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1.0 INTRODUCTION macrocyclic effect makes macrocyclic ligands more favourable

compared to their acyclic counterparts [19]. This preference

In recent times, researchers have shown a growing interest in aza
macrocycles within the field of coordination chemistry, mainly
because of their exceptional characteristics [1-6]. The study of
metal macrocyclic chemistry is experiencing rapid growth [7-14].
Currently, the synthesis of well-structured macrocycles
incorporating metals represents one of the most captivating and
actively researched domains in the field of chemistry [15-18]. The
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arises from their higher thermodynamic stability, conformational
constraints, the presence of a compact binding site for the metal
ion, and the ability to provide a well-structured ligand molecule
with minimal entropy and a strong field simultaneously [20]. The
structure and reactivity of several notable naturally occurring
compounds, well-known for their capability to engage in selective
cation complexation, share resemblances with macrocyclic
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compounds [21-22]. These macrocyclic complexes play a
significant role in various biological activities, including but not
limited to antitumor, antidiabetic, antibacterial, anticancer,
antifungal, and more [23-30]. The synthesis of macrocyclic
complexes can occur through a template condensation process,
which serves as a central method in macrocyclic chemistry [31-
32]. As a result, the synthesis of macrocyclic compounds often
involves the use of the template process [33], with transition
metal ions typically serving as templates [34-35]. A considerable
number and diversity of transition metal complexes containing
novel aza groups have been generated by modifying cavity sizes,
donor types, ring substituents, and various other factors [36-40].
Transition metal macrocyclic complexes have garnered significant
research interest due to their biocidal effects, which encompass
antiviral, anticarcinogenic, antifertility, antibacterial, antifungal
properties, and more [41-45]. Iron serves as a critical component
in the active sites of various metalloenzymes, including those
involved in catalyzing reactions such as hydrogenase and
aconitase. Numerous researchers have reported the significance
of iron complexes due to their biological, chemical, and catalytical
properties [46-47]. Macrocyclic complexes of Fe**/Fe** exhibit a
broad range of redox potentials, making them valuable for various
applications related to electron transfer and energy. The redox
couple of iron (Fe3*/Fe®*) and (Fe?*/Fe®) has been employed in
redox flow batteries as electrolytes [48]. Iron complexes
containing amide groups play a crucial role in providing
significant structural and functional utility to metallo-
biomolecules. Examples include iron bleomycin [49-51], nitrile
hydratase [52-53], and their involvement in catalytically active
oxidation reactions [54-55]. The synthetic chemistry of Fe(Il)
complexes with ligands containing amide groups [56-58], which
can be employed for more efficient oxygenation studies, has
received less attention in research compared to the synthesis of
Fe(II) complexes with the same ligands [59]. In recent times, iron,
particularly in the form of Fe304 nanoparticles, has found diverse
applications. These applications include drug delivery systems
with drug-release capabilities that respond to pathological
environments, as well as supplementary applications in
photothermal therapy (PTT) and imaging-guided cancer therapy.
Additionally, Fe304 nanoparticles have been used in conjunction
with mesoporous silica nanoparticles (MSN) for hormone delivery
in response to strong acidic or strong alkaline environments [60].
They have demonstrated ultrafast separation of cationic dyes [61],
magnetic responsive controlled release [62], and the
functionalization of membrane proteins for binding guest
molecules, which can be enriched and then released with the help
of an external magnetic field and heating [63]. Iron nanoparticles
have also been utilized for responsive payloads in MSNs, taking
advantage of the oscillating magnetic field generated by the
magnetism-hyperthermia properties of Zn-doped Fe304
nanocrystals, as well as for dye delivery [64]. Furthermore, they
have been applied in enzyme-responsive drug release [65]. These
versatile iron-based applications span synthetic, biological, and
commercial domains, capturing the interest of researchers in this
field. In our research, we present the results of the synthesis,
physicochemical analysis, and various biological activities of
Fe(II) complexes obtained from 4-aminobenzoic hydrazide and 2-
aminobenzhydrazide in combination with o-diketones, namely
isatin and 5-chloroisatin.
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2.0 EXPERIMENTAL

2.1 Materials and methods

In the synthesis process, all the chemicals and solvents employed
were of pure quality. The ferrous sulphate (FeSO4-7H20) metal salt
used in the study was of the Rankem brand, while the ligand
precursors, including Schloroisatin, 2-aminobenzhydrazide, 4-
aminobenzoichydrazide, and isatin, were sourced from Sigma
Aldrich. The reaction was conducted in a methanolic medium, and
the methanol solvent was purified before being utilized.

2.2 Synthesis of the complexes

The formation of all the complexes involved a [2+2]
cyclocondensation reaction between either 4-aminobenzoic
hydrazide or 2-aminobenzhydrazide and isatin or 5-chloroisatin.
This reaction took place in a methanol solvent with ferrous
sulphate metal salt serving as a template. For the synthesis of
complex (1), a round-bottom flask was used, and 0.4 grams of 2-
aminobenzhydrazide was dissolved in 15-20 mL of metholic
solution. The mixture was then refluxed on a magnetic stirrer. In
the synthesis process, the solution of 2-aminobenzhydrazide in
methanol was added drop by drop to the previous solution with
continuous stirring. Simultaneously, 0.411 grams of isatin was
dissolved in 15-20 mL of methanol. To this isatin solution, a
methanolic solution of ferrous sulphate (0.11 grams of ferrous
sulphate in 15-20 mL of methanol) was also added drop by drop
with continuous stirring. The entire mixture was then refluxed for
duration of 6-7 hours [66]. Following the refluxing process, the
mixture was allowed to cool overnight, during which time it
settled down, and a coloured precipitate was formed. The same
procedure was followed for the synthesis of complexes (2), (3),
and (4), with adjustments made for their respective molar
masses. Both the ligands and the metal salt were combined in a
[2:2:1] molar ratio, as illustrated in schemes (1) and (2).

2.3 Isolation of the complexes

The colored precipitate of the complexes was separated by
filtration using a suction pump, washed thoroughly with methanol
several times, and then dried under vacuum. The yield of the
complexes ranged between 70% and 80%.

2.4 Characterization and physicochemical properties of the
complexes

The synthesized complexes were determined to be soluble in both
dimethylformamide (DMF) and dimethyl sulphoxide (DMSO). The
produced complexes appeared as dark green, yellow, and light
orange-colored solids. Their decomposition temperatures were
observed to fall within the range of 230 to 257 °C. The magnetic
moments of these complexes were determined to be in the range
of 4.81 to 4.90 Bohr magnetons (B.M.) at room temperature. This
range suggests the presence of four unpaired electrons in the iron
metal ion within the complexes. The presence of the metal in the
complex was confirmed with reference to previously reported
articles [67]. The scanning electron microscope (SEM) images of
the synthesized complexes (1) and (3), as depicted in Fig. 1,
revealed a needle-shaped structure for the complexes with an
irregular distribution.
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Fig. 1 SEM images of the complexes (1) & (3)
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Scheme 1 Synthesis of complexes 1 & 2 derived by the reaction of 2-aminobenzhydrazide with isatin or 5chloroisatin respectively
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Scheme: 2 Synthesis of complexes 3 & 4 derived by the reaction of 4-aminobenzoichydrazide with isatin or 5chloroisatin respectively

3.0 RESULT AND DISCUSSION

A fresh series of iron complexes with the composition
Fe(C30H20Ns02) and Fe(C3oH1sCl2NsO2) were synthesized as
indicated in schemes 1 and 2 for complexes 1 to 4. [f you have any
specific questions or need more information about these
complexes or their synthesis, please feel free to ask. All of the
compounds were observed to be both soluble and stable in
dimethyl sulphoxide (DMSO) and dimethylformamide (DMF), and
they exhibited stability in the presence of air. The assumption that
complexes were formed was supported by the results obtained
from SEM, NMR, UV/Vis, IR, and mass spectrometry analyses.

3.1 NMR spectra

The 'H NMR and 3C NMR spectra of the complexes, which were
recorded in a DMSO-d6 solution at room temperature, did not
exhibit any signals from the primary amine protons. This suggests
that the primary amine groups in the complexes may have
undergone coordination with the metal ions, leading to a change
in their chemical environment and resulting in the absence of
signals in the NMR spectra. The 13C NMR signals provided
information about the carbons within the macrocyclic skeleton,
while the 'H NMR spectra revealed the types of protons present.
By analyzing the spectral peaks, appropriate positions of the
carbons and hydrogens corresponding to the proposed structure
were selected. This spectral analysis allowed for a better
understanding of the structural features of the synthesized
complexes. The 'H NMR and ™C NMR spectra of the
[Fe(C30H20N802)]SO4 complex, as depicted in Fig. 2 and Fig. 3,
respectively, support the proposed structural skeleton of
Complex-3. These spectra provide evidence for the structural
features and composition of the complex, confirming its alignment
with the proposed structure. The appearance of two singlet
signals at 5.94 ppm in the NMR spectrum suggests the presence of
protons connected to the aromatic ring through a -NH- group.
These signals provide important information about the chemical
structure and connectivity in the compound being analyzed. The
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presence of multiple signals in the range of 7.30-7.95 ppm in the
NMR spectrum is characteristic of protons attached to aromatic
(=CH) groups. These signals correspond to the aromatic regions
of the compound's structure and provide information about the
chemical environment of these protons. In the 13C NMR spectrum,
signals within the range of 113.35 to 152.15 ppm are typically
classified as carbon atoms in aromatic (=C-) environments.
Additionally, signals corresponding to aliphatic carbon atoms in
C=N and C=0 groups were observed at 150.21 and 163.82 ppm,
respectively. These NMR signals help identify the various carbon
environments in the compound, which is essential for structural
elucidation. The 'H NMR and 13C NMR spectra of Complex-1, as
displayed in Fig. 4 and Fig. 5, respectively, indicate the presence
of specific proton and carbon signals. Two singlet signals at 6.20
ppm are attributed to protons connected to the aromatic ring
through the -NH- group. Additionally, multiple signals within the
range of 7.19-7.95 ppm are characteristic of protons attached to
aromatic (=CH) groups. These spectral features provide valuable
information about the structural elements of Complex-1. The
appearance of multiple singlet signals in the range of 113.35-
151.86 ppm in the 13C NMR spectrum is indicative of carbon
atoms within aromatic (=C-) environments. Additionally, the
presence of two doublet signals at 125.38 and 127.79 ppm further
supports the assignment to aromatic (=C-) carbon atoms. These
NMR signals provide valuable structural information about the
complex, corroborating the presence of aromatic carbon atoms in
its composition. The presence of two singlet signals at 143.59 ppm
and 143.23 ppm in the 13C NMR spectrum can be attributed to
carbon atoms in C=N groups. Additionally, the signal at 167.97
ppm is indicative of carbon atoms in C=0 groups. Furthermore, a
signal at 151.80 ppm corresponds to carbon atoms connected to a
-N= group within the aromatic structure. These NMR signals help
in the identification of various carbon environments in the
complex, which is valuable for understanding its chemical
structure [68].
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3.2 IR spectra

The absence of two specific bands in the spectra of the complexes,
which were present in the spectra of 4aminobenzoichydrazide
and 2-aminobenzhydrazide (at 3350 cm-1 and 3390 cm™! for the
former and at 3350 cm! and 3385 cm! for the latter), indicates
that these bands corresponded to the v(NH:) group. The
disappearance of these bands in the complexes' spectra suggests
a change in the chemical environment of the amino (-NHz) groups,
likely due to their involvement in coordination with the metal
ions. The presence of a prominent absorption band at 1650 cm-1
is associated with the stretching vibration (v) of the carbonyl
group (C=0). This downfield signal suggests the influence of
neighbouring electron donor groups on the carbonyl group's
chemical environment [69]. This spectral feature can provide
insights into the interactions and chemical bonding within the
complex. The absence of individual bands corresponding to
(>C=0) and (NHz) groups in the reported range and the presence
of a new band at approximately 1590 to 1690 cm!, attributed to
(>C=N) groups, indicate the occurrence of a condensation reaction
between the diketone and diamine in all of the complexes. This
change in the vibrational modes of the functional groups in the
complexes' IR spectra signifies the formation of new chemical
bonds and supports the proposed coordination and structural
changes in the complexes. The absorption bands within the range

000
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of 1400-1588 cm! are associated with the various forms of
vibrations attributed to the v(C=C) aromatic stretching in the
benzene ring. These spectral features provide information about
the structural components and characteristics of the aromatic
rings within the complexes [70-71]. The bands observed in the
range of 740-785 cm! are likely associated with the v(C-H) out-
of-plane bending vibrations of the aromatic rings. These
vibrations reflect the bending motion of carbon-hydrogen bonds
in the aromatic ring structure [72]. The presence of absorption
bands in the IR spectra of all the complexes in the ranges of 1408-
1440 cm, 1290- 1320 cm'?, and 1010-1030 c¢cm! indicates that
the nitrogen atoms are interacting with and coordinated to the
central metal ion. These bands provide evidence of the
coordination of nitrogen atoms to the metal core within the
complexes [73]. The coordination of the sulphate group with the
central metal ion appears to be unidentate, as indicated by the
observation that the difference between (vas - vs), in the range of
390-370 cm!, is greater than 144 cm-l. This difference in
wavenumbers is characteristic of unidentate coordination [74].
The IR spectra of the synthesized compounds, Complex-3 and
Complex-4, are depicted in Fig. 6. If you have specific questions
or need further information regarding these spectra or the
compounds, please feel free to ask.

Traommezaoce (%)

Complex (4)

Fig. 6 IR spectra of the [Fe(C30H20N802)]SO4and [Fe(C30H18Cl2Ns02)]SO4 complexes
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3.3 Mass spectrometry

The mass spectra of the [Fe(C30H20Ng02)]SOs+ and
[Fe(C30H18Cl2Ng02)]SO4 complexes have been recorded and are
displayed in Fig. 7 and Fig. 8, respectively. If you have specific
questions or need further information about these mass spectra
or the complexes, please feel free to ask. The compound
[Fe(C30H20N802)]S0O4 displayed a molecular ion peak (M*) with a
mass-to-charge ratio (m/z) of 524.17 in the mass spectrum. This
peak represents the intact molecular ion of the compound. The
presence of the molecular ion peak [Fe(C30H20Ng02)]SO4+ at m/z =
524.17 in the mass spectrum confirms the formation of the
macrocyclic structure. Additional peaks at m/z = 525.17, 526.18,
and so on, may correspond to various fragment ions or isotopic
variations of the compound. These additional peaks provide
insights into the fragmentation and structure of the complex. The

JJ-DD-11 10 (0.186) AM (Cen 4, 80.00, Ar,10000.0,0.00,0.70). Cm (10:20)
100

JJ-DD-17 13 (0.237) AM (Cen 4, 80.00, Ar,10000.0.0.00.0.70); Cm (13:26)
100

an -
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complex [Fe(C30H1sCl2N502)]SO4 exhibited a molecular ion peak
(M*) with a mass-to-charge ratio (m/z) of 592.09 in the mass
spectrum. This peak confirms the formation of the macrocyclic
structure with the chemical formula [Fe(C3oH18Cl2NgO2)]. The
presence of the M+ peak is a key indicator of the intact molecular
ion of the compound, supporting its structural identification. The
presence of additional peaks at m/z = 592.0901,

593.1001, 594.0902, 595.0912, 596.0912, and so on in the mass
spectrum of the complex [Fe(C3oH1sCl2Ns02)]SO4 suggests the
presence of various fragment ions or isotopic variations of the
compound. The intensity of these peaks provides information
about the relative stability of the different fragments. This
fragmentation pattern can offer valuable insights into the
structure and behaviour of the complex during mass
spectrometry [75].

TOF MS ES+
1.61e3

526.18

B 2 526

Fig. 7 Mass spectrum of the complex [Fe(C30H20Ns02)]SO04

TOF MS ES+
1.20e3

92,1001

- o m/z

Fig. 8 Mass spectrum of the complex [Fe(C30H18Cl2Ns02)]SO04

3.4 UV Spectra

The UV-Vis spectra of the respective complexes exhibited both
strong and weak peaks in the wavelength range of 254-258 nm
and 350-400 nm, respectively. These peaks correspond to
different types of electronic transitions. The strong peaks in the
range of 254-258 nm are indicative of T to T* transitions. These
transitions are observed at longer wavelengths (254-258 nm)
than the typical range of transitions (180-200 nm). The extended
conjugation within the complex's structure and the presence of a
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polar solvent can lead to these longerwavelength transitions. The
weak peaks in the range of 350-400 nm are associated with n to
m* transitions. These transitions involve the movement of
electrons from non-bonding (n) orbitals to m* anti-bonding
orbitals. The UV-Vis spectra provide valuable information about
the electronic structure and properties of the complexes,
including the nature of the electronic transitions and the effects of
the complex's structure and the solvent on these transitions. The
observed bathochromic shift (shift towards longer wavelengths)
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in the UV-Vis spectra can be explained by the impact of increased
conjugation within the complex's structure. As conjugation
increases, the energy gap between the Highest Occupied
Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO) decreases. This reduced energy gap means that
less energy is required for electronic transitions, leading to
longer-wavelength transitions. The effect of polar solvents on
electronic transitions follows the order of n > m* > m. In the

Eurasian Journal of Analytical Chemistry Vol. 20 No. 1 (2025)

presence of a polar solvent, the wavelength of 1 to m* transitions
tends to increase, resulting in a bathochromic shift, as observed in
your spectra. On the other hand, n to m* transitions decrease in
wavelength, showing a hypsochromic shift. These spectral
changes illustrate the influence of both conjugation and solvent
polarity on the electronic transitions within the complexes, as
depicted in Fig. 9.

5 - Maximum wavelength —— Complex 1
] Complex 1 =256nm |__ Complex 2
| Complex 2 » 254 nm Complex 3
Complex 3=258nm |__ Complex 4
| Complex 4 =257 nm
& a4
C
©
_e -
e}
3 24
<
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Wavelength (nm.)

Fig. 9 UV-Vis spectra of the synthesized macrocyclic complexes

4.0 BIOLOGICAL ACTIVITIES

4.1 Antibacterial and Antifungal assay by well diffusion
method: -

In the in-vitro antibacterial assays, the agar well diffusion method
was employed [76]. To prepare the samples for testing, a 10%
Dimethyl sulphoxide (DMSO) solution was used as a diluent.
Three different concentrations of each drug, specifically 50
mg/mL, 100 mg/mL, and 200 mg/mL, were utilized. For
inoculating the test microorganisms, nutrient agar medium was
used for the antibacterial assays, while potato dextrose agar (PDA)
medium was employed for the antifungal assays. These media
were placed in clean petri dishes to facilitate the growth and
assessment of the antimicrobial activity of the samples.

The procedure involved:

» Using a spreader to evenly distribute the microbial inoculum
on the agar surface, followed by allowing the dish to stand for 30
minutes.

» Preparing seeded agar plates with 6 mm-diameter wells,
including a control well set up at the same distance from the
sample wells.

> Filling the prearranged wells in the seeded plates with
various concentrations of each sample and a standard medication,
with a volume of 30 pl for each.

> Incubating these plates at 37°C for duration of 24 hours.

» Measuring the inhibition zones (IZ) surrounding each
prepared well to determine the antifungal and antibacterial
spectrum of the test material.

Comparisons were made between the diameter of the inhibitory
zone produced by the test sample and the commercially available
control antibiotics, which were Cipro (1 mg/mL) for antibacterial
testing and Ketoconazole (1 mg/mL) for antifungal testing. These
comparisons help assess the relative effectiveness of the test
materials in inhibiting the growth of microorganisms in
comparison to established antibiotics. The results of the
antibacterial assays conducted against S. aureus and E. coli, as well
as the antifungal assays against Alternaria alternata and Fusarium
solani, are provided in Table 1 and Fig.10.

Table-1 Antibacterial and Antifungal activity of complexes

Sample’s Name Anti-Bacterial Action Anti-Fungal Action

E. coli | S. aureus Alternaria alternative | Fusarium solani

Concentration Concentration

50 100 200 | 50 100 200 50 100 200 50 100 200

1Z 1Z 1Z 1Z 1Z 1Z 1Z 1Z 1Z 1Z 1Z 1Z
Standard 25 27 32 27 31 36 32 36 41 28 30 34
Complex 1 NA 2 3 5 8 10 NA 3 6 1 3 8
Complex 2 2 3 4 6 9 11 8 13 17 NA 2 6
Complex 3 NA 3 6 4 8 11 NA 2 5 NA 3 5
Complex 4 5 9 13 3 7 9 7 10 14 5 8 10

Note: NA= Non active, IZ= Inhibition zone
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€)
Fig. 10 (a, b, cand d) Figure a & b (complex-2) show antibacterial activity against E.colj, S. aureus respectively, and figure ¢ & d (complex-
1) show antifungal activity against Alternaria alternate, Fusarium solani respectively

(®)

4.2 Antioxidant activity: -

The evaluation of the extract's antioxidant characteristics
involved performing the DPPH free radical scavenging assay,
which utilizes 1,1-diphenyl-2-picryl-hydrazyl (DPPH), as
suggested in the method outlined by Alothman et al. [77]. A 100
uL portion of compounds at varying concentrations (ranging from
20 to 100 mg/L) was combined with 3.9 mL of a 0.1 mM DPPH
solution in methanol. The mixture was then vortexed and left to
incubate in the dark for 30 minutes. Optical density (OD) was
measured at 515 nm, with methanol serving as the blank for
reference.

The percentage of radical scavenging activity is calculated using
the formula:

Eurasian Journal of Analytical Chemistry Vol. 20 No. 1 (2025)

% Radical Scavenging Activity = [(AO - Ac) / A0] x 100

Where AO represents the absorbance of the control, and Ac
represents the sample's absorbance at the concentration (C).

A linear plot was constructed, showing the relationship between
concentration and the percentage of inhibition. From this plot,
IC50 values were determined. The IC50 value represents the
concentration required to inhibit the development of DPPH
radicals by 50%, as determined from the inhibition curve. The
antioxidant potential of each extract is expressed in terms of IC50,
indicating the concentration required to achieve 50% inhibition.
The results regarding the antioxidant effects of the complexes can
be found in Table 2 and Fig. 11.

Table 2 Antioxidant activity

Name of Compound Concentration(mg/L) Regression Equation IC50
20 40 60 80 100
Complex 1 17.54 21.05 22.95 24.56 | 26.6 Y=0.1345x+23.358 198.08
Complex 2 22.22 22.95 26.6 29.38 | 3245 Y=0.0861x+27.827 257.52
Complex 3 23.39 25.43 27.63 28.65 | 31.14 Y=0.1082x+16.051 313.76
Complex 4 29.54 31.66 32.47 34.61 | 36.67 Y=0.1345x+18.653 233.06
Ascorbic acid 48.09 61.11 70.46 72.8 74.85 Y=0.3261x+45.899 12.57
Figure: % Free radical scavanging activity of the
80 compounds.
20
M40
60
80
100

Complex 1

Complex 2

Complex 3

Complex4  ascorbic acid

Concentration (mg/L)

Fig. 11 Comparison of the percentage free radical scavenging activity of the complexes with standard ascorbic acid

5.0 CONCLUSION

Various methods, such as scanning electron microscopy (SEM),
nuclear magnetic resonance (NMR), mass spectrometry, infrared
spectroscopy (IR), and ultraviolet/visible spectroscopy (UV/Vis),
were employed to synthesize and characterize Fe(II) complexes
using hexadentate macrocyclic ligands. Complex-4 demonstrated
robust antibacterial efficacy against E. coli. All the complexes
exhibited activity against S. aureus, but complex2 and complex-3
displayed particularly satisfactory or notable activity. Complex-2
and complex-4 demonstrated strong antifungal activity against
Alternaria alternate, while complex-1 and complex-4 exhibited
notable antifungal activity against Fusarium solani. Complex-2
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and Complex-4 displayed commendable antioxidant activity,
although their activity was lower than that of ascorbic acid.
Additionally, various properties such as solubility, magnetic
moments, and decomposition temperature were also discussed.
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