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Abstract

This study focuses on the synthesis, characterisation, and bioactivity evaluation of four imines derived from the condensation of
4-aminoantipyrine with different phenolic aldehydes: 3-hydroxybenzaldehyde, 4-hydroxybenzaldehyde, 3,4-dihydroxyben-
zaldehyde, and 4-hydroxy-3-methoxybenzaldehyde. These compounds were synthesised to explore their potential in various
biological activities, including antioxidant, acetylcholinesterase (AChE) inhibitory, and antibacterial activities. Characterisation
of these imines by IR, "H and *C NMR, HR-ESI-MS, and elemental analysis confirmed their proposed structures. The antiox-
idant activity of the synthesised compounds was assessed using five different methods, with the imine derived from 3,4-di-
hydroxybenzaldehyde displaying the highest antioxidant activity, attributed to its catechol arrangement of phenolic groups.
Additionally, the AChE-inhibitory activity of these compounds was investigated, revealing that the degree of hydroxylation and
the introduction of a methoxy group significantly influenced their inhibitory efficacy. Molecular docking studies highlighted the
main interactions between the imines and AChE, identifying the most energetically favourable binding sites. Antibacterial test-
ing against Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli
indicated that all compounds exhibited broad antibacterial activities. This comprehensive analysis demonstrates the significant
potential of these synthesised imines as bioactive molecules, offering insights into how structural modifications can enhance

their biological functions.
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1 Introduction

From the aspect of secondary metabolites, phenolic com-
pounds are classified into subgroups depending on the
structural details present. One important category includes
phenolic aldehydes, which can be classified by the num-
ber of C atoms in their basic skeleton, as C,-C, and C,-C,
(Fig. 1).

Fig. 1 —Basic skeletons of naturally derived C,-C, and C.-C;
phenolic aldehydes

Due to their reactivity and structural diversity, phenolic
aldehydes are suitable precursors for synthesising a wide
variety of derivatives. The most significant modifications in
previous research have been performed on the phenolic,
phenyl, and carbonyl groups.>* Often included in more
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complex structures, the presence of a chiral centre is com-
mon, making the process of isolating enantiomerically pure
naturally occurring derivatives difficult. On the other hand,
in the synthesis of phenolic aldehyde derivatives where
the products contain chiral centres, stereo- and regiose-
lective synthesis procedures are frequently applied.> Such
approaches are necessarily catalysed by chiral catalysts,
but also by enzymes, leading to the creation of enantio-
merically pure products whose biological activity and re-
ceptor binding are conditioned by their stereochemical
properties.® The most significant modifications in the case
of C4-C,; phenolic aldehydes involve reactions with the car-
bonyl group. Interventions in the carbonyl group result in
the formation of numerous structurally diverse derivatives,
the most significant of which are a large number of heter-
ocycles (piperidin-4-ones, xanthen-1-ones, indoles, etc.),
synthetic glycosides, coumarins, and many other more
complex derivatives.”'" The most important and the most
investigated derivatives of phenolic aldehydes belong to
the class of imines. Namely, this class of derivatives exhib-
its numerous biological activities, including antimicrobial,
anticancer, antiviral, enzyme-inhibitory, and many others.
Additionally, imines play a significant role as ligands in the
synthesis of transition metal complexes, which often exhib-
it substantial biological activity, as well as catalytic activity.
When combined with 4-aminoantipyrine (AAP), an amine
component known for its anti-inflammatory and analge-
sic activity, numerous imines and metal complexes with
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therapeutic effects (such as DNA intercalators, fungicides,
antipyretics, etc.) have been synthesised.’ "

Following this molecular combination strategy, we synthe-
sised four imines derived from substituted benzaldehydes
and AAP. Among the synthesised compounds, the imine
derived from 3-hydroxybenzaldehyde was synthesised and
structurally characterised for the first time. After success-
ful synthesis and structural characterization, all synthesised
compounds were tested for antioxidant activity, acetyl-
cholinesterase (AChE) inhibitory activity, and antibacterial
activity against four strains. Their efficiency as radical scav-
engers was evaluated by their reactivity towards the stable
2,2-diphenyl-1-picrylhydrazyl radical (DPPH"), 2,2"-azin-
obis(3-ethylbenzothiazoline-6-sulfonic acid) radical cat-
ion (ABTS'*), and Oxygen Radical Absorbance Capacity
(ORACQ). Their reduction power and chelation ability were
determined using the Ferric Reducing Antioxidant Power
(FRAP) assay and inhibition of Fe(ll)-ferrozine complex
formation. The in vitro Ellman spectrophotometric meth-
od was employed to investigate AChE inhibition, while an
in silico study was conducted to determine the potentially
most favourable binding position on AChE. Additionally,
antibacterial activity was tested for all synthesised com-
pounds using the agar well method.

2 Experimental

All chemicals were obtained from Sigma-Aldrich and used
without further purification. Purification of products was
performed by recrystallisation from anhydrous methanol.
The purity of the obtained derivatives was evaluated by
thin-layer chromatography. Visualisation and detection of
the chromatograms was achieved using a UV lamp and 5 %
solution of FeCl;. Melting points, uncorrected, were deter-
mined using a Kofler apparatus (Reichert Austria). Elemen-
tal analysis of the synthesised derivatives was conducted us-
ing PerkinElmer CHNS/O Analyzer 2400 Series II. Infrared
spectra were recorded using the KBr pellet method in the
range of 4000-400 cm™" (PerkinElmer BX FTIR), with bands
marked as strong (s), medium (m), or broad (br). Nucle-
ar magnetic resonance (NMR) of "H and "*C nuclei were
recorded in DMSO-d; (Bruker AVANCE Ultrashield 500
plus). All shifts in the NMR spectra are reported in ppm (8)
relative to TMS as an internal standard or calibrated against
the residual signal of DMSO-d, (8, q, 2.50; & sept, 39.52).
Coupling constants (/) are expressed in Hz. High-resolution
mass spectra were recorded using an Agilent 6224 TOF
mass spectrometer. All spectrophotometric measurements
were performed on a PerkinElmer Lambda 25 UV-Vis.

2.1 Synthesis

The prepared reaction mixture containing an equimolar
mixture (2 mmol) of the appropriate aldehyde and AAP,
was refluxed in 20 ml of methanol for 4-6 h.'® The re-
sulting precipitate was vacuum filtered, recrystallised
from anhydrous methanol, washed with diethyl ether,
and dried under reduced pressure over anhydrous CacCl,.
The purity of the imines prepared this way was checked
by chromatography on a thin layer of polyamide 11 F,g,
(EtOAC : hexane, 1 : 1).

4-((3-Hydroxybenzylidene)amino)-1,5-dimethyl-2-
phenyl-1H-pyrazol-3(2H)-one (1). White solid; yield:
570 mg, 93 %; R; 0.43 (EtOAc : hexane, 1 : 1); melting
point 132-134 °C; v/em~" (KBr): 3431 (m), 3147 (s), 1619
(s), 1591 (s), 1560 (s), 1451 (s), 1286 (s), 1237 (s); 'H NMR
(500 MHz, DMSO-d,) &,: 9.56 (s, TH), 9.49 (s, 1H),
7.57-7.50 (m, 2H), 7.41-7.34 (m, 3H), 7.28-7.22 (m,
2H),7.19(dt, ) = 7.5, 1.3 Hz, 1H), 6.83 (ddd, ] = 8.0, 2.6,
1.1 Hz, TH), 3.17 (s, 3H), 2.45 (s, 3H); *C NMR (125 MHz,
DMSO-d,) 8.: 160.11, 158.13, 155.03, 152.60, 139.39,
135.05, 130.21, 129.61(2), 127.35, 125.04(2), 119.40,
117.96, 116.81, 113.30, 35.84, 10.22; HR-MS (ESI*, m/2):
308.1396 [M+H]* (C,4H;4N,0, calculated 308.1394); an-
alytically calculated. for C,5H,,N;0,: C, 70.34, H, 5.58, N,
13.67, found: C, 70.60, H, 5.68, N, 13.79.

4-((4-Hydroxybenzylidene)amino)-1,5-dimethyl-2-
phenyl-1H-pyrazol-3(2H)-one (2). Yellow solid; yield:
546 mg, 89 %; R 0.39 (EtOAc : hexane, 1 : 1); melt-
ing point 145-146 °C; v/cm™" (KBr): 3067 (s), 1654 (s),
1609 (s), 1508 (s), 1274 (s), 1229 (s); 'H NMR (500 MHz,
DMSO-d,) &y: 9.91 (s, TH), 9.48 (s, TH), 7.68-7.62 (m,
2H), 7.55-7.49 (m, 2H), 7.40-7.32 (m, 3H), 6.88-6.81
(m, 2H), 3.13 (s, 3H), 2.42 (s, 3H); *C NMR (125 MHz,
DMSO-d,) 8c: 160.41, 160.13, 155.33, 152.19, 135.23,
129.56(4), 129.32, 127.09, 124.70(2), 117.52, 116.07(2),
36.10, 10.27; HR-MS (ESI*, m/z): 308.1385 [M+H]*
(Ci5H1sN30, calculated 308.1394); analytically calculated
for C,sH,-N;0,: C, 70.34, H, 5.58, N, 13.67, found: C,
70.56, H, 5.54, N, 13.71.

4-((3,4-Dihydroxybenzylidene)amino)-1,5-dimethyl-2-
phenyl-1H-pyrazol-3(2H)-one (3). Brown solid; yield:
528 mg, 82 %; R;0.32 (EtOAc : hexane, 1 : 1); melting point
151-152 °C; v/iem™ (KBr): 3494 (s), 2946 (m), 1589 (s),
1562 (s), 1449 (s), 1288 (s), 1221 (s); 'H NMR (500 MHz,
DMSO-d,) 8 9.42 (s, 1H), 9.40 (s, TH), 9.21 (s, TH),
7.56-7.49 (m, 2H), 7.40-7.33 (m, 3H), 7.32 (d, ] = 2.0 Hz,
TH), 7.04 (dd, ) = 8.1, 1.9 Hz, 1H), 6.81 (d, ] = 8.1 Hz,
TH), 3.13 (s, 3H), 2.42 (s, 3H); C NMR (125 MHz,
DMSO-d,) &. 160.43, 155.70, 152.07, 148.66,
146.08, 135.21, 129.82, 129.56(2), 127.08, 124.68(2),
121.34, 117.57, 115.98, 113.41, 36.11, 10.25; HR-MS
(ESI*, m/z): 324.1344 [M+H]* (C,,H,,N;O, calculated
323.1271); analytically calculated for C,sH,,N;0;: C, 66.86;
H, 5.30; N, 13.00, found: C, 66.53; H, 5.34; N, 12.91.

4-((4-Hydroxy-3-metoxybenzylidene)amino)-1,5-dime-
thyl-2-phenyl-1H-pyrazol-3(2H)-one (4). Yellow solid;
yield: 596 mg, 88 %; R; 0.56 (EtOAc : hexane, 1 : 1); melt-
ing point 124-125 °C; v/cm™" (KBr): 3433 (br, w), 3113
(m), 1628 (s), 1581 (s), 1518 (s), 1285 (s), 1258 (s), 1131 (s);
"H NMR (500 MHz, DMSO-d,) 8,,: 9.52 (s, TH), 9.47 (s, TH),
7.56-7.49 (m, 2H), 7.43 (d, ] = 2.0 Hz, 1H), 7.41-7.32
(m, 3H), 7.19 (dd, ) = 8.1, 1.8 Hz, 1H), 6.85 (d, ] = 8.1 Hz,
TH), 3.84 (s, 3H), 3.13 (s, 3H), 2.44 (s, 3H); *C NMR
(125 MHz, DMSO-d,) 8c: 160.41, 155.47, 152.21, 149.63,
148.44, 135.24, 129.77, 129.57(2), 127.09, 124.69(2),
122.56, 117.48, 115.90, 109.98, 55.96, 36.11, 10.34; HR-
MS (ESI*, m/z): 338.1502 [M+H]* (C,4H;4N,O, calculated
337.1430); analytically calculated for C;4H;sN;O5: C, 67.74;
H, 5.68; N, 12.46, found: C, 67.38; H, 5.92; N, 12.13.
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2.2 Antioxidant activity

The antioxidant activity was tested using five different
methods: DPPH, ABTS, FRAP, ORAC, and Fe(ll) chelating
ability. Results for the FRAP and ORAC methods are ex-
pressed as equivalents of ascorbic acid (AAE) and Trolox
(TE), respectively, while for the other methods the results
are expressed as ICs, values. Ascorbic acid and Trolox were
used as standards for all methods involving hydrogen atom
(HAT) and single electron transfer (SET) as a key step in
the mechanism, whereas Na,EDTA was the standard for
testing chelating properties. For methods where results
are expressed in equivalents, calibration curves were con-
structed based on the standards used. All measurements
were performed in triplicate, and the results presented as
mean value = standard deviation.

2.2.1 DPPH method

Antioxidant activity with this method was tested accord-
ing to the procedure described by Molyneux (2004) with
minor modifications.”” The sample (0.1 ml) was added to
1 ml of a methanol solution of DPPH"* (0.08 mM). The ob-
tained mixture was incubated for 30 min in the dark, after
which the absorbance was measured at 517 nm.

2.2.2 ABTS method

To test the antioxidant activity using this method, radical
cation species were generated by mixing equal volumes
of 7 mM ABTS and 2.45 mM K,S,0; solutions and incu-
bating at 4 °C for 16 h."® Different concentrations of the
tested samples (0.1 ml) were added to 1 ml of the pre-
pared ABTS** solution, and absorbance was measured af-
ter 7 min at 734 nm.

2.2.3 FRAP method

The reduction of Fe** ions by this method was monitored
using the procedure described by Benzie and Strain."
Stock solutions included 300 mM acetate buffer (pH 3.6),
10 mM 2,4,6-tris(pyridin-2-yl)-s-triazine (TPTZ) in ethanol,
and 20 mM FeCl; in 20 mM HCI. To prepare the working
FRAP solution, acetate buffer, TPTZ, and FeCl, solution
were mixed in a volume ratio of 10 : 1 : 1 and incubated as
such at 37 °C before use. FRAP reagent (3 ml) and 0.3 ml
of water were added to an aliquot of the sample (0.1 ml).
All measurements were adjusted to 593 nm after 6 min.

2.2.4 ORAC method

Oxygen radical absorption capacity was measured accord-
ing to the modified procedure described by Cao et al.®
A mixture of 0.05 ml of fluorescein solution (0.42 uM),
0.1 ml of tested sample (1 uM), and 1.8 ml of phosphate
buffer (0.1 M, pH 7.3) was incubated at 37 °C for 15 min.
After incubation, peroxyl radical formation was initiated by
adding 0.05 ml of 2,2’-azobis(2-amidinopropane)dihydro-
chloride solution (640 mM). All measurements were taken
in triplicate, recording fluorescence intensity for 60 min
(Aey 485 Nnm, A,,,, 520 nm).

2.2.5 Felll] chelating ability

The most important spectrophotometric method for moni-
toring the chelation of Fe(ll) ions is the competitive method
of complex formation with ferrozine in the presence of a
potential ligand.?" A 0.05 ml of FeCl, solution (2 mM) was
added to 0.4 ml of the solution of the tested compound.
The reaction was initiated by adding 0.2 ml of ferrozine
solution (5 mM). The total volume was adjusted to 4 ml
with ethanol, mixed, and incubated at room temperature
for 10 min. Absorbance was measured at 562 nm.

2.3 AChE inhibition

The potential AChE-inhibitory activity of the synthesised
imines was determined using Ellman’s method.* Galan-
tamine hydrobromide was used as a positive control, while
the final concentrations of the tested compounds in the
reaction mixture were 0-50 pM. A mixture of 0.3 ml phos-
phate buffer (100 mM, pH 8.0), 0.3 ml of sample, and
0.3 ml of AChE (0.54 U ml~") was incubated for 15 min at
37 °C. At the end of incubation, 0.3 ml of acetylcholine io-
dide (15 mM) and 1.5 ml of 5,5-dithiobis-(2-nitrobenzoic
acid) solution (3 mM) were added. For the resulting mix-
tures, the absorbance was measured at 405 nm for 5 min.
A linear equation correlating the common logarithm of the
concentration of the tested sample with the percentage of
AChE inhibition was used to extrapolate IC, values.

2.4 In silico analysis

The structure of synthesised imines was generated using
Avogadro, and the geometry was optimised using ORCA
software (Neese, 2022). Non-polar hydrogens of imines
were merged, and rotatable bonds were defined. The
AChE (1C2B) structure was downloaded from the Protein
Data Bank.?* Water molecules were removed, polar hy-
drogens were added, Kollman united atom partial charges
were assigned, and the protein was stored in a separate
file for input into AutoDock Tools. Molecular docking was
performed using Autodock Vina.?* The binding sites were
defined using grid size coordinates of 60 X 60 X 72, and
grid centre coordinates of x = 21.591, y = 87.752, and
z = 23.591 with a grid space of 0.375 A.* During the
docking process, torsional bonds of the ligand were set
free. The protein-ligand complex was visualised and ana-
lysed using PyMOL software.?®

2.5 Antibacterial activity

Agar well method was used to evaluate the antibacteri-
al potential of the synthetic substances.?” The reference
strains that were tested in this study included Staphylo-
coccus aureus (ATCC 6538), methicillin-resistant Staphy-
lococcus aureus (ATCC 33591), Pseudomonas aeruginosa
(ATCC 10145), and extended-spectrum beta-lactamase
(ESBL) Escherichia coli (A\TCC 35218). A bacterial inoculum
of 0.5 McFarland density was applied to Mueller Hinton
agar plates. Wells with a diameter of 8 mm were made
in the agar, and 100 pl of the tested compounds (1 mM)
was added to each well. Ampicillin was used as a positive
standard. Each experiment was conducted in triplicate. Af-
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ter overnight incubation at 37 °C, the zones of inhibition
were measured and expressed in the form of zones of inhi-
bition measured in mm.

3 Results and discussion
3.1 Synthesis

The target imines (1-4) were synthesised by the condensa-
tion of AAP with the following aldehydes: 3-hydroxyben-
zaldehyde, 4-hydroxybenzaldehyde, 3,4-dihydroxybenza-
Idehyde and 4-hydroxy-3-methoxybenzaldehyde (Fig. 2).

SN SN /—A
/ \ MeOH / \ A
Ao Tt N NH, BT> N N
@ y @ b

Fig. 2 — Synthesis of compounds 1-4

1 Ar = 3-(OH)C,H,, 2 Ar = 4-(OH)C.H,,
3 Ar = 3,4-di(OH)C,H,, 4 Ar = 4-(OH)-3-(H,CO)C,H,

The most important and extensively studied derivatives
of phenolic aldehydes belong to the class of imines.?#%
This class of derivatives exhibits numerous biological ac-
tivities, including antimicrobial, anticancer, antiviral, en-
zyme-inhibitory properties, among others. Additionally,
their complex compounds with transition metal complexes
frequently show significant biological and catalytic activity.
When combined with AAP, an amine component known
for its anti-inflammatory and analgesic activity, a large
number of imines and metal complexes with therapeutic
effects (such as DNA intercalators, fungicides, antipyretics,
etc.) have been synthesised.’?

The synthesised imines were characterised by IR, "H and
BC NMR, HR-ESI-MS, and elemental analysis. All results
were consistent with the proposed structures. The purity of
the synthesised compounds was, in addition to thin-layer
chromatography, checked by elemental analysis, with all
compounds having an error margin within = 0.4 %. Phe-
nolic protons appeared as broad singlets in the range of
9.21-9.91 ppm, while azomethine protons appeared as

Table 1 — Antioxidant activity of compounds 1-4

singlets in the range of 9.40-9.49 ppm in the "H NMR
spectra. In addition to aromatic protons, all compounds
showed characteristic singlets of sp*> methyl protons in the
range of 3.17-2.42 ppm, with a characteristic singlet for
the methoxy group (3.84 ppm) in the case of imine 3. Ad-
ditionally, for all synthesised imines, characteristic peaks
were observed in the 3C NMR spectra, and m/z values for
[M+HI* in HR-ESI-MS spectra.

3.2 Bioactivity
3.2.1 Antioxidant activity

To cover a broad range of mechanisms, all compounds
were tested for their ability to reduce and chelate tran-
sition metal ions, as well as their ability to neutralize free
radicals (Table 1).

The amine component (AAP) possesses no H donor groups
that can significantly affect antioxidant activity. Therefore,
the free radical reduction/neutralisation ability of these
derivatives can be exclusively attributed to the structural
details of phenolic aldehydes. A trend of 3>4>1=2 is no-
ticeable, where the antioxidant capacity of the tested com-
pounds decreases. Such low IC;, values and high values of
ascorbic acid and Trolox equivalents are most likely due to
the double phenolic groups of the catechol arrangement in
their structures in the case of compound 3. The decrease
in antioxidant activity in the case of compound 4 can be
explained by the additional alkylation of phenolic groups
at C; positions. Additionally, a significant drop in antioxi-
dant activity is visible for derivatives derived from 3- and
4-hydroxybenzaldehyde, due to the loss of the second
substituent on the aromatic nucleus (OH and/or OCH,).
Despite the impossibility of homolytic cleavage, the OCH,
group in the ortho position lowers the oxidation poten-
tial, but also acts as an electron-donating group, there-
by facilitating the stabilisation of phenoxy radicals.?® The
absence of results for chelation ability is noticeable. Even
without the presence of ferrozine, the tested compounds
in combination with Fe(ll) ions absorbed in the same part
of the visible spectrum, making it impossible to test the
chelation ability using this method. This behaviour of the
imine derivatives might be due to the presence of the AAP
unit, known as a ligand in quantitative iron determination
procedures,*’ and as a ligand for the synthesis of diverse
complex compounds.23?

Compound I(I:DP;’H' ABTS * FRAP AAE ORAC TE
50/ BIM 1C50/ M / pmol,/mmol / pmoly/umol
1 105.12 = 2.45 8.75 = 0.14 163.55 = 3.33 0.01 = 0.00
2 128.63 = 4.68 10.43 = 0.29 112.67 = 2.29 0.02 = 0.00

3 31.47 = 0.95 2.04 = 0.08 405.19 = 9.11 0.26 = 0.01
4 47.94 = 1.02 2.61 £ 0.12 305.37 = 8.45 0.14 = 0.00
Ascorbic acid 1.14 = 0.03 0.11 = 0.00 - 0.48 = 0.04




M. DIZDAR et al.: Synthesis and Structural Insight into the Bioactivity of Imines with..., Kem. Ind. 74 (1-2) (2025) 7-16 11

Table 2 — AChE-inhibitory activity of compounds 1-4 and H-bonds in AChE interaction

Compound ICso/ pM Affinity /kcal mol~! Bonding in AChE/distance /A
1 162.72 + 4.12 -8.7 H-Gly'?2 — O-[C,-OHJ/2.7 A

3 H-GIn** — O-[C;-OH}/2.3 A

2 163.23 + 5.78 7.4 H [C.-OH] — O-Leus0/2.7 &

3 H-Leu?® — O-[C,-OH)/2.5 A

3 145.33 = 2.78 8.0 H [C,-OH] — O-Leu?9/2.7 A

4 114.07 + 3.47 -7.3 H-His?” — O-[C,-OH]/2.4 A
H-[C-OH] — O-Arg? /2.0 A

Galantamine 3.89 £ 0.15 —-8.1 H-Arg?® — O-[C;-OH1 /2.2 A
H-Phe?% — O-[C,-OH] /2.2 A

3.2.2 Inhibition of AChE and molecular docking

For all synthesised compounds, the ability to inhibit AChE
was tested in vitro using Ellman’s method, and in silico
methods were used to find the best interaction positions
(Table 2).

A noticeable trend is that the decrease in the degree of
hydroxylation and the introduction of a methyl group at
position C; (compound 4) leads to an increase in AChE-in-
hibitory activity. This phenomenon is well-known and is

directly correlated with a decrease in hydrophilicity and
an increase in the possibility of interaction with non-po-
lar amino acids. On the other hand, varying the positions
of the phenolic group at C, and C,, the positions had no
significant effect on AChE-inhibitory activity. Additionally,
a molecular docking study was conducted to reveal the
binding sites and main interactions between the synthe-
sised imine and AChE. Hydrogen bonds were predicted
based on the conformation (Fig. 3). These hydrogen bonds
form between the amino acid residue of AChE and the

Complex 3-AChE

Complex 4-AChE

Fig. 3 - Visualisation of favoured binding sites on AChE
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Table 3 - Antibacterial activity of compounds 1-4
Compound Bacterial strain . |
S. aureus MRSA P aeruginosa ESBL E. coli
1 11.00 = 0.00 - - 12.00 = 0.00
2 10.67 = 0.58 - - -
3 10.67 = 0.58 - 13.00 = 0.00 11.33 £ 0.58
4 9.33 = 0.58 - - -
Ampicillin 12.33 £ 0.33 - 11.33 £ 0.33 20.67 = 0.58

oxygen atom of the hydroxyl group on C, or the hydrogen
atom of the hydroxyl group on C, (complexes 2 and 3).
The most energetically favourable interaction with AChE
showed an estimated docking energy of approximately
—8.7 kcal mol~" for compound 1.

Although there was no significant correlation between the
results of in vitro and in silico analyses, all obtained binding
sites have already been reported in numerous studies, and
include cases such as coumarins and coumarin-pyrazoles
hybrids,* pyrazole-pyridazine hybrids,*® and piperazine
derivatives.?”

3.2.3 Antibacterial evaluations

All synthesised compounds were also tested for antibacte-
rial activity against four strains: S. aureus, methicillin-resist-
ant S. aureus, R aeruginosa, and ESBL E. coli (Table 3).

While compounds 2 and 4, which have a 4-hydroxy group
on the phenolic aldehyde residue, showed antibacterial
activity against the Gram-positive S. aureus, compounds 1
and 3 also exhibited antibacterial activity against Gram-neg-
ative strains. Among these, compound 3 emerged as the
best candidate for antibacterial action, demonstrating sig-
nificant activity against S. aureus, P aeruginosa, and ESBL
E. coli.

4 Conclusion

The synthesised imines (1-4) demonstrated significant bi-
ological activities, including antibacterial, antioxidative,
and AChE-inhibitory activity. These activities are directly
associated with the presence of phenolic aldehydes and
structural details resulting from condensation with AAP
Notably, compound 3 stood out due to its double phenolic
groups, which contributed to its high antioxidative activi-
ty. However, variations in hydroxylation and alkylation of
phenolic groups showed diverse effects on AChE-inhibito-
ry and antibacterial activity, where variations in the degree
of hydroxylation and the presence of a methyl group at
position C, led to an increase in AChE inhibitory activi-
ty. Antibacterial testing revealed that compounds 2 and 4
were active against Gram-positive S. aureus strains, while
compounds 1 and 3 showed activity against Gram-nega-
tive strains, highlighting compound 3 as the best candidate

for antibacterial activity. These results suggest that struc-
tural variations in imines can be crucial for optimising and
targeting specific biological activities. Despite certain limi-
tations, such as the lack of data on chelation ability due to
interactions with Fe(ll), this research clearly demonstrates
the potential of imines derived from phenolic aldehydes
as potent biologically active molecules. In conclusion, this
study enhances our understanding of the structural and
functional relationships in the design of imines with diverse
biological activities and paves the way for further research
aimed at developing new therapeutic agents.
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SAZETAK

Sinteza i strukturni uvid u bioaktivnost imina s
1,5-dimetil-2-fenil-1H-pirazol-3(2H)-onom strukturnom jedinicom
izvedenom iz fenolnih aldehida
Muamer Dizdar;*" Anela Topcagic,® Monia Avdic,* Danijela Vidic ® i Milka Maksimovic?

Istrazivanje je usmjereno na sintezu, karakterizaciju i evaluaciju bioaktivnosti cetiriju imina, dobi-
venih kondenzacijom 4-aminoantipirina s razlicitim fenolnim aldehidima: 3-hidroksibenzaldehi-
dom, 4-hidroksibenzaldehidom, 3,4-dihidroksibenzaldehidom i 4-hidroksi-3-metoksibenzaldehi-
dom. Ti su spojevi sintetizirani da bi se istrazio njihov potencijal u razlicitim bioloskim aktivnostima,
ukljucujuéi antioksidativnu aktivnost, inhibitornu aktivnost na acetilkolinesterazu (AChE) i antibak-
terijsku aktivnost. Karakterizacija ovih imina pomocu IR, "H i 3C NMR, HR-ESI-MS i elementarne
analize potvrdila je njihove predlozene strukture. Antioksidativna aktivnost sintetiziranih spojeva
procijenjena je primjenjujuci pet razli¢itih metoda. Imin dobiven iz 3,4-dihidroksibenzaldehida
pokazao je najvisu antioksidativnu aktivnost, $to je pripisano njegovom kateholnom rasporedu
fenolnih skupina. Nadalje, istrazena je AChE-inhibitorna aktivnost ovih spojeva, otkrivajuci da
stupanj hidroksilacije i uvodenje metoksi skupine znacajno utjecu na njihovu inhibitornu ucinko-
vitost. Studije molekulskog uklapanja istaknule su glavne interakcije izmedu imina i AChE, identi-
ficirajuci energetski najpovoljnija mjesta vezanja. Rezultati in vitro antibakterijske aktivnosti protiv
kultura Staphylococcus aureus, meticilin-rezistentnog Staphylococcus aureus, Pseudomonas aeru-
ginosa i Escherichia coli pokazali su Siroku aktivnost svih sintetiziranih spojeva. Ova sveobuhvatna
analiza pokazala je znacajan potencijal Cetiriju sintetiziranih imina kao bioaktivnih molekula, pru-
Zajudi uvide u to kako strukturalne modifikacije mogu poboljsati njihove bioloske funkcije.

Kljuéne rijeci
Sinteza, TH-pirazol-3(2H)-on, fenolni aldehidi, in vitro bioaktivnost, in silico studija
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