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Research Article ABSTRACT

Hydrazones are strong electron-donating ligands capable of coordinating through nitrogen donor atoms.
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Hydrazones and their transition metal complexes have been extensively investigated due to their wide-ranging
applications in pharmaceuticals, analytical reagents, and agrochemicals. In this study, a new Schiff base ligand (HAG)
was synthesized from 2-hydroxy-4-(prop-2-yn-1-yloxy)benzaldehyde and hydralazine. The antibacterial activities of

the ligand and its Cu(ll), Ni(Il), and Zn(Il) complexes were evaluated. The synthesized compounds were characterized
by elemental analysis, IR, '"H NMR, and UV-Vis spectroscopy. Analytical data confirmed the formation of 1:2 (M:L)
complexes, where M represents Cu(ll), Ni(ll), or Zn(ll) ions and L represents the deprotonated hydrazone ligand. IR
spectral data revealed that HAG coordinates in a tridentate manner via phthalazine nitrogen, azomethine nitrogen,
and phenolic oxygen atoms. Antimicrobial studies showed that [Zn(AG),] exhibited the strongest activity against
Staphylococcus aureus, with a MIC value of 250 pug/mL, while [Cu(AG);] and [Ni(AG),] showed MIC values of 1000

ug/mL against the same strain.
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1. Introduction

The investigation of hydralazine-based compounds is
gaining increasing importance today due to their effective
biological activities and coordination abilities [1,2].
Phthalazine derivatives have recently attracted increased
pharmacological research interest due to their diverse
biological activities, which include anti-inflammatory
[3,4], antimicrobial [5-8], anticonvulsant [9], and
anticancer [10,11] effects. Among hydrazine derivatives,
one of the most important compounds in practice is 1-
hydrazinopentalazine (hydralazine), which is used as an
effective therapeutic agent, particularly in its
hydrochloride derivative form, for rapidly controlling
blood pressure in hypertensive crises [12]. Due to its
pronounced antihypertensive effect, the mechanism of
action and metabolic behavior of hydralazine have been
the subject of numerous studies. However, its chemical
instability during dilution, storage, and administration
significantly limits the compound's clinical use [13]. This
instability is reported to originate from the molecule's
reactive hydrazine group. Hydralazine-derived Schiff
bases have been recognized in recent years as important
ligands in coordination chemistry due to their strong
chelating capacity and various biological activities [14,15].
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It has been clearly demonstrated that hydrazone metal
complexes have a wide range of potential applications in
various fields, including medical applications, insecticides,
and analytical reagents [16]. Furthermore, numerous
studies have shown that these complexes exhibit
important biological properties, including antitumor,
anticancer, antimalarial, and antibacterial activities [17].
Newly synthesized hydrazone-derived metal complexes
can exhibit different physicochemical properties and
reactivity profiles compared to free ligands. This is related
to the fact that the electron-donating/accepting character
of the ligand, its structural properties, and its position
within the coordination sphere directly affect the
biological activities of the resulting complexes and can
either increase or decrease these activities. Furthermore,
such metal complexes are also widely used as model
systems in the investigation of different chemical and
biological processes [15,18].

Although several hydralazine-derived hydrazone
metal complexes have been reported, most studies have
focused primarily on structural characterization or general
antimicrobial screening. Limited attention has been given
to hydralazine-based Schiff bases bearing propargyl-
functionalized aromatic aldehydes and their comparative
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biological evaluation supported by molecular docking
analysis. In this context, the present study introduces a
structurally  modified  hydralazine-derived  ligand
containing a propargyl ether substituent and
systematically evaluates the influence of different metal
ions (Cu(ll), Ni(ll), Zn(ll)) on antibacterial activity and
protein-binding affinity.

In this study, we have prepared a new hydrazine based
Schiff base ligand and its metal (Cu(ll), Ni(ll) and Zn(Il))
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complexes. Synthesized compounds were characterized
by spectroscopic and analytic techniques. The compounds
were screened for their antibacterials against Escherichia
coli ATCC 35218, Micrococcus luteus ATCC 9341, and
Staphylococcus aureus ATCC 25923. Finally, molecular
dockings using sortase A (PDB ID: 1T2W), DNA gyrase (PDB
ID: 3U2D), FtsA (PDB ID: 3WQU), and undecaprenyl
diphosphate synthase (UPPS; PDB ID: 4H8E) were studied.

X0

SN

| /]L\ “NH
100

N

[M(AG)2]
M: Ni(II), Cu(II), Zn(II)

M(OAc)2
—_—
MeOH H

N

HAG

Figure 1. Synthesis of Schiff Base ligand and its Ni(ll), Cu(ll) and Zn(ll) complexes.

2. Materials and Methods

2.1 Materials

All solvents and the starting materials including
hydralazine hydrochloride salt, were purchased from
Sigma Aldrich and used as received. 2-Hydroxy-4-(prop-2-
in-1-yloxy)benzaldehyde was synthesized according to the
reported method [19,20]. FT-IR spectra were recorded on
a Shimadzu IRTracer-100 spectrometer using the ATR
method in the range 4000-450 cm™. 'H and C NMR
spectra were recorded on a 600 MHz spectrometer in
DMSO-de at 25 °C. UV-Vis spectra were measured in DMF
(1.0 x 107 M) using a UV-Vis spectrophotometer at room
temperature.

2.2 Preparation of Hydrazone Ligand (HAG)

Hydralazine hydrochloride (0.01 mol) was dissolved in
20 mL of methanol under stirring at room temperature.
Subsequently,2-hydroxy-4-(prop-2-yn-1-yloxy)benzaldehyde
(0.01 mol) was added dropwise, followed by sodium
acetate (0.015 mol) to neutralize the hydrochloride salt.
The reaction mixture was refluxed at 65 °C for 24 h under
continuous stirring. After cooling to room temperature,
the precipitated product was filtered, washed with cold
methanol, and dried under vacuum.

HAG; Yield: 87%. Molecular formula: C1sH14aN4O2. M.W:
318.34 g/mol. m.p: 216°C. Color: Yellow. FT-IR (cm-1):
3328, 3173, 2102, 1609. 1H NMR (600 MHz, DMSO) 6
12.06 (s, 1H), 10.54 (s, 1H), 8.60 (s, 1H), 8.41 — 8.22 (m,
1H), 8.09 (s, 1H), 7.86 — 7.45 (m, 4H), 6.64 — 6.33 (m, 2H),

4.84(d, ) = 2.1 Hz, 2H), 3.81 - 3.55 (m, 1H). 13C NMR (151
MHz, DMSO) 6 160.22, 159.13, 154.92, 146.88, 138.17,
132.61, 132.24, 132.01, 127.35, 126.88, 126.71, 124.09,
114.39, 107.40, 102.37, 79.53, 78.93, 56.02. Elemental
analysis: Calcd. for C1sH1aN402: C, 67.92; H, 4.43; N, 17.60.
Found: C, 67.78; H, 4.35; N, 17.51.

2.3 Synthesis of Ni(ll), Zn(ll) and Cu(ll) Complexes

The Schiff base ligand was dissolved in 20 mL of
ethanol, and a solution of the corresponding metal salt
(NI(OAC)24H20, Zn(OAC)z'ZHzo, and CU(OAC)szO)
dissolved in 20 mL of ethanol was added slowly under
stirring. The resulting reaction mixture was refluxed under
a condenser for 4 h. After completion of the reaction, the
formed solid product was collected by filtration, washed
with cold ethanol, and dried at room temperature.

[Ni(AG)2]; Yield:%85. Molecular formula: CasH26NgO4Ni.
M.W: 693.35 g/mol. Color: moss green. m.p. >280°C
decompose. FT-IR (cm-1): 3288, 2120, 1603, 590, 458.
Elemental analysis: Calcd. for CagH26NgOsNi.: C, 62.36; H,
3.78; N, 16.16. Found: C, 62.26; H, 3.69; N, 16.23.

[Cu(AG)2]; Yield:%90. Molecular formula:
C3sH26N804Cu. M.W: 698.20 g/mol. Color: brown. m.p.
>280°C decompose. FT-IR (cm—1): 3328, 3259, 3173, 2102,
1603, 567, 423. Elemental analysis: Calcd. for
Cs3sH26Ng04Cu: C, 61.93; H, 3.75; N, 16.05. Found: C, 61.85;
H, 3.79; N, 16.01.

[Zn(AG)2]; Yield:%83. Molecular formula:
C3sH26N80sZn. M.W: 700.04 g/mol. Color: yellow. m.p.
>280°C decompose. FT-IR (cm-1): 3330-3100, 2113, 1603,
590, 446. Elemental analysis: Calcd. for CssH26NsQaZn: C,
61.77; H, 3.74; N, 16.01. Found: 61.64; H, 3.83; N, 15.89.
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2.4 Minimum Inhibitory Concentration (MIC) Assay
The antimicrobial activity of the synthesized metal
evaluated against three reference
Escherichia coli ATCC 35218,
Micrococcus luteus ATCC 9341, and Staphylococcus
aureus ATCC 25923. All strains were maintained on
nutrient agar slants at 4 °C and subcultured on fresh agar
plates 24 h before each experiment. Stock solutions of
each compound were prepared in dimethyl sulfoxide
(DMSO) and further diluted in Mueller-Hinton broth
(MHB) to obtain the desired concentration

complexes was
bacterial strains:

range.
Streptomycin (Str) was used as a reference antibiotic
control and prepared in MHB at appropriate
concentrations. MIC values were determined using the
broth microdilution method in sterile flat-bottom 96-well
microplates. Twofold serial dilutions of each compound
were prepared in MHB to obtain a final concentration
range that covered 31.25-2000 pg/mLin the wells. For the
reference antibiotic streptomycin, a corresponding
twofold serial dilution series was prepared in the same
medium. All assays were performed in duplicate and the
plates were incubated at 37 °C for 18 h under aerobic
conditions. After incubation, bacterial viability was
assessed using resazurin as a redox indicator. A resazurin
solution was added to each well and the plates were
further incubated at 37 °C for 4 h. The MIC was defined as
the lowest concentration of the tested compound at
which no visible color change was observed compared
with the growth control [21].

2.5 Molecular Docking Simulations
The three-dimensional crystal
Staphylococcus aureus target proteins were retrieved
from the Protein Data Bank (PDB). The following
structures were used for docking analysis: Sortase A (PDB
ID: 1T2W), DNA gyrase (PDB ID: 3U2D), FtsA (PDB ID:
3wQuU), and undecaprenyl diphosphate synthase (UPPS;
PDB ID: 4H8E). All co-crystallized ligands, water molecules,
and heteroatoms were removed prior to docking to avoid
interference with ligand binding. Missing residues were
examined and, when necessary, corrected prior to energy
optimization. Polar hydrogen atoms were added, and
appropriate partial charges were assigned to the protein
structures. The docking simulations were conducted using
AutoDock Vina (version 1.1.2). The docking grid was
defined to encompass the entire enzyme molecule,
allowing unrestricted exploration of all possible binding
sites. To assess the reliability of the predicted binding
poses, the docking results were compared with the
positions of the co-crystallized ligands in the
corresponding crystal structures. The exhaustiveness
parameter was set to 16 to balance computational time

structures  of

and accuracy. The docking results were analyzed using
Discovery Studio Visualizer to identify receptor-ligand
interactions. Two-dimensional interaction diagrams were
generated toillustrate the interaction profiles. In addition,
the three-dimensional binding of the ligand on the protein
surface was visualized using ChimeraX 1.9, allowing a
better understanding of the spatial orientation and
interaction topology.

3. Results and Discussion

In this work, a new hydralazine-based Schiff base
ligand (HAG) was synthesized and characterized. The
ligand was characterized by FTIR, *H/*3C NMR and UV-Vis
spectra. The ligand was reacted with Ni(ll), Cu(ll) and Zn(ll)
in 2:1 ratio (ligand:metal) to yield metal complexes with
[M(AG)2]. The reaction scheme is given in Figure 1. The
ligand and its metal complexes were obtained in high yield
and compounds are stable in air.

The FTIR spectrum of the compounds were measured
and characteristic bond stretching. FTIR measurements of
the compounds were carried out on a Shimadzu IRTracer-
100 using the ATR method. The spectra recorded in the
4000-450 cm™ range were evaluated by comparison with
those of the free ligand to clarify the coordination
behavior. The FTIR spectra of the HAG ligand and the
[Zn(AG)2] complex, given as representative examples in
Figures 2 and 3, are presented. The free ligand displays a
characteristic band at 3328 cm, attributable to v(O-
H)/v(N-H) stretching vibrations [2]. Weak signals observed
at 2100-2120 cm™? in both the ligand and complexes
correspond to v(C=C) of the alkyne moiety [22]. The
disappearance of the v(O-H) band upon complexation
supports deprotonation of the phenolic group and its
involvement in metal binding. In the Cu(ll) and Zn(Il)
complexes, broad absorptions around 3330 and 3100 cm-
1 indicate v(O-H) vibrations associated with coordinated
or lattice water molecules [23]. Coordination through the
phenolic oxygen is further evidenced by a 6-11 cm™ shift
of the §(0-H) in-plane bending band from its original
position at 1483 cm™. The v(C=N) band of the free ligand
was observed at 1609 cm™, [23] consistent with literature
values for hydrazone Schiff bases (1610-1645 cm™). Upon
complexation, this band shifted to 1603 cm™ (Av= 6 cm™),
indicating coordination through the azomethine nitrogen.
Similar shifts (5-20 cm™) have been reported for related
hydralazine-derived complexes. Additionally, new
absorption bands appearing in the 490-590 cm™ and 480-
420 cm™ regions are assigned to v(M-O) and v(M-N)
modes, confirming coordination through oxygen and
nitrogen donor atoms.
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Figure 2. FT-IR spectrum of the ligand HAG.
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Figure 3. FT-IR spectrum of Zn(ll) complex [Zn(AG):].

The H and 3C NMR spectra of the ligand (HAG) were
measured in d6-DMSO. The *H and 3C NMR spectra are
shown in Figs. 4 and 5. In the H spectrum of the ligand,
the singlet peaks at 12.06 (s, *H) and 10.54 (s, *H) ppm are
assigned to the -OH and -NH protons, respectively. The
imine proton (N=CH) resonates at 8.60 ppm. The aromatic
protons were observed as multiplet peaks at 8.41-6.33
ppm range. The singlet peaks at 4.84 and 3.55 ppm are

2250 2000 1750 1500 1250 1000 750 500

cm-1

due to the proton of OCH>- and C=C-H groups,
respectively. The signal integration values are compatible
with expected structure. In the *3C spectrum of the ligand,
the peak 160.22 ppm is due to carbon signal of
azomethine group. The aromatic peaks are seen at 159.13
and 102.37 ppm range. The aliphatic carbon atom signals
(OCH2-C=CH) were seen at 79.53, 78.93 and 56.02 ppm.
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The UV-vis spectra of the ligand and its metal
complexes were studied in DMF (10° M). In the UV-Vis
spectra, the ligand exhibited a m->n* transition at 382 nm,
while the metal complexes showed bathochromic shifts
(392-467 nm), attributed to ligand-to-metal charge
transfer (LMCT) transitions (Figure 6). Comparable red
shifts have been reported for Cu(ll) and Zn(ll) hydrazone
complexes in the 400-500 nm region. In the spectra of
Zn(ll) complex, there are four absorption bands at

maximum 392, 416, 440 and 467 nm. The absorption
bands can be assigned to the m-it* electronic transitions
and charge transition band. The n-it* electronic transition
of the ligand are red-shifted in the spectrum of all
complexes. In spectra of Ni(ll) complex, the absorption
bands of m-t* transitions are seen at 383, 396 and 421 nm.
The relatively weak band at 453 nmis attributed to charge
transition. The Cu(ll) complex showed three absorption
maxima at 395, 430 and 456 nm.
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Figure 6. UV-Vis spectra of the compounds in DMF (1.0x107> M).

3.1 The Antimicrobial Activities

The antimicrobial activities of [Cu(AG)2], [Ni(AG).] and
[Zn(AG)2] complexes were evaluated against Escherichia
coli ATCC 35218, Micrococcus luteus ATCC 9341, and
Staphylococcus aureus ATCC 25923 using the minimum
inhibitory concentration (MIC) method. The results clearly
demonstrated that the antimicrobial efficacy varied
depending on both the microbial strain and the metal ion
coordinated to the ligand (Table 1). Among the tested
compounds, [Zn(AG):] exhibited the strongest
antimicrobial activity against Staphylococcus aureus, with
a MIC value of 250 pg/mL, indicating a notably higher
potency compared to [Cu(AG)2] and [Ni(AG)2] , both of
which showed MIC values of 1000 pug/mL against the same
strain. This finding demonstrates that zinc coordination
significantly enhanced antibacterial activity against S.
aureus. Additionally, [Zn(AG)2] also showed moderate
efficacy against Micrococcus luteus (MIC = 500 pg/mL),
[Cu(AG)2] whereas and [Ni(AG):] exhibited weaker
effects, requiring higher concentrations for inhibition
(1000 and 2000 pg/mL, respectively). In contrast,
[Cu(AG),] and [Ni(AG),] displayed weaker antimicrobial
activity against M. luteus and S. aureus than against E. coli,
indicating lower efficacy of Cu(ll) and Ni(ll) complexes
toward the tested Gram-positive bacteria. The standard
antibiotic streptomycin exhibited markedly stronger

activity against all bacterial strains, with MIC values of 25—
50 pg/mL. The enhanced activity of Zn(Il) complexes has
been reported in several studies. Bakale et al. (2018)
demonstrated that Zn(ll) and Cu(ll) complexes of
hydrazone derivatives exhibited superior biological
activity compared to the free ligand, particularly against
Gram-positive strains [24]. Similarly, Althobiti and Zabin
(2020) reported that Zn(ll) complexes of Schiff base
ligands displayed pronounced inhibition zones against S.
aureus and E. faecalis, while showing reduced activity
against Gram-negative bacteria [25]. Patil et al. (2023) also
reported that the antibacterial efficiency of metal
complexes strongly depends on both the metal center and
ligand framework, with certain Zn and Ni complexes
demonstrating enhanced activity against S. aureus
compared to other strains [26].

Table 1. Antimicrobial activities of compounds (MIC,
ug/mL)

[Cu(AG),] I[Ni(AG).] [Zn(AG)]  Str

Escherichia coli

ATTC 35218 500 500 500 50
Micrococcus
luteus ATCC 9341 1000 2000 >00 25
Staphylococcus
aureus ATCC 1000 1000 250 25
25923
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3.2 Molecular Docking Simulations analysis was specifically focused on S. aureus target
Based on the minimum inhibitory concentration (MIC)  proteins, and [Zn(AG):] was selected as the ligand for all

results, [Zn(AG)2] exhibited the highest antibacterial docking experiments in order to explore the possible

activity against Staphylococcus aureus compared with the  molecular basis of its antibacterial activity.

other tested complexes. Therefore, molecular docking

S. aureus Sortase-A (PDB ID: 1T2W)

-----

S. aureus DNA Gyrase (PDB 1D: 3U2D)

S. aureus FtsA (PDB ID: 3WQU)

Figure 7. Surface representation and active-site docking poses of [Zn(AG)z] within (A) Sortase A, (B) FtsA, (C) DNA gyrase,
and (D) undecaprenyl diphosphate synthase (UPPS).Insets show detailed views of [Zn(AG)2] interactions within the
active pockets. Right panels illustrate two-dimensional ligand interaction diagrams highlighting hydrogen bonding
and hydrophobic contacts between [Zn(AG):] and active site residues. [Zn(AG):] is shown in ball and stick
representation, while the co-crystallized ligands are displayed in stick representation and colored in yellow. Co-
crystallized ligands are LEU-PRO-GLU-THR-GLY (Sortase A), an ATP-competitive inhibitor (DNA gyrase), ATP (FtsA),
and farnesyl diphosphate (UPPS), respectively.
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Molecular docking analysis was performed to evaluate
the interaction of [Zn(AG)2] with four essential
Staphylococcus aureus proteins with available crystal
structures complexed with known ligands: Sortase A (PDB
ID: 1T2W), DNA gyrase (PDB ID: 3U2D), FtsA (PDB ID:
3wQuU), and undecaprenyl diphosphate synthase (UPPS;
PDB ID: 4H8E). In all docking analysis, [Zn(AG).] displayed
favorable binding energies, indicating stable ligand—
protein interactions. For Sortase A, which is crystallized
with  the pentapeptide = LEU-PRO-GLU-THR-GLY
occupying the catalytic pocket, [Zn(AG)2] demonstrated a
strong binding affinity of -8.5 kcal/mol. Importantly,
structural alignment showed that [Zn(AG):] was
positioned within the same catalytic groove as the co-
crystallized peptide, suggesting possible competition with
the natural substrate motif and potential effect of the
transpeptidation protein.

In the case of DNA gyrase, whose structure contains
the inhibitor 4-bromo-5-methyl-N-[1-(3-nitropyridin-2-
yl)piperidin-4-yl]-1H-pyrrole-2-carboxamide bound to the
ATP-binding domain of GyrB, [Zn(AG):] showed the
highest binding energy among all tested targets (-8.7
kcal/mol). Docking results indicated that [Zn(AG):]
occupied the same ATP-binding pocket as the co-
crystallized compound, supporting the possibility that
[Zn(AG)2] may interact with residues in ATP binding. For
FtsA, whose crystal structure includes adenosine 5'-
triphosphate (ATP) bound to the nucleotide-binding site,
[Zn(AG):] yielded a binding energy of -7.7 kcal/mol.
Docking analysis revealed that [Zn(AG);] localized at the
ATP-binding cleft, suggesting a potential interaction
within this functional region.

UPPS was crystallized in complex with farnesyl
diphosphate, a substrate intermediate in isoprenoid
biosynthesis. [Zn(AG)2] exhibited a binding energy of -8.1
kcal/mol and localized within the same cavity that
accommodates farnesyl diphosphate. This co-localization
suggests that [Zn(AG)2] may interact with the substrate-
binding  region. Collectively,  docking  analysis
demonstrated that [Zn(AG)2] consistently occupied the
functional binding sites across all four proteins. While
these findings provide insight into possible molecular
interactions, they should be interpreted as theoretical
predictions that require experimental confirmation.

4. Conclusions

In this study, a new hydralazine-based Schiff base
ligand (HAG) and its Ni(ll), Cu(ll), and Zn(Il) complexes
were successfully synthesized and fully characterized
using elemental analysis and spectroscopic techniques.
Spectral data confirmed that the ligand coordinates to the
metal ions in a tridentate fashion through phenolate
oxygen, azomethine nitrogen, and phthalazine nitrogen
atoms, resulting in stable [M(AG):] complexes. The
antibacterial evaluation revealed that metal coordination
plays a crucial role in enhancing biological activity. Among
the investigated complexes, the Zn(ll) complex exhibited
the strongest Antibacterial Activity, particularly against

Staphylococcus aureus. Molecular docking studies
supported the experimental findings by demonstrating
favorable binding of [Zn(AG),] to essential S. aureus
enzymes involved in cell wall biosynthesis, DNA
replication, and cell division.
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