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Abstract:

This study presents a catalyst-free, regioselective synthesis of a series of heterocyclic and azo-linked
compounds derived from benzoyl acetone. The initial phase investigated the condensation of benzoyl
acetone with hydrazine hydrate and ethylenediamine under varied molar ratios (1:1, 2:1, and excess)
at room temperature. For the hydrazine series, reactions at 1:1 and 2:1 stoichiometries both yielded the
same pyrazole product (1), while an excess of hydrazine produced a distinct hydrazone derivative (ll).
In contrast, the reaction with ethylenediamine consistently afforded a single product (VI) regardless of
the molar ratio employed. The intermediate (Il) was further functionalized via condensation with various
aldehydes (1:1) to generate a new series of schiff bases (lll, IV, V). In the final phase, benzoyl acetone
was subjected to azo-coupling with a diazonium salt derived from 2,4-dichloro aniline to yield an azo-
benzoyl acetone derivative. Subsequent reaction of this azo intermediate with hydrazine hydrate under
different molar ratios surprisingly led to the same product (VIl) in all cases, indicating a highly
regioselective transformation. All synthesized compounds were characterized by melting point
determination, TLC, and comprehensive spectroscopic techniques, including 'H-NMR (with D,O
exchange), *C-NMR, and APT analyses. The antimicrobial activity of selected compounds (I, Il, V, VI,
and VII) was evaluated against three Gram-negative bacterial strains: Escherichia coli, Klebsiella
pneumoniae, and Salmonella spp., and compared with standard antibiotics. Compound (I)
demonstrated the highest antibacterial potency across all tested bacterial strains. At a 5%
concentration, compound (VII) exhibited notable activity specifically against Salmonella spp. However,
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compounds (I1), (V), and (V1) showed no inhibitory effect against Salmonella spp., while compounds (ll),
(V), and (VII) were found to be inactive against K. pneumoniae. The results highlight the influence of
structural modification on antimicrobial selectivity and position compound (I) as a promising lead for
further development. To examine the binding interactions and possible binding modes of the
synthesized compounds, molecular docking studies were conducted against dihydrofolate reductase
(DHFR) from Klebsiella pneumoniae (PDB ID: 40R7). With a docking score of -7.167 kcal/mol,
compound VI had the best binding affinity among the tested compounds, while compound | had the
lowest, with a score of —5.166 kcal/mol. Additionally, the electronic characteristics and global reactivity
of the synthesized compounds were examined through Density Functional Theory (DFT) calculations.
Compound VIl had the smallest HOMO-LUMO energy gap (3.7239 V), indicating relatively higher
chemical reactivity, according to the computed frontier molecular orbital energies and global reactivity
descriptors, which showed variations in the electronic characteristics and reactivity of the examined
compounds.

Keywords: Benzoyl acetone, regioselective synthesis, hydrazones, Schiff bases, azo-coupling,
antimicrobial activity, molecular docking, DFT.
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Introduction:

Dicarbonyl compounds represent a cornerstone of modern synthetic and coordination chemistry due
to their unique structural framework featuring two carbonyl groups separated by a single methylene
unit. This arrangement imparts distinct chemical properties, most notably a pronounced keto-enol
tautomerism and a highly acidic methylene group, enabling a wide array of versatile reactions including
C-C bond formation via enolate chemistry and the synthesis of various heterocycles and Schiff base
ligands [1-6]. Among these, benzoylacetone (1-phenylbutane-1,3-dione) is particularly significant. Its
structure, which combines a phenyl ring with a 1,3-dicarbonyl system, provides enhanced resonance
stability and a strong affinity for coordinating with transition metals, making it an essential precursor for
more complex derivatives [7].

The synthesis of benzoylacetone, first achieved by Ludwig Claisen via a crossed Claisen
condensation, has paved the way for its extensive use in synthesizing a diverse range of compounds
with significant biological and pharmacological activities [8]. Derivatives of benzoylacetone, such as
hydrazones, Schiff bases, and pyrazoles, have been widely reported to exhibit antibacterial, antifungal,
anticancer, and anti-inflammatory properties [9-18]. This broad spectrum of activity, combined with the
compound's utility as a chelating ligand, underscores its importance in the development of new
therapeutic agents and functional materials. Given the substantial potential of benzoyl acetone
derivatives in various scientific fields, this study aims to synthesize a novel series of such compounds.
The synthesis will focus on the condensation of benzoyl acetone with different diamines, hydrazines,
and subsequent reactions with various aldehydes and diazonium salts. All newly synthesized
compounds will be characterized using standard spectroscopic techniques and evaluated for their in
vitro antibacterial activities, contributing to the ongoing exploration of this versatile class of organic
compounds.

Additionally, molecular docking studies were performed to investigate the binding interactions of the
synthesized compounds with dihydrofolate reductase (DHFR) from Klebsiella pneumoniae (PDB ID:
40R7). Docking analysis was employed to elucidate the binding modes and potential interactions of the
compounds within the active site of the target protein. Furthermore, the optimized molecular structures
and electronic properties of the synthesized compounds were examined using Density Functional
Theory (DFT) calculations. Frontier molecular orbital energies (HOMO and LUMO) and global reactivity
descriptors, including chemical hardness, chemical softness, chemical potential, electrophilicity, and
nucleophilicity, were analyzed.

Material and methods:
Materials:

All chemicals were purchased from Sigma Aldrich (St. Louis, Mo, USA) and were used as received.
Reactions were monitored on TLC (Chloroform /hexane). "H NMR spectra were carried out in the Centre
for drug discovery research & development at ain shams university on Bruker 300 MHz with chemical
shift (8) expressed in ppm downfield from tetra methyl silane as an internal stander (6 TMS = 0) using
CDCI3 as a solvent. The multiplicity of the signal is as following: s (Singlet), d (Doublet), t (Triplet), q
(Quartet), m (Multiplet).'*C-NMR were measured in the Centre for drug discovery research &
development at ain shams university on Bruker 75 MHz with internal reference TMS & = 0. Melting
points (m.p) of the synthesized compounds were measured in capillary tubes using Stuart scientific
apparatus and are uncorrected.

Methods:
1. Reaction of benzoyl acetone with diamine compounds:

Benzoylacetone (0.01 mol) was dissolved in ethanol (10-15 mL), and hydrazine hydrate (0.01 mol)
was added dropwise with continuous magnetic stirring at ambient temperature (25-30 °C). The
progress of the reaction was monitored by TLC. Upon completion, the precipitated solid was collected
by vacuum filtration, washed with cold ethanol to remove unreacted starting materials, and recrystallized
from ethanol to afford compound (l) as a pure crystalline product. When benzoylacetone was used in
excess (0.02 mol) with hydrazine hydrate (0.01 mol) under the same conditions, the product obtained
was again compound (I).
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In a separate experiment, the molar ratio was altered to 0.01 mol of benzoylacetone and 0.02 mol
of hydrazine hydrate. The reaction was conducted under identical conditions, and the product was
isolated following the same work-up procedure to furnish compound (ll).

Compound (VI) was synthesized following the same general protocol described above, employing
benzoylacetone and ethylenediamine in three different molar ratios: 1:1, 1:2, and 2:1, respectively. In
each case, the appropriate quantities of the two reactants were dissolved in ethanol (10-15 mL) and
stirred at room temperature. The reaction was monitored by TLC until completion. The resulting
precipitate was isolated by vacuum filtration, washed with cold ethanol, and recrystallized from ethanol
to afford compound (VI) as a pure crystalline product in all three cases, indicating that the same
product is formed irrespective of the stoichiometric ratio employed.

2. Reaction of compound (ll) with different aldehydes:

Equimolar quantities of compound (lI) (0.01 mol) and the selected aldehyde (0.01 mol) were
dissolved in absolute ethanol (10—15 mL) and the resulting mixture was magnetically stirred at ambient
temperature (25-30 °C). The reaction was monitored by TLC. After complete consumption of the
starting materials the solid precipitate that formed was isolated by filtration under reduced pressure.
The crude product was thoroughly washed with chilled ethanol (2 x 5 mL) to eliminate trace impuirities,
and subsequently recrystallized from hot ethanol to give the target compounds (IlI-V) as crystalline
solids.

3. Reaction of diazinyl with hydrazine hydrate:

A 50 mL round-bottom flask was charged with 2-(2-(2,4-dichlorophenyl) hydrazineylidene)-1-
phenylbutane-1,3-dione (0.01 mol) and dissolved in a minimum volume of absolute ethanol (10-15 mL).
To this stirred solution, hydrazine hydrate (0.01 mol) was added dropwise at ambient temperature. The
reaction mixture was continuously stirred at room temperature, and the progress was monitored by
TLC. Upon completion of the reaction a solid precipitate began to form. The mixture was left to stir for
an additional [50 minutes] to ensure complete precipitation. The resulting crude product was isolated
by vacuum filtration, washed thoroughly with cold ethanol (2 x 5 mL) to remove any unreacted starting
materials and soluble impurities, and subsequently air-dried. The purified product was obtained by
recrystallization from hot ethanol, yielding compound VII as a yellow crystal.

4. Evaluation of Antibacterial Activity:
Bacterial Isolates:

The bacterial strains employed in this investigation comprised Escherichia coli, Klebsiella
pneumoniae, and Salmonella spp. All isolates were obtained from [the stock culture collection of the
Microbiology Department, Benghazi University]. The cultures were maintained on Nutrient Agar (Oxoid,
Basingstoke, UK) slants at 4°C and sub cultured freshly onto Nutrient Agar plates at 37°C for 18—-24
hours prior to each experiment to ensure optimal viability and purity.

Culture Medium:

Nutrient Agar (Oxoid, Basingstoke, UK) was utilized as the growth medium for both the propagation
of bacterial isolates and the subsequent antimicrobial susceptibility testing. The medium was prepared
according to the manufacturer's instructions by suspending the required amount of dehydrated powder
in distilled water, followed by sterilization via autoclaving at 121°C for 15 minutes at 15 psi. The sterilized
medium was then cooled to approximately 45—50°C prior to pouring into sterile Petri dishes.
Antibacterial Activity Assay:

The in vitro antibacterial activity of the synthesized compounds was evaluated using the agar well
diffusion method as described by Perez et al. [19] with minor modifications. Briefly, bacterial inoculated
were prepared by suspending overnight cultures in sterile normal saline (0.9% NaCl) to achieve a
turbidity equivalent to a 0.5 McFarland standard (~1.5 x 10® CFU/mL). A sterile cotton swab was then
used to uniformly spread the standardized bacterial suspension across the entire surface of pre-
solidified sterile Nutrient Agar (Oxoid, Basingstoke, UK) plates.

Using a sterile corn borer (6 mm in diameter, matching the size of the standard antibiotic discs
employed in the study), wells were aseptically punched into the agar medium. A fixed volume (100 uL)
of each test compound solution, prepared at varying concentrations (e.g., 50, 100, and 200 pg/mL) in
an appropriate solvent (e.g., dimethyl sulfoxide, DMSO), was introduced into the respective wells. The
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plates were allowed to stand at room temperature for 30 minutes to facilitate pre-diffusion of the test
compounds prior to incubation. Subsequently, the plates were incubated aerobically at 37°C for 24
hours in an incubator (Oxoid). Following the incubation period, antibacterial activity was assessed by
measuring the diameter of the clear inhibition zones (including the well diameter) around each well
using a digital vernier caliper, and the results were recorded in millimeters (mm). All assays were
performed in triplicate, and the results were expressed as mean * standard deviation (SD).

A positive control (e.g., gentamicin or ciprofloxacin, 10 ug/well) and a negative control (the solvent
used for dissolution, e.g., DMSO) were included in each experiment to validate the assay conditions
and to confirm the absence of solvent-induced inhibition.

Antibiotic Susceptibility Testing:

The antibiotic susceptibility profile of the bacterial isolates was determined using the standard Kirby-
Bauer disc diffusion method in accordance with the Clinical and Laboratory Standards Institute (CLSI)
guidelines [20]. Briefly, standardized bacterial suspensions (0.5 McFarland standard) were swabbed
uniformly onto the surface of Mueller-Hinton Agar (or Nutrient Agar) plates. Commercially available
antibiotic discs (Oxoid) containing predefined concentrations of various antimicrobial agents were
aseptically placed onto the inoculated agar surface using sterile forceps. The discs were gently pressed
down to ensure firm contact with the agar surface. The plates were incubated at 37°C for 24 hours.
After incubation, the diameters of the inhibition zones were measured in millimeters and interpreted as
sensitive (S), intermediate (l), or resistant (R) according to the CLSI breakpoint criteria [20]

5. Computational detail:
Ligands preparation:

Initial 3D configurations of the ligands were subjected to a pre-optimization stage relying on the
Energy Minimize tool available in MOE 2024 [21]. Following partial charge determination, energy
minimization was executed applying the Amber:EHT force field alongside a reaction field implicit
solvation model (R-Field 1:80). This minimization process ceased once an RMS gradient limit of 0.1
kcal/mol/A? was achieved. Next, density functional theory (DFT) calculations using the B3LYP/6-31G
basis set [22, 23] were carried out on the structures to locate their most stable conformations, which
subsequently served for determining global reactivity descriptors via Gaussian 09 [23]. Standard
convergence endpoints for maximum force, root-mean-square (RMS) force, maximum displacement,
and RMS displacement were successfully satisfied as default settings. Furthermore, vibrational
frequency computations yielded exclusively positive values across the drugs, providing clear
confirmation of their stability [24].

Receptor preparation:

The crystallographic structure corresponding to Klebsiella pneumoniae dihydrofolate reductase,
registered under PDB ID: 40R7, was downloaded directly from the Protein Data Bank. Prior to
downstream procedures, structural water molecules alongside the NAP cofactor were eliminated. The
protein target was optimized utilizing the QuickPrep function embedded in MOE 2024, which
encompasses sequence preservation, neutralization of the structure, 3D protonation via Protonate3D
(incorporating ASN/GLN/HIS flips), and the inclusion of missing hydrogen atoms. Subsequent energy
minimization was carried out under specific receptor tethering restraints (Strength: 10, Buffer: 0.25 A;
fixed atoms > 8.0 A) until reaching the 0.1 kcal/mol/A2 RMS gradient threshold.

Molecular docking:

Scoring and docking procedures were executed making use of the Molecular Operating Environment
software, MOE (Molecular Operating Environment (MOE), 2024). The structural coordinates for
Klebsiella pneumoniae dihydrofolate reductase (PDB entry: 40R7) [25] possess a resolution of 1.76 A.
Generally, resolutions falling inside the 1.5 to 2.5 A window are deemed suitable for reliable docking
investigations [26]. Validation of molecular docking outcomes typically relies on two key benchmarks:
root-mean-square deviation (RMSD) values approaching 2.0 A coupled with energy scores equal to or
lower than -7 [27].
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Global reactivity descriptors:

Conceptual density functional theory (DFT) allows for the derivation of global reactivity indices, which
represent vital metrics for evaluating the kinetic stability and chemical reactivity profiles of compounds
[28]. These descriptors comprise the energy of the highest occupied molecular orbital (EHOMO), the
energy of the lowest unoccupied molecular orbital (ELUMO), energy gap (AE), global electrophilicity
(w), chemical potential (u), chemical hardness (n), chemical softness (S), and nucleophilicity (N) [29].
Computation of these indices at the B3LYP/6-31G level followed these expressions:

- A E=ELUMO-EHOMO
- w=p?2n
- p= (ELUMO+EHOMO)/2
- n=(ELUMO- EHOMO)/2
- 8=1/(2n)
- N=EHOMO(Nucleophile) - EHOMO (TCE)
Within the framework of this research, these global reactivity parameters were specifically evaluated

for compounds |, II, V, VI, and VII.
Results and discussion:
Results:

- (3- methyl-5-phenyl-1H- pyrazole (C10H10N2) (I): Mol.wt. 158 g/mol, yield 33 % as a white solid,
m. p 129-131 °C. "H NMR(CDClI3) & = 2.25 (s, 3H, CH3), 6.4 (s, 1H, CH), 7,28 (t, 1H, CH), ,7.75 (d,
2H, 2CH), 7,75 (t, 2H,2CH), 12.5 (s, 1H, NH).

- 4-hydrazineyl-4-phenylbut-3-en-2-ylidene) hydrazine(C1oH14N4) (ll):): yield 77 % as a white
solid, p.m., 129-130 °C. 'H NMR (CDCls) & = 2.3 (S, 3H, CHs), 6.4 (S, 1H, CH), 6,39(S, 1H, CH),
6.6(S, 1H, NH), 7.2-7.4 (m, 3H, Ar-H) 7.3 (S, 1H, CH), 3.29 (m, 4H, Ar-H), 7.4 (d, 2H, CH2), 7.74-
7.9 (dd, 2H, Ar-H).

e "CNMR (CDCl3) 5 =7 (1C), 97 (1C)c 121.2(2C)« 123.69-123.9 (2C) (1C)« 123.9-124 (2C), 126,
138 (C=N), 144 (NH-C=C).

- 1,2-bis((E)-3phenylallylidene) hydrazine(C1sH1sN2) (Ill): yield 61.2 % as a yellow solid, p.m., 155-
156 °C. '"H NMR (CDClz) 6 = 7.1-7.13(m, 2H, CH), 7.45 (d, 1H, CH), 7.46 (m, 4H, ArH), 7.54 (S,
2H, NH2),7.42 (d, 1H, CH) ,8.43 (t, 1H, CH).

e '3C NMR (CDCI3) 8 =72 (1C), 120 (Ar), 130, 139, 158.

- 4,4-(hydrazine-1,2-diylidenebis (methaneyllidene)) bisN,Ndimethylaniline(C1sH22N4) (IV):
yield 56.8 % as a yellow solid, p.m., 268-270°C.

e 'HNMR (CDCI3)5=3.09 (S, 12H, 4CH3), 6.75 (d, 4H, Ar-H), 7.76 (d, 4H, Ar-H), 8.62 (S, 2H, CH=N).

e '3C NMR (CDCI3) 5 =40 (4C)< 111.8 (4C)< 121.8 (2C): 130.2 (4C): 152.3 (2C): 160.6 (2C).

- (2,2'-hydrazine-1,2-diylidenebis(methaneylylidene)diphenol (C14H1202N2) (V): yield 41.4 % as
a yellow solid, p.m., 220-222°C.

e 'HNMR (CDClz) d = 6.94-6.99 (m, 4H, CH), 7.36-7.40 (m, 2H, CH), 7.66-7.68 (m, 2H, CH), 8.97 (S,
2H, CH), 11.17 (S ,2H, OH).

e 'SCNMR (CDCI3) 5=116.99 (2C),118.6 (2C),120 (2C),131.4 (2C),133.7 (2C),159.2 (2C),163.4 (2C).

- 3,3-(ethane-1,2-diylbis(azaneylylidene))bis(1-phenylbutan-1-one-1-ol) (C22H24N20:) (VI): yield
11.5 % as a white solid, p.m., 184-186°C. '"H NMR(CDClIs) & = 2-2.22 (S, 6H, 2CHz), 3.59-3.61 (S,
2H, CH2), 5.72 (S, 1H, CH), 7.28-7.54 (m, 3H, CH), 7.85-7.91 (d ,2H, CH2), 11.59 (S, 1H, 20H).

e 13CNMR(CDCI3) d = 19.26 (1C), 43.79 (2CH), 93 (1C), 126-130 (3C), 140 (C), 164.8 (C=N), 188
(1C).

- 2.5.1-4-(2,4-dichlorophenyl) hydrazineyl)-3-methyl-5-phenyl-1H-pyrazole) (C16H12N4ClI2) (VII):

e Mol.wt:260 g/mol yield 11 % as a yellow solid, m.p., 266-267°C.

e 'HNMR (CDCls) 5 = 2.50-2.53 (s, 3H, CH3), 7.45-7.47 (s, 1H, CH), 7.50-7.56 (m, 3H, CH), 7.62-
7.64 (s, 1H, CH), 7.83-7.84(d, 1H, CH), 8.0-8.02 (d,2H, CH), 13.5 (s, 1H, NH).
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Table (1): The results obtained from docking validation with Receptor 4OR7

rotei Protein n Pz LT Superimposition plot
ID (A)
Dihydrofolate reductase | 40R7
: 1.365
(K. pneumoniae)

I Docked pose

Original pose

Table (2): The results obtained from docking of Ligands with 4OR7

Ligand S score RMSD Atom of Atom of :,r;‘éz:)vti?_ in.:-gl?ait?;n Distance E(kcal/mol)
(kcal/mol) (A) compound | receptor ) (A)
residues bond
N3 9 OoD2 ASP 27 H-donor 2.75 74
NAD 12 (0] ALA 6 H-donor 3.09 -0.6
NAD 12 OD1 ASP 27 H-donor 3.00 -8.0
NAE 17 (0] ILE 5 H-donor 3.00 -2.6
NAE 17 (0] ILE 94 H-donor 2.97 _1'7
N3 9 OD1 ASP 27 lonic 3.51 _1'9
Ref N3 9 OoD2 ASP 27 lonic 2.75 -6.4
-7.891 1.365 NAD 12 OD1 ASP 27 lonic 3.00 _4'4
NAD 12 OoD2 ASP 27 lonic 3.64 _1'4
6-ring 6-ring PHE 31 pi-pi 4.06 '
N 1 0] ILE 94 H-donor 2.93 -3.4
| 166 | 08015 | g g CA ALA 6 pi-H 3.70 .05
N 26 o ALA 7 H-donor 2.89 -2.1
: R s 0 ILE 14 | H-donor 3.17 1.4
6-ring CA ALA 6 pi-H 3.59 -0.6
v -5.9%8 | 1727 6-ring CA GLY 15 pi-H 475 06
VI -7.167 1.666 6-ring OG1 THR 46 pi-H 4.28 -0.6
6-ring OG1 THR 46 pi-H 3.99
Vil -6.244 1.568 6-ring 6-ring PHE 31 pi-H 3.69 05

Table (3): 2D,3D interaction of the docking Reference Ligand with 4OR7
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2D 3D
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Table (5): HOMO and LUMO energy, energy gap AE and global reactivity indices y, w, n and N for

Compounds.
Compound H(C; \I\;I)O L(L;l\\lll)o (25) nev) | SeV) | p(eV) | w(eV) | N (eV)
[ -5.9846 | -0.8160 | 5.1686 | 2.5843 | 0.1934 3.4603 2.2369 | 2.6713
Il -4.7105 | -0.6160 | 4.0945 | 2.0472 | 0.2442 2.6;332 1.7322 | 3.9454
\Y -5.6564 | -1.7279 | 3.9285 | 1.9642 | 0.2545 3.6-921 3.4700 | 2.9995
\ -5.4090 | -1.5594 | 3.8496 | 1.9248 | 0.2597 3.4;342 3.1534 | 3.2469
Wil -5.3108 | -1.5869 | 3.7239 | 1.8619 | 0.2685 3.4;88 3.1941 | 3.3451

Notes: the HOMO energy -8.6559 eV. of the reference system (TCE) had been calculated at
DFT/B3LYP 6-31 G.

LUMO = -0.6160

HOMO = -5.9846 HOMO = -4.7105

Compound | Compound Il
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Figure (1): HOMO- LUMO Energy Gap
Discussion:

Benzoyl acetone (1) possesses multiple reactive sites that render it a versatile precursor for
heterocyclic synthesis. The molecule contains two chemically distinct carbonyl groups an aromatic
ketone and an aliphatic ketone along with an acidic methylene group and a methyl substituent. This
structural complexity provides opportunities for regioselective transformations depending on the
reaction conditions and the nature of the nucleophilic reagent employed. The reaction of benzoyl
acetone with hydrazine hydrate and ethylenediamine were investigated under various stoichiometric
ratios to exploit the differential reactivity of the carbonyl groups and to direct the reaction toward specific
products (Scheme 1).
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A= 1:2 and 2:1 Hydrazine (EtOH / RT), B = excess Hydrazine (EtOH / RT), C =1:2, 2:1 and excess
ethylenediamine (EtOH / RT), D = Conc.HCI/ NaNOg, E = salicylaldehyde (EtOH / RT), F= N, N-
dimethylbenzaldehyde (EtOH / RT), G = cinnamaldehyde (EtOH / RT), H = 1:2, 2:1 and excess

Hydrazine (EtOH / RT)
Scheme (1): The reaction of benzoyl acetone with hydrazine hydrate and ethylenediamine

When benzoyl acetone was treated with hydrazine hydrate in 1:1 and 2:1 molar ratios, the reaction
exclusively afforded the pyrazolone derivative (I) in both cases. This observation indicates that the initial
nucleophilic attack preferentially occurs at the more electrophilic aliphatic carbonyl carbon, followed by
rapid intramolecular cyclization involving the methylene group to form the five-membered heterocyclic
ring. The formation of the same product regardless of whether one or two equivalents of benzoyl
acetone are employed suggests that the pyrazole ring formation is thermodynamically favored and
proceeds through a kinetically controlled pathway that is not perturbed by an excess of the dicarbonyl
component. The structural assignment of compound (I) was unequivocally established by
comprehensive spectroscopic analysis. The '"H NMR spectrum exhibited characteristic signals including
a sharp singlet at  2.25 ppm integrating for six protons corresponding to two methyl groups, an olefinic
proton signal at & 6.4 ppm integrating for two protons, and complex aromatic proton resonances in the
region & 7.27-7.75 ppm. The downfield signal at & 12.5-12.88 ppm, which disappeared upon D,0
exchange, was assigned to the NH proton, confirming the presence of the pyrazole NH moiety. The '*C
NMR spectrum further corroborated the proposed structure with appropriate chemical shifts for the
pyrazole ring carbons and the aromatic system.

In contrast, when hydrazine hydrate was used in excess as both reagent and solvent, the reaction
proceeded to give compound (ll), 4-hydrazineyl-4-phenylbut-3-en-2-ylidenehydrazine. This product
results from the condensation of both carbonyl groups with hydrazine, forming a conjugated hydrazone
system. The "H NMR spectrum of compound (Il) displayed a singlet at & 2.35 ppm corresponding to the
methyl group, an olefinic proton at & 6.38 ppm, and aromatic protons appearing as multiplets in the
region & 7.28-7.87 ppm. The presence of NH and NH, protons was confirmed by D,O exchange
experiments, which revealed signals at ® 8.40 ppm that disappeared upon deuteration. The *C NMR
spectrum showed the methyl carbon at & 67 ppm and the olefinic carbon at & 97.7 ppm. The aromatic
carbons appeared as three distinct signals at d 121.0, 123.6, and 124.1 ppm, each integrating for two
carbon atoms, while a signal at & 125.0 ppm corresponded to one aromatic carbon. Three quaternary
carbons were observed at 6 126.0, 138.7, and 144.5 ppm, consistent with the proposed hydrazone
structure. The divergent reactivity observed with hydrazine hydrate can be rationalized by considering
the relative electrophilicity of the two carbonyl groups and the stability of the intermediate adducts. At
equimolar or 2:1 ratio, the aliphatic ketone, being more electrophilic, undergoes preferential hydrazone
formation. The resulting hydrazone intermediate then undergoes intramolecular cyclization through
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attack of the hydrazine NH, group on the adjacent carbonyl, followed by dehydration to yield the
aromatic pyrazole ring. In the presence of excess hydrazine, however, both carbonyl groups are
converted to hydrazone functionalities, and the resulting bis-hydrazone is stabilized by extensive
conjugation, preventing cyclization.

The reaction of benzoylacetone with ethylenediamine was investigated under three different molar
ratios (1:1, 1:2, and 2:1). Remarkably, in all cases, the same product (VI) was obtained, indicating a
highly selective transformation that is insensitive to stoichiometric variations. The formation of a single
product from both 1:1 and 2:1 ratio suggests that the ethylenediamine-benzoyl acetone adduct
undergoes rapid and irreversible conversion to a stable product that precludes further reaction.

The proposed mechanism involves initial nucleophilic attack of one amino group of ethylenediamines
on the aliphatic carbonyl of benzoylacetone. The resulting imine intermediate then tautomerizes to the
enamine form, which subsequently undergoes intramolecular hydrogen bonding and stabilization
through conjugation with the adjacent carbonyl. The second amino group remains unreacted, possibly
due to steric hindrance or the formation of a stable six-membered chelate ring through intramolecular
hydrogen bonding that reduces its nucleophilicity.

The 'H NMR spectrum of compound (V1) exhibited a singlet at & 2.24 ppm integrating for six protons
corresponding to two methyl groups, a singlet at & 3.6 ppm for the methylene protons, an olefinic proton
at 6 5.7 ppm, and aromatic protons appearing as two sets of signals at & 7.3 ppm (3H) and & 7.8 ppm
(2H). The presence of a tautomeric hydroxyl group was confirmed by a signal at & 11.6 ppm, which
disappeared upon D,0 exchange. The *C NMR spectrum showed the methyl carbons at & 14 ppm, the
methylene carbon at & 40 ppm, the olefinic carbon at & 92 ppm, and aromatic carbons in the expected
region. Quaternary carbons were observed at & 139, 160, and 182 ppm, consistent with the proposed
structure.

The presence of a free amino group in compound (ll) provided an opportunity for further
functionalization through condensation with various aldehydes to generate Schiff base derivatives.
However, the reaction of compound (1) with cinnamaldehyde unexpectedly yielded compound (lll), 1,2-
bis((E)-3-phenylallylidene) hydrazine, which lacked the benzoyl acetone moiety entirely. This surprising
result was confirmed by the absence of methyl and acidic protons in the '"H NMR spectrum, which would
be characteristic of the benzoyl acetone fragment.

The "H NMR spectrum of compound (l1l) showed signals at & 7.08 ppm corresponding to the olefinic
protons of cinnamaldehyde, while other protons appeared as multiplets in the region 6 7.20-7.80 ppm.
The imine proton (H-C=N) was deshielded and appeared at ® 8.40 ppm. The "*C NMR spectrum showed
all carbons in the unsaturated region, with signals at & 120-124 ppm for the aromatic carbons and a
signal at & 160 ppm for the carbon attached to nitrogen.

Similarly, the reaction of compound (IlI) with N, N-dimethylbenzaldehyde gave compound (1V), 4,4'-
((1E,1'E)-hydrazine-1,2-diylidenebis(methaneylylidene)) bis (N, N-dimethylaniline), and the reaction
with salicylaldehyde afforded compound (V), (2,2'-hydrazine-1,2-diylidenebis(methaneylylidene))
diphenol. In both cases, the spectroscopic data confirmed the absence of the benzoyl acetone fragment.

The 'H NMR spectrum of compound (IV) displayed two doublets at & 6.74 and 7.75 ppm,
characteristic of para-disubstituted benzene rings, an imine proton at & 8.60 ppm, and a singlet at &
3.05 ppm corresponding to the N-methyl groups. The *C NMR spectrum showed signals at 8 40 ppm
for the methyl carbons, quaternary carbons at & 120 and 130 ppm, and the imine carbon at & 160 ppm.
For compound (V), the '"H NMR spectrum showed multiplets at & 6.94-7.68 ppm for the aromatic
protons, an imine proton at & 8.97 ppm, and a hydroxyl proton at & 11.17 ppm, which disappeared upon
D,0 exchange.

The proposed mechanism for this unprecedented transformation involves initial Schiff base
formation between compound (Il) and the aldehyde, followed by a retro-condensation reaction that
releases the benzoyl acetone fragment as shown in scheme (2). This cleavage is likely driven by the
formation of a highly stable conjugated hydrazone product, which is further stabilized by extensive
electron delocalization. The electron-donating substituents on the aromatic aldehydes appear to
facilitate this degradation-condensation sequence by stabilizing the intermediate carbocation or by
enhancing the leaving group ability of the benzoyl acetone fragment.
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Scheme (2): The proposed mechanism for formation of compound (IV)

The active methylene group of benzoyl acetone was exploited for azo coupling with the diazonium
salt derived from 2,4-dichloroaniline. The azo coupling reaction proceeded smoothly, yielding the azo-
benzoyl acetone derivative (2). The presence of the azo functionality not only introduces a chromophoric
unit but also modulates the reactivity of the adjacent carbonyl groups through its electron-withdrawing
effect.

The reaction of compound (2) with hydrazine hydrate was investigated under different molar ratios.
Surprisingly, in all cases, the same product (VIlI) was obtained, indicating a highly regioselective
transformation. The "H NMR spectrum of compound (VIl) showed a singlet at & 2.5 ppm corresponding
to the methyl group, pyrazole and aromatic protons in the region & 7.4-8.0 ppm, and an NH proton at &
13.53 ppm, which disappeared upon D,O exchange. The "*C NMR spectrum was consistent with the
proposed pyrazole structure.

The formation of a single product from this reaction can be rationalized by considering the directing
effect of the azo group. The electron-withdrawing nature of the dichlorophenylazo substituent increases
the electrophilicity of the adjacent carbonyl, directing the hydrazine attack to this position. Subsequent
cyclization then proceeds through a favored pathway to give the pyrazole ring. The consistency of the
product across all stoichiometric ratios suggests that the reaction is under kinetic control and that the
intermediate formed after the first hydrazine addition is rapidly converted to the final product, preventing
further reaction at the second carbonyl.

Microbiological Evaluation: The in vitro antibacterial activities of five synthesized compounds (I,
Il, V, VI, and VIIl) were assessed against three clinically significant Gram-negative bacterial
strains: Escherichia coli, Klebsiella pneumoniae, and Salmonella spp. The antimicrobial efficacy of
these compounds was compared with that of standard antibiotic discs, including Kanamycin (K30),
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Amikacin (AK30), Amoxycillin (AMC30), Ciprofloxacin (CIP30), Tetracycline (TE30), Cephalothin
(CH30), and Rifampicin (R30), using the disc diffusion method.

As presented in Table 1 and Figure 1, compound (l) demonstrated the highest antibacterial potency
among all tested compounds across the entire panel of bacterial strains. At a concentration of 5%,
compound (I) produced inhibition zone diameters of 2.6 mm, 1.7 mm, and 1.3 mm against E. coli, K.
pneumoniae, and Salmonella spp., respectively. Notably, compound (VIl) exhibited selective
antibacterial activity against Salmonella spp., yielding a maximum inhibition zone diameter of 2.8 mm
at a 5% concentration (Figure 2). However, its activity was markedly reduced at a lower concentration
(2.5%), with inhibition zones ranging from 0.5 to 1.2 mm. In contrast, compounds (ll), (V), and (VI)
displayed no detectable inhibitory effect against Salmonella spp. Furthermore, compounds (ll), (V), and
(VIl) were ineffective against K. pneumoniae, as evidenced by the absence of inhibition zones.

The antibiotic susceptibility assay revealed considerable variation in the responses of the tested
bacterial isolates to the standard antibiotics (Table 2, Figure 3). Among the isolates, E. coli exhibited
the highest overall susceptibility. Ciprofloxacin produced the largest inhibition zone diameter (4.7 mm),
followed by kanamycin (1.9 mm), amikacin (1.3 mm), and both tetracycline and cephalothin (1.0 mm
each).

Conversely, Salmonella spp. displayed complete resistance to amoxicillin, tetracycline, cephalothin,
and kanamycin, as indicated by the absence of inhibition zones surrounding the respective antibiotic
discs. Additionally, amikacin exhibited only weak antibacterial activity against Salmonella spp.,
producing the smallest recorded inhibition zone diameter of 0.7 mm. Similarly, K.
pneumoniae demonstrated resistance to multiple antibiotics, including amikacin, tetracycline, and
cephalothin, with no detectable zones of inhibition. However, kanamycin showed moderate activity
against this isolate, producing an inhibition zone of 1.5 mm, while amoxycillin and rifampicin each
yielded zones of 1.0 mm.

In conclusion, compound (I) exhibited the most potent and broad-spectrum antibacterial activity
among the synthesized derivatives, positioning it as a promising lead candidate for further development
against Gram-negative bacterial pathogens. The susceptibility profiles of the tested organisms varied
significantly depending on the antimicrobial agent, with E. coli being generally more susceptible,
whereas Salmonella spp. and K. pneumoniae exhibited multidrug resistance patterns to several of the
standard antibiotics (Figure 4).

Table (6): The effect of chemical compounds on the growth of some types of bacteria

Antibiotic (30 pg) inhibition zone (mm)
Escherichia coli Klebsiella pneumoniae Salmonella spp
Kanamycin (K) 1.9 1.5 0
Amikacin (AK) 1.3 1 0.7
Amoxycillin (AMC) 0 0 0
Ciprofloxacin (CIP) 4.7 0 1
Tetracycline (TE) 1 0 0
Cephalothin (CH) 1 0 0
Rifampicin (R) 0.9 1 1

Table (7): presents the inhibition zone diameters obtained from the antibiotic susceptibility test of the
tested bacterial isolates

chemical Concentration — Bnibition zc?ne (I}
Control compounds | Percentage % Escherl_chla KIebs:eII.a Salmonella
coli pneumoniae spp
5 2.6 1.7 1.3
I 2.5 2.2 1.5 1.2
Control 0 0 0
CHCIs 5 1.3 0 0
Il 2.5 1 0 0
Control 0 0
VI 5 0 1.8 0
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Figure (3): the inhibition zone diameters produ;:ed by compound IV dissolved in DMSO against
Salmonella spp
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Figure (4): the inhibition zone diameters produced by the antibiotics against the Bacteria
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Figure (5): The inhibition zone diameters produced by the antibiotics against the Bacteria

Docking Protocol Validation and Binding Interactions:

Initially, the validation of the molecular docking protocol was carried out by redocking the co-
crystallized reference ligand (Ref) back into the active site of Klebsiella pneumoniae dihydrofolate
reductase (PDB ID: 40R?7). This procedure exhibited a strong binding affinity, yielding a docking score
(S) of -7.891 kcal/mol alongside an RMSD value of 1.365 A—safely beneath the conventional 2.0 A
validation threshold—thereby confirming the reproducibility, robustness, and accuracy of the MOE
docking framework.

According to a detailed examination of the interactions, a compact network of non-covalent forces
stabilizes the binding mode of Ref. This network is chiefly anchored via critical hydrogen donor bonds
(2.75 A, -7.4 kcal/mol; 3.00 A, -8.0 kcal/mol) and multiple ionic contacts (2.75- 3.64 A) through the vital
catalytic residue ASP 27, along with extra stabilizing hydrogen bonds involving ALA 6 (3.09 A), ILE 5
(3.00 A), and ILE 94 (2.97 A), plus a hydrophobic Tr-11 stacking interaction with PHE 31 (4.06 A).

Among the newly synthesized candidates (I, Il, V, VI, and VII), Ligand VI displayed the top binding
affinity (S=-7.167 kcal/mol, RMSD=1.666 A), closely mirroring the reference compound's energy profile
and securing stabilization through a 1-H hydrophobic contact with THR 46 (4.28 A). In addition, Ligand
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VIl exhibited notable binding capability (S=-6.244 kcal/mol, RMSD=1.568 A), which was facilitated by
dual 1-H interactions involving THR 46 (3.99 A) and PHE 31 (3.69 A).

Conversely, moderate binding energies were recorded for compounds | (-5.166 kcal/mol), Il (-5.741
kcal/mol), and V (-5.998 kcal/mol), which were driven by individual hydrogen bonds or hydrophobic 1"-
H" contacts with residues including ILE 94, ALA 6, ALA 7, ILE 14, and GLY 15.

Global reactivity descriptors:

Chemical reactivity descriptors were computed and compiled in Table 5. Data regarding EHOMO
and ELUMO were acquired using GaussView [30]. Furthermore, findings concerning global hardness
and softness—parameters intrinsically linked to the stability of a chemical system—demonstrate that
Compound | possesses a higher hardness level relative to the remaining derivatives, as illustrated in
Table 5. Additionally, Compound VII exhibits the smallest energy gap (AE=3.7239 eV), alongside a
softness value superior to those recorded for compounds |, Il, V, and VI. Collectively, these results
confirm that Compound | is characterized by enhanced stability and reduced reactivity compared to the
other compounds.

In terms of electronic chemical potential (4), Compound Il displays the highest value (u=-2.6632 ev),
followed sequentially by Compounds I, VII, and VI. These findings indicate that such derivatives are
capable of efficiently exchanging electron density with their surrounding environment [31].

Based on the data presented in Table 7, Compound Il can be classified as a strong nucleophile.
Moreover, electrophilicity (w) has emerged as a powerful metric for investigating the reactivity profiles
of organic molecules capable of participating in polar reactions (26). Compound V recorded the
maximum electrophilicity value (w=3.4700 ev), whereas Compounds VI and VIl exhibited elevated
electrophilicity values (w=3.1941 eV, 3.1534 ev) that surpass those calculated for Compounds | and I
(w=2.2369 ev, 1.7322 ev).

Conclusion:

The results presented in this study demonstrate that benzoyl acetone is a versatile precursor for the
synthesis of diverse heterocyclic and azo compounds through regioselective transformations. The
strategic use of different diamines, particularly hydrazine hydrate and ethylenediamine, under carefully
controlled conditions allows for the selective formation of distinct product classes. The stoichiometry of
hydrazine hydrate proved to be a critical determinant, with 1:1 or 2:1 ratio yielding the pyrazole product
(), while an excess amount diverted the reaction toward the hydrazone derivative (ll). In contrast, the
reactions with ethylenediamine were consistently selective across all proportions, affording a single
product (VI). A particularly significant finding was the reactivity of compound (Il), which underwent a
novel and unprecedented cleavage of the benzoyl acetone moiety upon condensation with various
aldehydes. This room-temperature, catalyst-free transformation efficiently produced Schiff bases (lll,
IV, V) in a short reaction time, presenting a departure from previously reported methodologies and
offering a new, streamlined approach to these derivatives.

The antimicrobial evaluation identified compound (l) as the most promising antibacterial agent,
exhibiting activity against all three tested Gram-negative pathogens. Compound (VIl) demonstrated
selective activity against Salmonella spp., while compound (VI) showed specificity toward K.
pneumoniae. The structure-activity relationships revealed in this study provide valuable insights for the
rational design of new antimicrobial agents based on the benzoyl acetone scaffold.

Collectively, these findings not only provide a comprehensive understanding of the factors governing
the reactivity of benzoyl acetone with different diamines but also introduce a set of practical, rapid, and
economical protocols for the synthesis of diverse bioactive heterocyclic compounds. The distinct
reaction pathways discovered herein, particularly the unique degradation-condensation sequence for
forming Schiff bases, open new avenues for the design and development of functionalized molecules
with potential applications in medicinal chemistry and materials science.

Molecular docking analysis revealed that compound VI demonstrated the most favorable binding
affinity among the investigated compounds, exhibiting a binding energy of —-7.167 kcal/mol, while
compound | displayed the least favorable binding affinity, with a binding energy of —5.166 kcal/mol.

the results obtained from global reactivity indices indicated that compound VIl is the more reactive
based on the HOMO — LUMO gap.
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