compounds 2–5.

Compound Biological Properties

log P TPSA, Å2 T1/2, h Plasma Protein
Binding, %

BBB
Penetration

Hepatotoxicity,
%

Nephrotoxicity,
%

2 3.768 102.48 0.714 96.2 No 92.6 89.8
3 2.661 91.62 0.745 98.0 No 89.8 95.4
4 3.592 89.59 0.635 90.4 No 92.6 94.3
5 2.589 66.37 0.510 96.7 Yes 90.2 85.3

One of the criteria of Lipinski’s RO5, the primary method in determining if a com-
pound is suitable as a drug-like molecule, is a log P value, which should be less than 5.
Molecular lipophilicity, commonly quantified by the octanol–water partition coefficient
(expressed as log P for neutral molecules), is a key physicochemical parameter influenc-
ing a compound’s bioavailability and serves as a valuable indicator for predicting its
permeability in biological systems [40]. All synthesized compounds 2–4 meet this crite-
rion. Additionally, the Pfizer 3/75 rule states that compounds with a log P value greater
than 3 and a topological polar surface area (TPSA) less than 75 Å2 are more likely to be
toxic [41]. Compounds 2, 4 (log P > 3) and 5 (TPSA < 75 Å2) have partially complied with
the Pfizer rule; however, this rule is not as frequently considered as the Lipinski’s rule, and
all synthesized compounds fall within the TPSA range (20–130 Å2) that determines good
oral bioavailability.

Molecular weight constitutes one of the primary determinants influencing bacte-
rial penetration and systemic drug behaviour. For small-molecule antibacterial agents, a
molecular weight range between approximately 250 and 600 Da is generally considered
favourable, with an optimal range of 300 to 500 Da often associated with enhanced perme-
ability. Compounds exceeding 600 Da typically display limited passive diffusion across
bacterial membranes unless specific uptake mechanisms are present [42,43]. All synthe-
sized compounds exhibited a molecular weight in the range of 388–464 Da, which falls
within the generally acceptable antibacterial range and remains compatible with passive
membrane diffusion.

Compounds bearing greater number of benzene ring fragments in their structure tend
to have higher log P values and a greater likelihood of being hepatotoxic and nephro-
toxic [44]. Thus, compound 2, bearing phenyl-pyrazole moiety, and 4, bearing indole
moiety, have been predicted to have higher log P values, 3.768 and 3.592, respectively,
which lie near the upper boundary of the preferred range (1–4), suggesting adequate mem-
brane permeability but increased risk of elevated plasma protein binding and reduced
solubility. Compounds 3 and 5 with log P values of 2.661 and 2.589, respectively, are more
optimal and lie comfortably within the preferred range.

The topological polar surface area (TPSA) values of compounds 2, 3 and 4 (89.59–102.48 Å2) are
slightly above the optimal threshold often associated with efficient permeation, though still
within the broader acceptable range for antibacterial agents [45]. TPSA value of compound
5 (66.37 Å2) lies comfortably within the range associated with efficient bacterial membrane
crossing and is the lowest among synthesized compounds, thereby suggesting superior
permeability potential. Judging by these two indicators, log P and TPSA, compound 3 has
been predicted to be the best candidate for being a potential drug-like molecule.

Hydrogen bond donor (HBD) and acceptor (HBA) counts for all synthesized com-
pounds have remained within recommended limits, promoting permeability efficiency.
Hydrogen bonding capacity plays a critical role in membrane permeability. Limiting hy-
drogen bond donors to five or fewer and hydrogen bond acceptors to ten or fewer supports
favourable diffusion characteristics, as excessive hydrogen bonding potential increases
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polarity and reduces membrane transit efficiency [46]. HBD of the synthesized compounds
lies within the range of 2–3, while HBA ranges from 2 to 4, well within the preferred range.

Aqueous solubility remains an essential parameter, as insufficient solubility often
limits the attainment of therapeutic concentrations in vivo [47]. The typical log S range
of −1 to −5 observed for many pharmaceuticals represents a balance between sufficient
polarity to maintain aqueous solubility and enough hydrophobic character to enable
effective membrane permeability [48]. Predicted aqueous solubility (log S) values of
compounds 2 and 4, −5.786 and −5.798, respectively, are markedly poor, indicating poor
solubility, which may limit achievable systemic concentrations, suggesting limited systemic
exposure. Log S value of compound 3 (−4.322) has improved relative to compounds 2 and
4, though still approaching the lower acceptable boundary. Compound 5 demonstrated
the most favourable solubility profile with a log S value of −3.881, indicating improved
aqueous behaviour relative to other synthesized compounds and enhancing the likelihood
of achieving therapeutic concentrations.

All synthesized compounds have been predicted to have good absorption in the
gastrointestinal tract, but not all have been predicted to cross the blood–brain barrier. There
are two main indicators which predict if a compound is able to penetrate the blood–brain
barrier—log P value range of 0.5–6 and TPSA value of <80 Å2 [33]. Compounds 2 (phenyl-
pyrazole derivative) and 4 (indole derivative) have been predicted to have higher TPSA
values, which result in more difficult penetration of the blood–brain barrier. Compound
5 (pyrrole derivative) is the only compound that has been predicted to be able to cross
this barrier. Blood–brain barrier permeability may be advantageous for the treatment of
central nervous system infections but is unnecessary for many systemic infections and may
increase the risk of central nervous system adverse effects [49].

All synthesized compounds have been predicted to have a short half-life (T1/2). This
indicator determines the compounds’ rapid metabolism and excretion [50]. Predicted
short half-lives indicate that synthesized compounds would receive insufficient exposure,
requiring high and/or frequent dosing. The longest half-life (0.745 h) was calculated
for pyrazole derivative 3. The half-lives of all other synthesized compounds have been
predicted to be in the range of 0.510–0.714 h.

Clearance (CL) is defined as the theoretical volume of plasma from which a drug is
completely removed per unit time, representing the combined efficiency of elimination path-
ways such as hepatic metabolism and renal excretion [51]. In the present case, all four newly
synthesized compounds exhibited low-to-moderate clearance (3.068–5.577 mL/min/kg)
alongside short half-lives. Given this relationship, a short T1/2 despite relatively low CL
suggests that the volume of distribution (Vd) of all synthesized compounds is also predicted
to have low values. The aforementioned parameter, which characterizes the extent of drug
distribution beyond the systemic circulation [52], could not be calculated using the selected
pharmacokinetic model. Collectively, these findings indicate that the compounds are likely
confined largely to the plasma with limited tissue distribution. Furthermore, the data
underscores that more complex modeling approaches are required in order to accurately
describe their pharmacokinetic profiles, parameter interrelationships and influence on
dosing regimens and therapeutic potential.

The percentage of a molecule that binds to blood plasma proteins is an indicator which
determines its therapeutic index. The therapeutic index is an indicator of the safety of a
drug molecule. Compounds with a plasma protein binding (PPB) of more than 90% are
predicted to have a low therapeutic index, which would make them difficult to utilize in
medicine [32,53]. Compounds 2–5 have been predicted to have a low therapeutic index,
with their PPB predicted to be in the range of 90.4–98.0%. The indole derivative 4 has been
predicted to have the lowest PPB of 90.4%. This pharmacokinetic property increases the
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compound’s likelihood of being a drug-like molecule compared to the other compounds
analyzed in this study.

When integrating all ADMET-related determinants including molecular weight,
lipophilicity, polarity, hydrogen bonding, solubility, plasma protein binding, and pre-
dicted organ toxicity, pyrrole derivative 5 has demonstrated the most balanced overall
profile. It satisfies the principal physicochemical criteria associated with antimicrobial
activity and shows the most acceptable solubility while presenting comparatively lower
predicted hepatotoxicity and nephrotoxicity risks. Although plasma protein binding re-
mains elevated across all synthesized compounds, compound 5 offers the most favourable
compromise between permeability, exposure and safety considerations.

Importantly, these findings identify clear directions for future optimization, including
structural modifications aimed at improving solubility, reducing plasma protein bind-
ing, and enhancing metabolic stability. Approaches such as targeted functional group
modification, bioisosteric replacement, or prodrug strategies may further improve the phar-
macokinetic profiles of this compound class. Taken together, the present study establishes
a promising framework for further structure-activity relationship (SAR) investigations and
supports continued development of hydrazone-based derivatives as potential antimicrobial
agents. Future work should focus on biological evaluation and systematic structural opti-
mization to convert these physicochemical advantages into measurable biological activity.

3.3. ADMET Profile Comparison to Commercial Hydrazone Agents

To assess the relevance of the ADMET predictions obtained in this study, the results
were benchmarked against the ADMET profiles of biologically active hydrazine–hydrazone
derivatives reported in clinical use. For this purpose, key ADMET parameters of estab-
lished therapeutic agents, including nifuroxazide, furazolidone, nitrofurazone and nifuratel
(Supplementary Material, Figure S11), were calculated (Table 2) and directly compared
with those of the newly synthesized compounds 2–5 [54,55].

Table 2. ADMET properties of commercial hydrazone agents.

Compound Biological Properties

log P TPSA, Å2 T1/2, h Plasma Protein
Binding, %

BBB
Penetration

Hepatotoxicity,
%

Nephrotoxicity,
%

Nifuroxazide 1.055 120.65 0.931 96.3 No 7.1 0.8
Furazolidone −0.362 100.86 1.758 54.5 No 17.1 23.1
Nitrofurazone −0.291 126.44 1.309 75.5 No 17.7 3.7

Nifuratel 0.393 126.16 0.923 76.3 No 51.6 56.5

All selected commercially available hydrazone-based therapeutics comply fully with
Lipinski’s RO5 and the Pfizer 3/75 rule, with no observed violations. Compared to com-
pounds 2–5, these reference drugs exhibit lower lipophilicity, with log P values rang-
ing from −0.362 for furazolidone to 1.055 for nifuroxazide, suggesting reduced mem-
brane permeability, limited accumulation in lipid-rich tissues, and a greater preference for
aqueous environments.

The topological polar surface area (TPSA) values of these compounds fall within
100.86–126.44 Å2, exceeding those of compounds 2–5 and slightly surpassing the threshold
typically associated with optimal passive permeability, yet remaining within acceptable
limits for antimicrobial agents. Variations in hydrogen bonding capacity were also evident:
the commercial hydrazones possess 0–2 hydrogen bond donors (HBD) and 5–6 hydrogen
bond acceptors (HBA), indicating lower donor counts but higher acceptor capacity rela-
tive to the newly synthesized derivatives. This balance supports favorable interactions
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with aqueous and polar environments while potentially limiting passive diffusion across
lipid membranes.

In terms of solubility, calculated log S values range from −4.085 for nifuroxazide
to −3.157 for furazolidone, exceeding those of compounds 2–5 and reflecting improved
aqueous solubility alongside a balanced polarity-lipophilicity profile. Furthermore, all
evaluated reference compounds demonstrate high predicted gastrointestinal absorption
while lacking permeability across the blood–brain barrier, thereby reducing the likelihood
of central nervous system-related adverse effects.

The evaluated reference hydrazones generally exhibited lower plasma protein binding
(PPB) values (54.5–76.3%) compared to compounds 2–5, with the exception of nifuroxazide
(96.3%). These observations suggest that, although reduced PPB is often associated with
improved safety profiles, values exceeding 90% do not necessarily preclude a compound
from being safe and therapeutically effective. Toxicity predictions further indicated that
nifuroxazide, furazolidone, and nitrofurazone possess substantially lower risks of hep-
atotoxicity and nephrotoxicity (<25%) relative to compounds 2–5, potentially reflecting
structural differences such as a reduced number of phenyl moieties.

In contrast, nifuratel demonstrated higher predicted probabilities of hepatotoxicity
(51.6%) and nephrotoxicity (56.5%). Despite this, it is widely regarded as clinically safe, with
minimal or negligible adverse effects reported in practice, underscoring the importance of
subsequent in vivo validation for investigational compounds.

Pharmacokinetic analysis revealed that the commercial hydrazones exhibit longer
half-life (T1/2 = 0.923–1.758 h) and higher clearance (CL = 2.920–6.021 mL/min/kg) values
compared to compounds 2–5, with only nitrofurazone showing a slightly lower clear-
ance (2.920 mL/min/kg). The combination of increased half-life and clearance suggests
a greater apparent volume of distribution, indicating that these compounds are more ex-
tensively distributed beyond systemic circulation and may reach their biological targets
more effectively.

As a result, future investigations should prioritize comprehensive biological evalua-
tion conducted alongside systematic structural optimization in order to translate favorable
physicochemical properties into favorable biological activity. In this context, rational
modification of functional groups represents a viable strategy for improving the phar-
macokinetic characteristics of this compound class. Overall, the present comparisons
highlight key avenues for further optimization, particularly through structural adjustments
directed at reducing plasma protein binding, improving metabolic stability and enhancing
aqueous solubility.

4. Conclusions
In summary, hydrazone derivatives, bearing selected azole moieties 2–5, were suc-

cessfully synthesized from 5-oxo-1-(4-(phenylamino)phenyl)pyrrolidine-3-carbohydrazide
using straightforward and efficient synthetic procedures, in good yields (68–79%). Struc-
tural elucidation by spectroscopic methods (1H and 13C NMR, IR, MS, and elemental
analysis) confirmed the formation of the desired products and provided insight into their
configurational behavior, including the presence or absence of E/Z isomerism depending
on intramolecular interactions and dynamic processes in DMSO-d6 solution.

Drug-likeness and ADMET evaluation revealed that all synthesized compounds fall
within generally acceptable physicochemical ranges for small-molecule antibacterial agents,
although differences in lipophilicity, polarity, and solubility were observed. Among the
investigated compounds, the pyrrole derivative 5 demonstrated the most balanced pharma-
cokinetic profile, combining favorable lipophilicity, optimal polarity (TPSA), and the best
predicted aqueous solubility, along with comparatively lower toxicity risks. Compound 5
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has been identified as the most promising candidate for further optimization and in vivo
biological evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/org7020020/s1, Figure S1. 1H NMR Spectrum of 2 (DMSO-d6,
400 MHz); Figure S2. 13C NMR Spectrum of 2 (DMSO-d6, 101 MHz); Figure S3. MS spectrum
of 2; Figure S4. 1H NMR Spectrum of 3 (DMSO-d6, 400 MHz); Figure S5. 13C NMR Spectrum of
3 (DMSO-d6, 101 MHz); Figure S6. 1H NMR Spectrum of 4 (DMSO-d6, 400 MHz); Figure S7. 13C NMR
Spectrum of 4 (DMSO-d6, 101 MHz); Figure S8. MS spectrum of 4; Figure S9. 1H NMR Spectrum of
5 (DMSO-d6, 400 MHz); Figure S10. 13C NMR Spectrum of 5 (DMSO-d6, 101 MHz); Figure S11. MS
spectrum of 5; Figure S12. Commercial therapeutic agents, bearing hydrazone moiety.
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30. Tumosienė, I.; Stasevych, M.; Zvarych, V.; Jonuškienė, I.; Kantminienė, K.; Petrikaitė, V. Novel 5-Oxopyrrolidine-3-
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