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Introduction: The discovery of alternative drugs has gained importance due to
the many side effects of these drugs used for treatment.

Methods: Herein, the synthesis of a series of unsymmetrical imidazolium salts
containing 4-acetylphenyl/4-formylphenyl and bioactive heterocyclic groups
such as morpholine, piperidine, pyrrole or pyridine was reported. 4-(1-H-
imidazol-1-yl)acetophenone and 4-(1-H-imidazol-1-yl)benzaldehyde were
used as salt precursors. Alkyl halides containing heterocyclic groups such as 2-
morpholinoethyl hydrochloride, 2-pyrrolidinoethyl hydrochloride, 2-
piperidinoethyl hydrochloride and pyridin-2-ylmethyl bromide hydrobromide
were used. Thus, there are two positively charged nitrogens in the structure of
these salts synthesized by the quaternization method. The structures of all salts
were fully characterized by *H, ®*C NMR, FTIR spectroscopic and elemental
analysis methods. the a series of imidazolium salts (la-d and 2a-d) were
designed, synthesized and fully characterized by spectroscopic methods.

Results: The inhibitory effect against AChE of the series compounds was
evaluated as in vitro and in silico studies. The results indicated that the
compounds showed remarkably potent inhibitory effects on AChE with K|
values ranging from 0.63 + 0.04 uM to 11.23 + 1.05 uM and ICsq values
spanning from 0.82 + 0.06 uM to 14.75 + 0.82 uM. The antimicrobial activities
of the synthesized compounds were measured by inhibition of bacterial growth
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expressed as minimum inhibitory concentration (MIC) values. It was observed
that the synthesized compounds exhibited antimicrobial activity especially
against Gram negative bacteria. In addition, the results of molecular docking
studies of bacteria supported our antimicrobial results.

Conclusions: The results suggested that the synthesized compounds showed
the potential to be antimicrobial and acetylcholinesterase inhibitors.

KEYWORDS

N-heterocyclic carbene, imidazolium salt, acetylcholinesterase, antimicrobial,

anti-Alzheimer

1 Introduction

Heterocyclic compounds are organic compounds that contain at
least one hetero atom (such as nitrogen, sulfur, oxygen) and are found in
the structure of drugs used in the treatment of many diseases due to
their biological properties. Such compounds are found as subunits in
many natural compounds such as vitamins, hormones, alkaloids, dyes
and a wide variety of biomolecules including various other chemicals
(Satheesh et al, 2020). A large number of natural and synthetic
heterocyclic compounds are being investigated due to their
pharmacologically active molecules. N-heterocyclic compounds
containing at least one nitrogen atom in the ring system exhibit a
wide range of biological activities such as antibacterial, antiviral,
antifungal, antituberculosis, anti-inflammatory, antidepressants,
antimycobacterial, antipyretics, analgesics, anticonvulsants,
antihistamines, antiplasmodial, antidiabetic, anticancer. According to
FDA database, approximately 60% of small molecule drugs are
composed of nitrogen-based heterocyclic compounds, such as
Metronidazole, Sovaldi, Abilify, Diazepam, Nexium, Crestor,
Chlorpromazine, Isoniazid, Captopril, Chloroquine, and Clotrimazole
(Aktas et al,, 2018; Tessier et al., 2018; Taslimi et al., 2020). This shows
the structural importance of N-heterocyclic compounds in drug design
and drug discovery. N-heterocyclic compounds in biologically active
compounds can maintain their stability and operational efficiency in the
human body for a longer time when taken as drugs. Their biological
activity is based on the ability of the ring nitrogen atom to easily bind to
DNA by hydrogen bonding interaction.

Imidazole and benzimidazole derivatives have several favorable
properties, such as excellent bioavailability, good tissue penetration
and permeability, and relatively low incidence of side and toxic
effects. Thus, these compounds demonstrate significant
development potential in organic chemistry, coordination
chemistry, materials science, and medicinal chemistry
(Ardugenyo et al, 1999; Wisniak, 2009). Imidazolium salts are
structures in which alkyl groups are attached to the two nitrogen
atoms in the imidazole ring. The imidazole ring is ubiquitous in
nature and plays a critical role in many structures and functions in
the human body (Wanzlick and Schonherr, 1968). The functionality
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of the imidazole ring is a ligand with strong c-electron donor and
weak m-acceptor properties, forming organometallic compounds by
bonding with almost all metals. In addition to the very important
catalytic properties of these complexes, they are important in
medicinal chemistry due to their ability to interact with drugs
and proteins (such as hydrogen bonding, electrostatic interactions)
(Garrison and Youngs, 2005; Van Veldhuizen et al., 2005; Garber
etal., 2000; Ofele, 1968). The most important and attractive features
of imidazolium salts are the flexibility in the design of their physical,
chemical and biological properties by independently changing the
structural diversity in the ring, the properties of the cation and
anion. For this reason, these compounds have become good
templates for various applications in chemistry and related
industries, cosmetics, nanotechnology and pharmaceuticals
(Amyes et al., 2004; Van Veldhuizen et al., 2003; Arduengo et al.,
1999). Many research groups have recently investigated
benzimidazole, imidazole and imidazoline salts as enzyme
inhibitors, which exhibit inhibitory activities against various
metabolic enzymes and potent cytotoxic activity against cancer
cells (Wang et al., 2005; Glorius et al., 2002; Yang et al., 2001;
Gardiner et al., 1999; Herrmann et al., 1996; Hussey, 1983).

The importance of these compounds in drug design as active
drug substances stems from their ability to change their biological
and physicochemical properties, pharmacokinetics and
toxicological profiles (Jamil, 2019; Marion et al., 2009). In recent
years, a pharmacophore hybrid approach for the discovery of new
and highly bioactive pharmaceutical ingredients has become an
effective and widely used trend in the field of drug discovery.
Recently, when the literature is examined, it is seen that there are
fewer studies on the enzyme inhibition activities of imidazolium
salts (Chauvin, 1995). Our workgroup has recently studied the
inhibitory activities of various alkyl/aryl group-containing
benzimidazolium salts on some metabolic enzymes (Pernak et al,
2004; Haziz et al, 2019; Igbal et al, 2013). In this study, it was
thought that imidazolium salts carrying two positive charges could
be suitable alternatives to quaternary ammonium compounds,
which are widely used as antiseptics, disinfectants, antimicrobials
and antimicrobials, with adjusted hydrophobic, hydrophilic and
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electrostatic properties (Selvarajoo et al., 2017). Thus, in our study,
it includes the synthesis and biological properties of two series of
imidazolium salts containing bioactive piperidine, morpholine,
pyrrole, pyridine heterocyclic rings by alkylation of the third
nitrogen atoms in the 1-(4-acethyl/formylbenzyl) imidazole ring
(Figure 1). The structures of the imidazolium salts carrying two
positive charges were characterized using appropriate spectroscopic
methods ("H NMR, "*C NMR and FTIR) and elemental analysis
techniques. The inhibitory activities of the synthesized imidazolium
salts against acetylcholine esterase enzyme were investigated.
Additionally, the antimicrobial properties of the synthesized salts
were also investigated.

The cholinergic hypothesis, one of the leading theories in
Alzheimer’s disease (AD) pathogenesis, suggests that the inhibition of
cholinesterase enzymes, particularly acetylcholinesterase (AChE), is a
key therapeutic strategy to counteract the decline in acetylcholine levels
in the brain. The AChE, a membrane-bound enzyme present in various
tissues, including the brain, plays a critical role in hydrolyzing
acetylcholine, a neurotransmitter essential for cognitive function
(Thacker, 2003; Isik, 2019; Durgun et al, 2020). The AChE is a
highly selective enzyme for acetylcholine, ensuring rapid and precise
termination of synaptic transmission, and is therefore considered the
principal target in the development of therapeutic agents for
neurodegenerative disorders such as AD (Dastan et al., 2017; Lolak et
al., 2020; Mukhametgalieva et al,, 2022). Current AChE inhibitors, such
as galantamine, rivastigmine, donepezil, and tacrine, are widely used in
AD treatment. However, these drugs are associated with limitations,
including short half-lives and adverse side effects such as nausea,
vomiting, and gastrointestinal disturbances, while providing only
symptomatic relief or slowing disease progression (Lolak et al., 2022;
Prasasty et al.,, 2018; Jia et al., 2013; Fernandez-Bachiller et al., 2010).
Consequently, the design and discovery of novel AChE inhibitors with
improved efficacy and reduced side effects remain crucial for advancing
AD therapeutics.

The blood-brain barrier protects the central nervous system (CNS)
with its structure consisting of microvascular endothelial cells, pericytes
and astrocytes; this structure maintains homeostasis by selectively
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FIGURE 1
Structural features of imidazolium salts carrying two positive charges.
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controlling molecules entering and leaving the brain (Gloor et al,
2001). Outside the CNS, interactions between nerve endings and
immune cells are markedly increased in inflammatory processes,
especially in areas exposed to environmental factors such as mucosal
surfaces. The detection of bacterial structures in the CNS tissues of
Alzheimer’s patients raises the question of the routes by which these
microorganisms reach neuronal regions. In this context, the presence of
intestinal microbiota-derived proinflammatory neurotoxins (e.g.
lipopolysaccharide - LPS) that can cross the gastrointestinal mucosa
and enter the circulation suggests that cellular adhesion structures and
mechanisms may play an important role in the transport of these
harmful molecules (Kraneveld et al., 2014; Panza et al., 2019).

In this study, a series of imidazolium salts (1a-d and 2a-d) were
designed, synthesized and fully characterized by spectroscopic
methods. The inhibitory activity of the series against AChE was
evaluated by in vitro and in silico studies.

2 Materials and methods
2.1 Experimental

Imidazolium salts containing carbonyl group and a second
heterocyclic group outside the main imidazole ring were
synthesized in argon atmosphere by using the standard Schlenk
tube technique. Acetonitrile used in salt synthesis was purified from
oxygen by bubbling argon for 10 minutes, and the water it
contained was removed on activated 4A molecular sieves. The
chemical used in this study was purchased from Abcr, Acros,
Isolab and Sigma-Aldrich Chemical Co. It was purchased by and
used as received without any purification process. The melting
points of the synthesized salts were determined using the
Electrothermal-9200 device. FTIR spectra were recorded in the
range of 400-4000 cm™' on a Perkin Elmer Spectrum 100 FTIR
spectrometer. 'H and >C NMR spectra were recorded using a
Bruker Avance III 400 MHz NMR spectrometer (400 MHz for 'H
and 100 MHz for '*C NMR) using DMSO-d6 solvent.
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2.2 Synthesis

1-(4-acetylphenyl)-3-(2-morpholino)ethylimidazolium chloride
hydrochloride, 1a

1-(4-acetylphenyl)imidazole (1 mmol) and 2-morpholinoethyl
chloride hydrochloride (1 mmol) were heated in acetonitrile (4 mL)
for 24 h and at 80°C. A white solid precipitated and the solvent was
then removed in vacuo. This solid was washed with diethyl ether (2
x 10 mL). The crude product was recrystallized from ethyl alcohol/
diethyl ether (1:3) at room temperature to give white imidazolium
salt. Yield: 75%. "H NMR (400 MHz, CDCls, 298 K), &: 2.58 (s, 3H,
‘NC¢H,COCH,); 3.21 and 3.95 (t, 4H, J: 6.3 and 6.4 Hz,
NCH,CH,N); 3.07 (m, 4H, morpholino -CH,); 3.99 (t, 4H, J: 4.4
Hz, morpholino-CH,); 7.25 and 7.33 (s, 2H, imidazol-4,5-CH); 7.49
and 8.04 (d, 4H, J: 8.5 Hz, -NC4H,COCHa); 8.20 (s, 1H, NCHN).
13C NMR (100 MHz, CDCls, 298 K), &: 26.2 (-CsH,COCHj;); 37.3
and 59.0 (NCH,CH,N); 52.8 and 64.3 (morpholino-CH,); 121.0,
130.4, 136.2 and 140.4 (Ar-C); 142.7 (NCHN);
196.4 (-NC4H,COCHS,).

1-(4-acetylphenyl)-3-(2-piperidino)ethylimidazolium chloride
hydrochloride, 1b

Yield: % 72. M.p.: 158-159°C; v(C=0): 1672 cm™'; V(CN): 1605
cm™!. 'TH NMR (400 MHz, CDCls, 298 K), &: 2.59 (s, 3H,
-NC¢H,COCHa;); 2.85 and 3.81 (s, 8H, piperidino-CH,); 3.40 and
4.00 (t, 4H, J: 6.5 Hz, NCH,CH,N); 7.35 and 7.40 (s, 2H, imidazol-
4,5-CH); 7.54 and 8.06 (d, 4H, J: 8.3 and 8.2 Hz, NCsH,COCHS,);
8.81 (s, 1H, NCHN); 12.90 (s, 1H, HCI). *C NMR (100 MHz,
CDCl;, 298 K), &: 23.2 and 54.3 (piperidino-CH,); 26.7
(-C¢H,COCHS,); 37.8 and 56.1 (NCH,CH,N); 121.4, 127.2, 130.5,
136.9 and 137.6 (Ar-C); 142.4 (NCHN); 196.4 (-NCcH,COCH3).

1-(4-acetylphenyl)-3-(2-pyrrolidino)ethylimidazolium chloride
hydrochloride, 1c

Yield: % 67. M.p.: 233-234°C; v(C=0): 1682 cm *; v(CN): 1557
cm™!. '"H NMR (400 MHz, CDCls;, 298 K), &: 2.58 (s, 3H,
NC.H,COCH,); 3.28 and 4.04 (t, 4H, J: 6.5 Hz, NCH,CH,N);
1.84,2.20, 2.71 and 3.56 (s, 10H, pyrrolidino-CH,); 7.29 and 7.36 (s,
2H, imidazol-4,5-CH); 7.54 and 8.06 (d, 4H, J: 8.6 Hz,
NC¢H,COCH;); 8.49 (s, 1H, NCHN); 12.62 (s, 1H, HCl). *C
NMR (100 MHz, CDCl;, 298 K), &: 21.9, 23.0 and 53.9
(pyrrolidino-CH,); 26.6 (-C4H,COCH;3); 36.6 ve 58.2
(NCH,CH,N); 118.3, 121.2, 128.3, 130.5 and 136.5 (Ar-C); 139.9
(NCHN); 196.4 (-NC¢H,COCHS).

1-(4-acetylphenyl)-3-(pyridin-2-yl)methylimidazolium bromide
hydrobromide, 1d

1-(4-acetylphenyl)-3-(pyridin-2-yl)methylimidazolium
bromide hydrobromide (1d) synthesized in our work carries an
additional charge compared to the previously reported salt, 3-(4-
acetylphenyl)-1-(2-pyridylmethyl)imidazolium bromide (Ibrahim
and Bala, 2016). Yield: % 64. M.p.: 298-299°C; v(C=0): 1636
cm™’; V(CN): 1501 cm™. "H NMR (400 MHz, CDCl;, 298 K), &:
2.67 (s, 3H, -NC4H,COCHS,); 5.77 (s, 2H, NCH,CsH,N-2); 7.70 (d,
1H, J: 7.7 Hz, imidazol-4,5-CH); 8.52 (s, 1H, imidazol-4,5-CH); 8.02
and 8.23 (d, 4H, J: 8.8 Hz, NC4H,COCHs;); 10.26 (s, 1H, NCHN).
13C NMR (100 MHz, CDCls, 298 K), &: 27.5 (-C¢H,COCHa); 54.0
(s, 2H, NCH,CsH,N-2); 121.6, 122.3, 123.8, 124.7, 124.8, 130.6,
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137.2, 137.8, 138.3, 149.1 and 152.9 (Ar-C); 139.3 (NCHN);
197.5 (-NC¢H,COCH53).

1-(4-formylphenyl)-3-(2-morpholino)ethylimidazolium chloride
hydrochloride, 2a

Yield: % 78. "H NMR (400 MHz, CDCl;, 298 K), & 3.42 and
4.04 (t, 4H, J: 6.9 and 6.8 Hz, NCH,CH,N); 3.21 (s, 2H,
morpholino-CH,); 3.84-3.88 (m, 6H, morpholino-CH,); 7.37 and
8.06 (s, 2H, imidazol-4,5-CH); 7.99 and 8.09 (d, 4H, J: 8.6 Hz,
“NCH,CHO); 10.02 (s, 1H, NCHN); 10.11 (s, 1H, -NCH,CHO);
10.28 (s, 1H, NCHN). '>*C NMR (100 MHz, CDCls, 298 K), &: 37.8
and 56.9 (NCH,CH,N); 31.2, 36.3, 51.8 and 63.8 (morpholino-
CH,); 119.0, 121.2, 122.9, 131.7, 135.2 and 162.8 (Ar-C); 141.9
(NCHN); 192.6 (-NC4H,CHO).

1-(4-formylphenyl)-3-(2-piperidino)ethylimidazolium chloride
hydrochloride, 2b

Yield: % 71. M.p.: 239-240°C; v(C=0): 1700 cm™%; v(CN): 1604
cm™'. "H NMR (400 MHz, CDCls, 298 K), &: 4.40 and 4.79 (s, 3H,
NCH,CH,N); 4.06 (t, 1H, J: 7.0 Hz, NCH,CH,N); 1.79, 2.97 and
3.66 (s, 10H, piperidino-CH,); 7.96 (d, 1H, J: 8.2 Hz, imidazol-4,5-
CH); 7.36 (s, 2H, imidazol-4,5-CH); 7.54 and 8.06 (d, 4H, J: 8.6 Hz,
NC4H,CHO); 8.47 (s, 1H, imidazol-4,5-CH); 10.13 (s, 1H,
-NCeH,CHO); 10.32 (s, 1H, NCHN); 11.48 (s, 1H, HCl). °C
NMR (100 MHz, CDCls, 298 K), 8: 19.0, 21.8, 22.7, 52.7 and 52.9
(piperidino-CH,); 40.9 and 56.5 (NCH,CH,N); 118.3, 120.9, 121.4,
122.9, 124.1, 131.7 and 136.9 (Ar-C); 139.4 (NCHN);
192.7 (-NC4H,CHO).

1-(4-formylphenyl)-3-(2-pyrrolidino)ethylimidazolium chloride
hydrochloride, 2c

Yield: % 78. "H NMR (400 MHz, CDCl,, 298 K), &: 1.92, 2.01,
3.12 and 3.65 (s, 8H, pyrrolidino-CH,); 3.68 and 4.76 (s, 4H,
NCH,CH,N); 8.19 and 8.47 (s, 2H, imidazol-4,5-CH); 8.09 and
8.20 (d, 4H, J: 8.5 and 8.7 Hz, NC¢H,CHO); 10.12 (s, 1H,
-NC¢H,CHO); 10.41 (s, 1H, NCHN); 11.65 (s, 1H, HCl). *C
NMR (100 MHz, CDCl;, 298 K), &: 19.0, 23.3, 46.0 and 53.6
(pyrrolidino-CH,); 40.9 and 56.5 (NCH,CH,N); 121.7, 123.1,
124.0, 137.0 and 137.9 (Ar-C); 139.4 (NCHN);
192.7 (-NC4H,CHO).

1-(4-formylphenyl)-3-(pyridin-2-yl)methylimidazolium bromide
hydrobromide, 2d

Yield: % 73. M.p.: 239-240°C; v(C=0): 1696 cm™%; v(CN): 1602
cm™'. '"H NMR (400 MHz, CDCl;, 298 K), &: 6.13 (s, 2H,
NCH,CsH4N-2); 7.99 and 8.44 (s, 2H, imidazol-4,5-CH); 8.10
and 8.19 (d, 4H, J: 8.3 Hz, NCcH,CHO); 10.10 (s, 1H, NCHN);
10.13 (s, 1H, NC4H,CHO); 11.24 (s, 1H, HBr). "*C NMR (100 MHz,
CDCls, 298 K), &: 56.5 (NCH,CsH,N-2); 121.1, 121.9, 123.0, 127.6,
131.1, 131.6, 135.7 and 136.8 (Ar-C); 139.5 (NCHN);
192.7 (-NC4H,CHO).

2.3 Biochemical studies

2.3.1 Measurement of AChE activity

AChE activity was determined by spectroscopic method using
acetylthiocholine iodide as substrate (Ellman et al., 1961; Isik and
Beydemir, 2021). Reaction mixtures contained the 50 UL of 5,5'-
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dithio-bis(2-nitro-benzoic)acid compound (DTNB) and 100 uL of
Tris-HCl solution (1 M, pH 8.0), and 20 uL AChE solution in total
volume of 1 mL. The mixture was then incubated and mixed for 15
min at 30°C. Next, The reaction was started by adding 50 pL of
acetylthiocholine iodide, and carried out for 5 min at 30°C. After
adding substrate, the change in absorbance at 0 and 5 minutes was
recorded at 412 nm.

2.3.2 In vitro inhibition studies

AChE activities were determined at 30°C by using five
concentrations of acetylthiocholine iodide and three concentrations
of compounds. The inhibition percentage for each compound, the
1Cs values, the Ki values with Lineweaver-Burk curves and the
inhibition types were determined to reveal the mechanism of
inhibition (Demir et al., 2017; Tiirkes et al., 2021).

2.4 Antimicrobial test

This study used standard strains of bacteria known to be
resistant to antibiotics. These isolates were identified as three
gram-positive bacteria: Bacillus subtilis, Staphylococcus aureus
(ATCC 29213) and Enterococcus faecalis (ATCC 29212); and two
Gram-negative bacteria: Escherichia coli (ATCC 25922) and
Pseudomonas aeruginosa (ATCC 27853). The strains were grown
in blood medium one night before the broth microdilution method
was used. They were then passaged and stored in tryptic soy broth
(TSB) at -20°C for repeat experiments. Bacterial strains were
passaged in blood medium and incubated in an oven at 35 + 2°C
for 18-24 hours. At least 3-5 similar colonies were selected from the
culture plate. These were picked up with a loop and transferred to
4-5 mL of liquid medium (e.g. tryptic soy broth). The broth was
incubated at 35°C until the turbidity reached McFarland 0.5
(approximately 2-6 hours). The density of the culture in the
broth was determined by preparing a bacterial solution with a
McFarland density of 0.5. The microdilution method was used to
determine MIC values. Standards were dissolved in DMSO. Positive
controls were prepared with penicillin, fluconazole and gentamicin.

It was prepared at concentrations of 1, 2, 4, 8, 16, 32, 64, 128,
256 and 512 pg/mL. 1% DMSO was used as a solvent control.
Compounds were spiked at initial test control concentrations of 250
pg/mL in MHB. MHB was added to all wells except the first well.
100 pl of compounds were added to the first well. Serial dilutions
were then made and diluted to the minimum concentration (1 pg/
ml). Then 0.5 McFarland was prepared from bacteria incubated in
MHB for 1 night. Then 50 pl of bacterial suspension was added to
each well. The plates were incubated at 37°C for 24 hours. The
microplates were then read in the spectrophotometer at a
wavelength of 620 nm.

2.5 Minimum inhibition on konsantrasyon

100 pl of MHB was added to each well of a 12-well U-bottom
microplate. 100 UL of the previously prepared NHC precursor drug
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was taken and transferred to the first well, and 100 UL was taken
again by pipetting and transferred to the second well. In this way,
dilutions were made sequentially up to the 11" well. No NHC
precursor was added to the 12th well, which was used as a positive
control. Then 100 UL of the prepared 5 x 105 CFU/mL bacterial
suspension was taken and added to all wells without adding to the
11th well. The 11th well was used as a negative control (Demirhan
etal, 2024). The same study was performed for all NHC precursors.
The microplates were then incubated at 35°C for 24 hours. The
lowest concentration at which no growth occurred for all strains
was determined as the MIC.

2.6 In silico details

S. aureus (PDB ID: IMVT), E. coli (PDB ID: 4XO8), E. faecalis
PDB ID: 60RI and P. aeruginosa PDB ID: 4JVI protein structures
and molecular docking studies were performed on the synthesized
compounds using Discovery Studio (version 2021) (Biovia, 2021).
The structures of compounds la-2d were drawn using
ChemBioDraw Ultra [Chemical Structure Drawing Standard;
Cambridge Soft Corporation, USA (2010)] and then energetically
minimized using Discovery Studio. The co- crystallized protein-
ligand complex structure (pdb IDs 1IMVT, 4XO8, 60RI and 4JVI)
was downloaded from the Protein Data Bank and prepared according
to the requirements of the docking study, such as addition of
hydrogen atoms and removal of water/impurities. The binding site
was defined according to the volume occupied by the bound ligand in
the ‘Define and edit binding site’ tools of DS 2019. Other parameters
were left at their default values. Compounds la-2d were docked to the
receptor using the Autodock 4.2.6 and Autodock Vina packages
(Trott and Olson, 2009; Pettersen et al., 2004; Oner et al., 2023).

3 Results

3.1 Characterization results of synthesized
compounds

Unsymmetrical new imidazolium salts (la-d and 2a-d)
containing 4-acetylphenyl or 4-formylphenyl groups were prepared
according to the literature method by the reactions of 4-(1-H-
imidazol-1-yl)acetophenone/4-(1-H-imidazol-1-yl)benzaldehyde
with various heterocyclic ring alkyl halides in acetonitrile for 24 h at
80 °C (Figures 2, 3). Double positively charged imidazolium salts were
synthesized via a quaternization reaction proceeding through an Sx2
mechanism (Figure 4). In this Sy2 mechanism, N-alkylimidazole acts
as the nucleophile. Both the N-alkylimidazole and the alkyl halide
significantly influence the reaction rate (Messali, 2014).

3.2 Enzyme inhibition (AChE) results

The synthesized derivatives (la-d and 2a-d) with a series of
imidazolium salts demonstrated significant inhibitory activity against
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FIGURE 2
Synthesis of imidazolium salts containing 4-acetylphenyl

key enzymes associated with AD, namely acetylcholinesterase
(AChE), with inhibitory potencies in the micromolar range.
Specifically, the derivatives exhibited robust inhibitory effects
against AChE, with Kj values ranging from 0.63 + 0.04 uM to
11.23 + 1.05 uM and ICsq values spanning from 0.82 + 0.06 UM to
14.75 + 0.82 uM. Notably, all derivatives displayed superior
inhibitory activity against AChE compared to the reference
compound tacrine (ICso: 325.324 + 28.15 uM; Kp: 105.29 +
9.67 UM). Among the series, compound 2d emerged as the most
potent AR inhibitor, with a K; value of 0.63 + 0.04 uM, indicating its
high affinity and selectivity for the enzyme. In contrast, compound
1a, while still exhibiting inhibitory activity, showed a relatively lower
affinity for AChE, with a Kj value of 11.23 + 1.05 uM. The K; values,
which reflect the binding affinity and selectivity of the inhibitors,
revealed that compound 2d possessed the highest selectivity for
AChE, whereas compound 1la demonstrated the lowest selectivity
within the series. These findings underscore the potential of these
derivatives, particularly compound 2d, as promising candidates for
the development of therapeutic agents targeting AD-related enzymes.
The detailed enzyme kinetic analysis, summarized in Table 1,
provides valuable insights into the structure-activity relationships
and selectivity profiles of these inhibitors, further supporting their
potential for therapeutic applications.
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3.3 Antibacterial activity results

In this study, MIC values lu 8 precursors including electron
withdrawing quaternary ammonium group carbene precursors and
NHC-M (M: Ag and Ru) complexes of these carbene precursors
were synthesized and their antibacterial activities were determined.
According to these results, it was found that these precursors were
most effective against the gram-positive bacteria S. aureus. It was
noteworthy that they gave the same results against the gram-
negative bacteria E. coli, P. aeruginosa la, 1b, 2a, 2¢c, 2d. 1c was
the most effective precursor against all the bacteria used in the
study. In addition, precursor lc gave the highest value for P.
aeruginosa. The MIC values lu the synthesized precursor
compounds are shown in Table 2.

3.4 Docking study results

In the docking study to investigate the mode of action of small
molecule compounds as antimicrobial agents, we used PDB ID:
IMVT for S. aureus (PDB ID: 1IMVT), PDB ID: 4XO8 for E. coli
(PDB ID: 4X08), PDB ID: 60RI for E. faecalis and PDB ID: 60RI
for P. aeruginosa: 60RI and for P. aeruginosa PDB ID: 4]JVI protein
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TABLE 1 Inhibition effect on AChE of a series of imidazolium salts and tacrine as standard inhibitors.

Compound ID
ICsp (UM) @ Inhibition type
la 14.75 £ 0.82 0.954 11.23 £ 1.05 0.963 Uncompetitive
1b 221 £0.16 0.996 1.69 + 0.08 0.945 Uncompetitive
lc 10.52 + 1.08 0.961 8.05 +0.72 0.972 Uncompetitive
1d 1.05 £ 0.07 0.929 0.80 + 0.06 0.948 Uncompetitive
2a 0.87 + 0.06 0.924 0.66 + 0.03 0.963 Uncompetitive
2b 1.02 £ 0.08 0.945 0.78 + 0.05 0.945 Uncompetitive
2¢ 413 £0.25 0.934 3.16 + 0.24 0.972 Uncompetitive
2d 0.82 £ 0.06 0.964 0.63 + 0.04 0.948 Uncompetitive
Tacrine® 325.324 + 28.15 0.975 105.29 + 9.67 0.982 Competitive

“The test results were expressed as means of triplicate assays + SEM.
"Tacrine was used as a positive control.

structures. The ligand-protein interaction behavior was predicted
using the docking score function as implemented in AutoDock 4.2.6
and the AutoDock Vina package. All calculations of the counter
docking experiment for the crystal structures (PDB: IMVT, 4XO8,
60RI and 4JVI) are presented in Tables 3-6. All compounds were
redocked into the active site without a reference inhibitor and the
ligands successfully complexed with the active sites of the enzyme.

R.

a b

FIGURE 3
Synthesis of imidazolium salts containing 4-formylphenyl.

The removed docked positions of the ligands were energetically
minimized using a molecular mechanical force field until a gradient
convergence of 0.05 kcal/mol was achieved. Poses with an initial
docking score of AG < - 6 kcal/mol were selected. These poses were
filtered according to the lowest AutoDock docking score, which was
assigned to those with the lowest root mean square deviation
(RMSD) relative to the reference drugs. The highest AutoDock
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FIGURE 4
Synthesis mechanism of imidazolium salts (la-d and 2a-d).
TABLE 2 Minimum inhibitory concentration (mg/mL) of imidazolium salts.
Compound S. aureus E. faecalis E. coli P. aeruginosa
la 0,0250 0,05 0,2 0,2
1b 0,0125 0,05 0,2 0,2
1c 0,025 0,05 0,05 0,025
1d 0,05 0,01 0,05 0,2
2a 0,25 0,25 0,2 0,2
2b 0,25 0,05 0,1 0,2
2c 0,1 0,05 0,2 0,2
2d 0,25 0,1 0,2 0,2

TABLE 3 Binding scores and chemical bond structures in S. aureus bacterial structure.

Compounds AG (kcal/mol) H bond interaction Hydrofobic interaction Electrostatic interation
la 7.1 ASN464, GLU602 TYR446 MET641
1b 57 SER403, SER462, ALA642, SER643 TYR446, MET641 -
Ic -7.0 HIS583, THR600 TYR446 -
1d 74 ASN464, THR600, ALA642, SER643 TYR446 -
2a -6.0 ASN464, GLN21, HIS583, SER598 TYR446 -
2b -7.0 TYR446, ASN464 - MET641
2 -6.6 ASN464, THR600, ALA642, SER643 THR446, MET641 -
2d 74 SER403, SER462, ASN464, THR446, SER598 HIS583 MET641

4.2.6 scoring function for the tested compounds was used to assess
binding affinities (Tables 3-6).

The amino acid residues of the bacterial structures associated
with compounds 1a-2d are shown in Figures 5-8. The targeting of
la-2d to the active pocket regions of the bacterial structures is
shown in Figures 9-12.

4 Discussion

In this study, it was hypothesized that imidazolium salts
carrying two positive charges could serve as suitable alternatives
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to quaternary ammonium compounds, which are widely used as
antiseptics, disinfectants, and antimicrobial agents, due to their
tunable hydrophobic, hydrophilic, and electrostatic properties.
Therefore, our study involves the synthesis and investigation of
the biological properties of two series of imidazolium salts. These
compounds incorporate bioactive heterocyclic rings such as
piperidine, morpholine, pyrrole, and pyridine, introduced by
alkylation at the third nitrogen atom of the 1-(4-acetyl/
formylbenzyl)imidazole ring. In this study, eight imidazolium
salts were synthesized, all of which are novel. The imidazolium
salts were synthesized in high yields ranging from 66% to 87%. The
structures of all synthesized salts were characterized by using 'H
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TABLE 4 Binding scores and chemical bond structures in E. coli bacterial structure.

Compounds AG (kcal/mol) H bond interaction = Hydrofobic interaction Electrostatic interation
la 6.3 VAL94, ASN96, PRO102 LYS76, PRO104 -
1b -52 SER78, PRO104 LYS101 -
lc 7.4 SER39, SER97, LYS101 LYS76, PRO102, -

PRO104, ALA106
1d 7.1 SER78, VAL94 PRO102, TRP103, PRO104 LYS101
2a 6.2 ASP37, LYS101 PRO102, PRO104 -
2 6.9 SER39, SER97, LYS101 LYS76, PRO104, ALA106 -
2 6.2 VAL94, SER97, LYS101 LYS101, PRO104 -
2d -6.7 SER97 VAL93, LYS101, LYS101
PRO102, PRO104

TABLE 5 Binding scores and chemical bond structures in E. faecalis bacterial structure.

Compounds AG (kcal/mol) H bond interaction Hydrofobic interaction Electrostatic interation
la 7.3 ASP421 ILE423 -
1b -6.0 GLN120, ASN159 ILE160, MET213 -
lc 7.2 ASP421 ILE423 -
1d 7.7 GLY230, GLU232 TYR72, PRO229, LYS292, ASP290
ALA342, VAL388
2a 6.2 LYS200 ALA204 -
2b 7.2 THR239, ASP240, GLN241 PHE199, LYS200, ALA204 -
2 6.8 ASP421 ILE423 -
2d 7.4 LYS200, ALA204 LEU207 -

TABLE 6 Binding scores and chemical bond structures in P. aeruginosa bacterial structure.

Compounds AG (kcal/mol) H bond interaction Hydrofobic interaction Electrostatic interation
la -6.8 - LEU208, ILE236 -
1b 5.3 LEU197 LEU208,ILE236 -
Ic 7.1 - VAL170, LEU208,ILE236, TYR258, ILE263 -
1d 7.4 LEU207 ALAI168, VAL170, LEU208, VAL211, -

ILE236, TYR258
2a -6.1 GLN194, LEU207, LEU208 ILE236 -
2b 7.2 - VALI70, LEU189, LEU208, VAL211, -
ILE236, TYR258
2 6.4 LEU197 LEU208, VAL211, ILE236 -
2d -7.0 SER255 ALA168, VAL170, LEU207, ILE236, TYR258 -

NMR, *C NMR, FTIR spectroscopic methods, and elemental
analysis techniques. These salts, which are stable against air and
moisture, are very soluble in polar organic solvents such as ethyl
alcohol, dimethylformamide and dimethylsulfoxide, but are
insoluble in nonpolar solvents such as hexane, toluene and
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diethyl ether. When the '"H NMR spectra of these la-d salts are
examined, the characteristic 2-CH proton signals of imidazolium
salts containing the acetyl group (la-d) are seen at 8.20, 8.81, 8.49
and 10.90 ppm, respectively, proving the formation of these salts.
The protons belonging to the aromatic group (-CcH,COCHj;) in
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FIGURE 5

Chemical binding targets of 1a-2d in S. aureus bacterial structure.

compounds la-d give doublet peaks at approximately 7.49 to 8.23
ppm. The hydrogens of the imidazole ring were observed as siglets
between 7.25 and 8.52 ppm. Benzylic CH, protons in compound 1d
give siglet peaks of 5.77 ppm.

The characteristic 2-CH proton signals of imidazolium salts
(2a-d) containing the formyl group were also seen at 10.02, 10.13,
10.12 and 10.10 ppm, respectively. The formation of the imidazolium

salts were established by the appearance of the characteristic proton
peak belonging to the 2-CH group in the imidazole ring. Protons
belonging to the aromatic group (-CsH,COCHO) to which the
formyl group in compounds 2a-d is attached give doublet peaks at
around 7.99 to 8.21 ppm. The proton of the formyl group was
observed at around 10 ppm. Benzylic CH, protons in compound 2d
give siglet peaks of 5.75 ppm.
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Chemical binding targets of 1a-2d in E. coli bacterial structure.
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FIGURE 7

Chemical binding targets of 1a-2d in E. Faecalis bacterial structure.

In the >C NMR spectra of all imidazolium salts (1a-d and 2a-d)
bearing 4-acetylphenyl and 4-formylphenyl groups, the characteristic
2-C peaks of imidazolium salts were seen at 142.7, 139.9, 142.4, 139.3,
141.9, 139.4, 139.4 and 139.5 ppm, respectively. Benzylic CH, carbon
in compounds 1d and 2d give siglet peaks of 54.5 and 56.5 ppm,
respectively. The carbon of the formyl group in compounds 2a-d is
observed at approximately 192.7 ppm, while the carbonyl carbon in
compounds la-d is observed at approximately 197.4 ppm.

4-Acetylphenyl, 4-formylphenyl and a second heterocyclic
substituent containing imidazolium FTIR spectra of the salts were
taken. The FTIR data for imidazolium salts of the 4-formylphenyl
group revealed a characteristic v(C-N) band at 1603, 1605, 1557,
and 1501 cm ™, while Vv(C=0) band was observed at 1672, 1682, and
1636 cm™! for la-d, respectively. At the same time, the FTIR data
for imidazolium salts bearing the 4-acetylphenyl group show that a
characteristic V(C-N) band is observed at 1603, 1604, and
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Chemical binding targets of 1a-2d in P. aeruginosa bacterial structure.
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FIGURE 9
Binding model of 1a-2d in the bacterial structure of S. aureus.

1602 cm ™! for 1a, 1c and 1d, while v(C=0) band was observed at
1700, 1696 cm™ for 2b and 2d, respectively. All spectroscopic data
obtained appear to be compatible with the literature (Sar1 et al.,
2018; Erdemir et al., 2018; Ttiirker et al., 2018; Behget et al., 2018;
Yigit et al., 2018; Bal et al., 2021).

The compounds synthesized in this study exhibited remarkable
AChE inhibitory activity at the micromolar level, demonstrating
significantly enhanced potency compared to the results reported in

previous studies. For instance, in a prior investigation,
4-aminobenzenesulfonamide derivatives were synthesized and
evaluated for their AChE inhibitory effects, with Kj constants
ranging from 2.54 + 0.22 uM to 299.60 * 8.73 uM (Isik et al,
2019). Similarly, another study focused on the synthesis of novel
pyridine 2,4,6-tricarbohydrazide derivatives, which displayed AChE
inhibitory activity with an IC5, value of 50.2 + 0.8 uM (Riaz et al,,
2015). In contrast, the compounds developed in the current study

FIGURE 10
Binding model of 1a-2d in the bacterial structure of E. Coli.
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FIGURE 11
Binding model of 1a-2d in the bacterial structure of E. Faecalis.

achieved micromolar-range ICs, values, highlighting their superior
inhibitory efficacy.

The results suggest that these compounds act as uncompetitive
inhibitors of AChE, highlighting their potential as promising
candidates for the development of therapeutic agents targeting
neurodegenerative diseases such as Alzheimer’s, where AChE
inhibition is a critical strategy to mitigate disease progression.

In this study, MIC values were obtained from eight carbene
precursors (NHC-M) carrying quaternary ammonium groups
with electron-withdrawing properties depending on their
antibacterial activities. Literature studies have shown that
imidazolium salts have the expected weak MIC values (Messali
et al., 2013; Riduan and Zhang, 2013; Coleman et al., 2012).
According to these results, these prodrugs were the most

FIGURE 12
Binding model of 1a-2d in the bacterial structure of P. aeruginosa.
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effective against the gram-positive bacterium S. aureus. This can
be explained by the presence of the protective membrane on the
outer surface of Gram-positive bacteria. On the other hand, it was
observed that the synthesized compounds 1la, 1b, 2a, 2¢, and 2d
were quite active against Gram-negative bacteria (E. coli,
P. aeruginosa). It was noteworthy that they gave the same
results against precursors la, 1b, 2a, 2¢, and 2d. In the study,
compound 1lc was the most effective precursor against all
the bacteria used in the study. This situation is related to the
length of the alkyl chain of the imidazolium salts. Also, the
highest value for P. aeruginosa was also given by precursor lc.
Our research results are consistent with the literature
(Demberelnyamba et al., 2004).

The docking results in the S. aureus bacterial structure showed
that the binding affinities of compounds la-2d were
1d>2d>la>la>1lc=2b>2c>2a>1b, respectively. E. coli,
lc>1d>2b>2d>1a>2a=2c>1b, in E. faecalis the order was
1d>2d>1a>1c=2b>2c>2a>1b and finally in P. aeruginosa the order
was 1d>2b>1c>2d>1a>2c>2a>1b. When the bacterial results were
compared with the molecular docking results, it was found that
compounds 1, la, 1b, 2a, 2¢ and 2d showed good binding affinity to
bacteria according to the docking results. Results supporting the
bacterial study were observed.

5 Conclusion

Imidazolium salts containing groups with electron withdrawing
properties on the first nitrogen atom (4-acetylphenyl and 4-
formylphenyl) and heterocyclic substituents with bioactive
properties (morpholine, pyrrolidine, pyrrole and pyridine) on the
second nitrogen atom were synthesized by quaternization method.
The synthesized salts were characterized by various physical and
analytical techniques such as elemental analysis, melting point, 'H
and "?C NMR and FTIR. The presence of two positive charges in the
synthesized compounds will allow these compounds to interact
electrostatically with enzymes and bacteria. In addition, these salts
have extensive hydrogen bonding networks and wing-tip N-
functionalizations, which impart special properties such as
hydrophilicity on azolium salts.

In this study, the inhibitory potentials of compounds
synthesized on metabolically important cholinergic enzymes
(AChE) in the formation of AD were analyzed and demonstrated.
As a result, it was determined that compounds (la-d and 2a-d)
showed inhibitory properties especially on Acetylcholinesterase
enzyme (AChE) related to AD. This substantial improvement in
potency underscores the potential of the newly synthesized
compounds as highly effective AChE inhibitors, positioning them
as promising candidates for further development in the treatment of
neurodegenerative disorders. Finally, it is important to investigate
and know the active metabolic enzyme inhibitory effects of such
compounds found in naturally sourced algae rather than synthetic
inhibitors used for treatment purposes. In this study, eight
imidazalium precursors were synthesized and their inhibitory
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effects on Gram positive and negative bacteria were examined. It
was evaluated that the synthesized compounds had an inhibitory
effect especially on Gram negative bacteria. The obtained results
show that antimicrobial activity should be taken into consideration
in the design of imidazalium salts and their evaluation in clinical
and industrial applications.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

ID: Conceptualization, Data curation, Investigation,
Methodology, Writing - original draft. AN: Conceptualization, Data
curation, Investigation, Methodology, Validation, Writing - original
draft. EO: Formal Analysis, Investigation, Methodology, Project
administration, Resources, Writing - original draft, Writing -
review & editing. NG: Formal Analysis, Investigation, Methodology,
Software, Validation, Visualization, Writing — original draft, Writing -
review & editing. OD: Data curation, Formal Analysis, Investigation,
Project administration, Resources, Supervision, Writing - review &
editing. YG: Funding acquisition, Investigation, Methodology,
Resources, Supervision, Validation, Visualization, Writing — original
draft. ND: Data curation, Funding acquisition, Investigation,
Methodology, Resources, Validation, Visualization, Writing -
original draft, Writing - review & editing. MI: Formal Analysis,
Investigation, Methodology, Project administration, Resources,
Software, Supervision, Validation, Writing — review & editing. MR:
Data curation, Project administration, Resources, Supervision,
Visualization, Writing - original draft, Writing - review & editing.
JK: Formal Analysis, Funding acquisition, Investigation,
Methodology, Resources, Visualization, Writing — original draft. RI:
Funding acquisition, Investigation, Project administration, Resources,
Software, Validation, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was financially
supported by Harran University Research Fund (Project Code:
D7-21306).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1579916
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Demirhan et al.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

Aktas, A., Keles Temur, U., Gok, Y., Balcioglu, S., Ates, B., and Aygiin, M. (2018). 2-
Morpholinoethyl-substituted N-heterocyclic carbene (NHC) precursors and their silver
(DNHC complexes: synthesis, crystal structure and in vitro anticancer properties.
J. Iran. Chem. Soc 15, 131-139. doi: 10.1007/s13738-017-1216-8

Amyes, T. L., Diver, S. T,, Richard, J. P., Rivas, F. M., and Toth, K. (2004). Formation
and Stability of N-Heterocyclic Carbenes in Water: The carbon acid pKa of
Imidazolium Cations in Aqueous Solution. J. Am. Chem. Soc 126, 4366-4374.
doi: 10.1021/ja039890;

Arduengo, A. J., Calabrese, J. C., Davidson, F., Rasika,, Dias, H. V., Goerlich, J. R,,
et al. (1999). C-H insertion reactions of nucleophilic carbenes. Helv Chim. Acta 82,
2348-2364.

Ardugenyo, A. J., Krafczyk, R., Schmutzler, R., and Craig, H. A. (1999).
Imidazolylidenes, imidazolinylidenes and imidazolidines. Tetrah. 55, 14523-14534.
doi: 10.1016/S0040-4020(99)00927-8

Bal, S., Demirci, O., Sen, B., Taslimi, P., Aktas, A., G6k, Y., et al. (2021). Synthesis,
characterization, crystal structure, a-glycosidase, and acetylcholinesterase inhibitory
properties of 1, 3-disubstituted benzimidazolium salts. Arch. Phar. 354, 2000422.
doi: 10.1002/ardp.202000422

Behget, A., Caglilar, T, Barut Celepci, D., Aktas, A., Taslimi, P., Gok, Y., et al. (2018).
Synthesis, characterization, and crystal structure of 2-(4- hydroxyphenyl)ethyl and 2-
(4-nitrophenyl)ethyl Substituted Benzimidazole Bromide Salts: Their inhibitory
properties against carbonic anhydrase and acetylcholinesterase. J. Mol. Struc. 1170,
160-169. doi: 10.1016/j.molstruc.2018.05.077

Biovia, D. S. (2021). Discovery studio visualizer Vol. 936 (Dassault Systemes BIOVIA:
San Diego, CA, USA).

Chauvin, Y. (1995). Olivier-Bourbigou H. Nonaqueous ionic liquids as reaction
solvents. Chemt Ech 25, 26-30.

Coleman, D., Spulak, M., Garcia, M. T., and Gathergood, N. (2012). Antimicrobial
toxicity studies of ionic liquids leading to a ‘hit’ MRSA selective antibacterial
imidazolium salt. Green Chem. 14, 1350-1356. doi: 10.1039/c2gc16090k

Dastan, T., Kocyigit, U. M., Durna Dastan, S., Canturk Kilickaya, P., Taslimi, P.,
Cevik, O., et al. (2017). Investigation of acetylcholinesterase and mammalian DNA
topoisomerases, carbonic anhydrase inhibition profiles, and cytotoxic activity of novel
bis (oi-aminoalkyl) phosphinic acid derivatives against human breast cancer. J.
Biochem. Mol. Toxico 31, €21971. doi: 10.1002/jbt.21971

Demberelnyamba, D., Kim, K. S., Choi, S, Park, S. Y., and Lee, H. (2004). Synthesis
and antimicrobial properties of imidazolium and pyrrolidinonium salts. Bioorg Med.
Chem. 12, 853-857. doi: 10.1016/j.bmc.2004.01.003

Demir, Y., Isik, M., Giilgin, I, and Beydemir, S. (2017). Phenolic compounds inhibit
the aldose reductase enzyme from the sheep kidney. J. Biochem. Mol. Toxicol. 31 (9),
€21936. doi: 10.1002/jbt.21935

Demirhan, 1., Korkmaz, A., Oner, E., Gumuscu, N., Erbil, Y., Babaarslan, O., et al.
(2024). Synthesis, characterization, and antibacterial effect of St. John’s wort oil loaded
chitosan hydrogel. Int. J. Biol. Macromol. 260, 129444. doi: 10.1016/
j.ijbiomac.2024.129444

Durgun, M., Tiirkes, C., Isik, M., Demir, Y., Sakli, A., Kuru, A, et al. (2020). Synthesis,

characterisation, biological evaluation and in silico studies of sulphonamide Schiff bases. J.
Enz Inhib Med. Chem. 35, 950-962. doi: 10.1080/14756366.2020.1746784

Ellman, G. L., Courtney, K. D., Andres, J. V., and Featherstone, R. M. (1961). A new
and rapid colorimetric determination of acetylcholinesterase activity. Biochem.
pharmac. 7, 88-95. doi: 10.1016/0006-2952(61)90145-9

Erdemir, F., Barut Celepci, D., Aktas, A., Taslimi, P., Gok, Y., Karabiyik, H., et al.
(2018). 2-Hydroxyethyl substituted NHC precursors: Synthesis, characterization,
crystal structure and carbonic anhydrase, a-glycosidase, butyrylcholinesterase, and
acetylcholinesterase inhibitory properties. J. Mol. Struc. 1155, 797-806. doi: 10.1016/
j.molstruc.2017.11.079

Frontiers in Cellular and Infection Microbiology

15

10.3389/fcimb.2025.1579916

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1579916/
full#supplementary-material

Fernandez-Bachiller, M. L, Pérez, C., Gonzalez-Muioz, G. C., Conde, S., Lopez, M.
G., Villarrova, M., et al. (2010). Novel tacrine-8-hydroxyquinoline hybrids as
multifunctional agents for the treatment of Alzheimer’s disease, with
neuroprotective, cholinergic, antioxidant and coppercomplexing properties. J. Med.
Chem. 53, 4927-4937. doi: 10.1021/jm100329q

Garber, S. B, Kingsbury, J. S., Gray, B. L., and Hoveyda, A. K. (2000). Ru complexes
bearing bidentate carbenes: from innocent curiosity to uniquely effective olefin
metathesis. Org catalysts. Biomol. Chem. 2, 8-23. doi: 10.1039/B311496C

Gardiner, M. G., Herrmann, W. A., Reisinger, C. P., Schwarz, J., and Spiegler, M.
(1999). Dicationic chelating N-heterocyclic carbene complexes of palladium: new
catalysts for the copolymerization of C2H4 and CO. J. Organomet. Chem. 572, 239—
224. doi: 10.1016/S0022-328X(98)00960-7

Garrison, J. C., and Youngs, W. J. (2005). Ag(I) N-heterocyclic carbene
complexes: Synthesis, structure, and application. Chem. Rev. 105, 3978-4005.
doi: 10.1021/cr050004s

Gloor, S. M., Wachtel, M., Bolliger, M. F., Ishihara, H., Landmann, R., and Frei, K.
(2001). Molecular and cellular permeability control at the blood-brain barrier. Brain
Res. Rev. 36, 258-264. doi: 10.1016/S0165-0173(01)00102-3

Glorius, F., Altenhoff, G., Goddarda, R., and Lehmann, C. (2002). Oxazolines as
chiral building blocks for imidazolium salts and N-heterocyclic carbene ligands. Chem.
Commun. 22, 2704-2705. doi: 10.1039/b208045a

Haziz, F. M., Haque, R. A., Amirul, A. A, Aidda, O. N., and Razali, M. R. (2019). New
class of non-symmetrical homo-dibenzimidazolium salts and their dinuclear Silver(I)
di-NHC complexes. J. Organomet Chem. 899, 120914. doi: 10.1016/
j.jorganchem.2019.120914

Herrmann, W. A, Kocher, C., Gooflen, L. J., and Artus, G. R. (1996). Heterocyclic
carbenes: A high-yielding synthesis of novel, functionalized N-heterocyclic carbenes in
liquid ammonia. Chem. A Europ J. 2, 1627-1636. doi: 10.1002/chem.19960021222

Hussey, C. L. (1983). Room temperature molten salt systems. Adv. Molten Salt Chem.
5, 185-230.

Ibrahim, H., and Bala, M. D. (2016). Earth abundant metal complexes of donor
functionalised N-heterocyclic carbene ligands: synthesis, characterisation and
application as amination catalysts. New J. Chem. 40, 6986—6997. doi: 10.1039/
C6NJ01118G

Igbal, M. A,, Haque, R. A., Ahamed, M. B. K., Abdul Majid, A. M. S., and Al-Rawi, S.
S. (2013). Synthesis and anticancer activity of para-xylyl linked bis-benzimidazolium
salts and respective Ag(I) N-heterocyclic carbene complexes. Med. Chem. Res. 22,
2455-2466. doi: 10.1007/s00044-012-0240-6

Isik, M. (2019). The binding mechanisms and inhibitory effect of intravenous
anesthetics on AChE in vitro and in vivo: kinetic analysis and molecular docking.
Neurochem. Res. 44, 2147-2155. doi: 10.1007/s11064-019-02852-y

Isik, M., Demir, Y., Durgun, M., Tiirkes, C., Necip, A., and Beydemir, $. (2019).
Molecular docking and investigation of 4-(benzylideneamino)-and 4-(benzylamino)-
benzenesulfonamide derivatives as potent AChE inhibitors. Chem. Paper 74, 1395—
1405. doi: 10.1007/s11696-019-00988-3

Isik, M., and Beydemir, $. (2021). The impact of some phenolic compounds on serum
acetylcholinesterase: kinetic analysis of an enzyme/inhibitor interaction and molecular
docking study. J. Biomol Struc Dyn 39, 6515-6523. doi: 10.1080/
07391102.2020.1801509

Jamil, M. S. S. (2019). Synthesis, characterization, and catalytic activity of gold,
rhodium, and palladium complexes featuring fluorinated N-heterocyclic carbene ligands
(United Kingdom: The Univ of Manches).

Jia, J. Y., Zhao, Q. H,, Liu, Y., Gui, Y. Z,, Liu, G. Y., Zhu, D. Y., et al. (2013). Phase I
study on the pharmacokinetics and tolerance of ZT-1, a prodrug of huperzine A, for the
treatment of Alzheimer’s disease. Acta Pharmacol. Sin. 34, 976-982. doi: 10.1038/
aps.2013.7

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2025.1579916/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2025.1579916/full#supplementary-material
https://doi.org/10.1007/s13738-017-1216-8
https://doi.org/10.1021/ja039890j
https://doi.org/10.1016/S0040-4020(99)00927-8
https://doi.org/10.1002/ardp.202000422
https://doi.org/10.1016/j.molstruc.2018.05.077
https://doi.org/10.1039/c2gc16090k
https://doi.org/10.1002/jbt.21971
https://doi.org/10.1016/j.bmc.2004.01.003
https://doi.org/10.1002/jbt.21935
https://doi.org/10.1016/j.ijbiomac.2024.129444
https://doi.org/10.1016/j.ijbiomac.2024.129444
https://doi.org/10.1080/14756366.2020.1746784
https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.1016/j.molstruc.2017.11.079
https://doi.org/10.1016/j.molstruc.2017.11.079
https://doi.org/10.1021/jm100329q
https://doi.org/10.1039/B311496C
https://doi.org/10.1016/S0022-328X(98)00960-7
https://doi.org/10.1021/cr050004s
https://doi.org/10.1016/S0165-0173(01)00102-3
https://doi.org/10.1039/b208045a
https://doi.org/10.1016/j.jorganchem.2019.120914
https://doi.org/10.1016/j.jorganchem.2019.120914
https://doi.org/10.1002/chem.19960021222
https://doi.org/10.1039/C6NJ01118G
https://doi.org/10.1039/C6NJ01118G
https://doi.org/10.1007/s00044-012-0240-6
https://doi.org/10.1007/s11064-019-02852-y
https://doi.org/10.1007/s11696-019-00988-3
https://doi.org/10.1080/07391102.2020.1801509
https://doi.org/10.1080/07391102.2020.1801509
https://doi.org/10.1038/aps.2013.7
https://doi.org/10.1038/aps.2013.7
https://doi.org/10.3389/fcimb.2025.1579916
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Demirhan et al.

Kraneveld, A. D., de Theije, C. G., van Heesch, F., Borre, Y., de Kivit, S., Olivier, B.,
et al. (2014). The neuro-immune axis: Prospect for novel treatments for mental
disorders. Basic Clin. Pharmacol. Toxicol. 114, 128-136. doi: 10.1111/bcpt.12154

Lolak, N., Akocak, S., Durgun, M., Duran, H. E., Necip, A., Tiirkes, C., et al. (2022).
Novel bis-ureido-substituted sulfaguanidines and sulfisoxazoles as carbonic anhydrase
and acetylcholinesterase inhibitors. Mol. Diver. 27, 1735-1749. doi: 10.1007/s11030-
022-10527-0

Lolak, N., Akocak, S., Tiirkes, C., Taslimi, P., Isik, M., Beydemir, $., et al. (2020).
Synthesis, characterization, inhibition effects, and molecular docking studies as
acetylcholinesterase, o.-glycosidase, and carbonic anhydrase inhibitors of novel
benzenesulfonamides incorporating 1, 3, 5-triazine structural motifs. Bioorg Chem.
100, 103897. doi: 10.1016/j.bioorg.2020.103897

Marion, N., Frémont, P., and Carbenes, S. N. (2009). Synthesis, properties, and
organometallic chemistry Coord. Chem. Rev. 253, 862-892. doi: 10.1016/
j.ccr.2008.05.018

Messali, M. (2014). An efficient and green sonochemical synthesis of some new eco-
friendly functionalized ionic liquids. Arabian J. Chem. 7, 63-70. doi: 10.1016/
j.arabjc.2013.08.023

Messali, M., Moussa, Z., Alzahrani, A. Y., E-Naggar, M. Y., Eldouhaibi, A. S., Judeh,
Z. M., et al. (2013). Synthesis, characterization and the antimicrobial activity of new
eco-friendly ionic liquids. Chemosp. 91, 1627-1634. doi: 10.1016/j.chemosphere.
2012.12.062

Mukhametgalieva, A. R., Lushchekina, S. V., Aglyamova, A. R., and Masson, P.
(2022). Steady-state kinetic analysis of human cholinesterases over wide concentration
ranges of competing substrates. Biochim. Biophys. Acta (BBA)-Proteins Proteomics
1870, 140733. doi: 10.1016/j.bbapap.2021.140733

Ofele, K. (1968). 1,3-Dimethyl-4-imidazolinyliden-(2)-pentacarbonylchrom ein
neuer Ubergangsmetall-carben-komplex. J. Organomet Chem. 12, 42-43.

Oner, E., Gok, Y., Demir, Y., Taskin-Tok, T., Aktas, A., Gulcin, 1., et al. (2023).
Benzimidazolium salts bearing nitrile moieties: synthesis, enzyme inhibition profiling,
and molecular docking analysis for carbonic anhydrase and acetylcholinesterase. Chem.
Biodiv. 20, 12. doi: 10.1002/cbdv.202301362

Panza, F., Lozupone, M., Solfrizzi, V., Watling, M., and Imbimbo, B. P. (2019). Time
to test antibacterial therapy in Alzheimer’s disease. Brain 142, 2905-2929. doi: 10.1093/
brain/awz244

Pernak, J., Goca, I, and Mirskab, I. (2004). Anti-microbial activities of protic ionic
liquids with lactate anion. Green Chem. 6, 323-329. doi: 10.1039/b404625k

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng,
E. C,, etal. (2004). UCSF Chimera—a visualization system for exploratory research and
analysis. J. Comp. Chem. 25, 1605-1612. doi: 10.1002/jcc.20084

Prasasty, V., Radifar, M., and Istyastono, E. (2018). Natural peptides in drug
discovery targeting acetylcholinesterase. Molec. 23, 2344. doi: 10.3390/
molecules23092344

Riaz, S., Khan, I. U,, Bajda, M., Ashraf, M., Shaukat, A., Rehman, T. U., et al. (2015).
Pyridine sulfonamide as a small key organic molecule for the potential treatment of
type-II diabetes mellitus and Alzheimer’s disease: in vitro studies against yeast o.-
glucosidase, acetylcholinesterase and butyrylcholinesterase. Bioorg Chem. 63, 64-71.
doi: 10.1016/j.bioorg.2015.09.008

Riduan, S. N., and Zhang, Y. (2013). Imidazolium salts and their polymeric materials
for biological applications. Chem. Soc. Rev. 42, 9055-9070. doi: 10.1039/c3¢s60169b

Sar1, Y., Aktas, A., Taslimi, P., Gok, Y., and Giilgin, I. (2018). Novel N-propyl
phthalimide- and 4-vinyl benzyl-substituted benzimidazole salts: Synthesis,
characterization, and determination of their metal chelating effects and inhibition

Frontiers in Cellular and Infection Microbiology

16

10.3389/fcimb.2025.1579916

profiles against acetylcholinesterase and carbonic anhydrase enzymes. J. Biochem. Mol.
Toxicol. 32, 22009. doi: 10.1002/jbt.22009

Satheesh, D., Rajendran, A., Chithra, K., and Saravanan, R. (2020). Synthesis and
antimicrobial evaluation of N1-benzyl/butyl-2-methyl-4-nitro-3-imidazolium 3'-
chloroperoxy benzoates. Chem. Data Collect. 28, 100406. doi: 10.1016/
j.cdc.2020.100406

Selvarajoo, P. D., Haque, R. A,, Haziz, U. F. M., Avicorbc, S. W., Wajidi, M. F. F,, and
Razali, M. R. (2017). Dinuclear silver(I)-N-heterocyclic carbene complexes: Synthesis,
characterization and larvicidal activity of bis-imidazolium dinuclear silver(I)-N-heterocyclic
carbene complexes. J. Inorg Biochem. 175, 232-238. doi: 10.1016/j.jinorgbio.2017.07.030

Taslimi, P., Isik, M., Tiirkan, F., Durgun, M., Tiirkes, C., Giilgin, I, et al. (2020).
Benzenesulfonamide derivatives as potent acetylcholinesterase, o-glycosidase, and
glutathione S-transferase inhibitors: biological evaluation and molecular docking
studies. J. Biomol Struc Dyn. 39 (9), 3336-3346. doi: 10.1080/07391102.2020.1763838

Tessier, J., Lecluse, M., Gravel, J., and Schmitzer, A. R. (2018). Antimicrobial and
antibiofilm activity of disubstituted bis-benzimidazolium salts. Chem. Med. Chem. 13,
2567-2572. doi: 10.1002/cmdc.201800639

Thacker, P. D. (2003). Surprising discovery with Alzheimer’s medication. Drug Dis.
Today 8, 379-380. doi: 10.1016/S1359-6446(03)02685-0

Trott, O., and Olson, A. J. (2009). Software news and update AutoDock Vina:
improving the speed and accuracy of docking with a new scoring function. Efficient
Optimization, and Multithreading. J. Comp. Chem. 31, 455-461. doi: 10.1002/jcc.21334

Tiirker, F., Barut Celepci, D., Aktas, A., Taslimi, P., Gok, Y., Aygiin, M., et al. (2018).
Meta-Cyanobenzyl substituted benzimidazolium salts: Synthesis, characterization,
crystal structure and carbonic anhydrase, a-glycosidase, butyrylcholinesterase, and
acetylcholinesterase inhibitory properties. Arch. Pharm. Chem. Life Sci. 351, 1800029.
doi: 10.1002/ardp.201800029

Tiirkes, C., Akocak, S., Isik, M., Lolak, N., Taslimi, P., Durgun, M., et al. (2021).
Novel inhibitors with sulfamethazine backbone: synthesis and biological study of multi-
target cholinesterases and o.-glucosidase inhibitors. J. Biomol Struc Dyn. 40 (19), 8752—
8764. doi: 10.1080/07391102.2021.1916599

Van Veldhuizen, J. J., Campbell, J. J., Giudici, R. E., and Hoveyda, A. K. (2005). A
readily available chiral ag-based N-heterocyclic carbene complex for use in efficient and
highly enantioselective ru-catalyzed olefin metathesis and cu-catalyzed allylic alkylation
reactions. J. Am. Chem. Soc. 127, 6877-6882. doi: 10.1021/ja050179j

Van Veldhuizen, J. J., Gillingham, D. G., Garber, S. B., Kataoka, O., and Hoveyda, A.
K. (2003). Ru complexes bearing bidentate carbenes: from innocent curiosity to
uniquely effective catalysts for olefin metathesis. J. Am. Chem. Soc. 125, 12502—
12508. doi: 10.1039/B311496C

Wang, A. E, Xie, H. J., Wang, X. L,, and Zhou, L. Q. (2005). Triaryl phosphine-
functionalized N-heterocyclic carbene ligands for Heck reaction. Tetrahed. 61, 259—
266. doi: 10.1016/j.tet.2004.10.049

Wanzlick, H. W., and Schénherr, H. J. (1968). Direct synthesis of a mercury salt-
carbene complex. Angew Chem. Int. Edit Eng. 7, 141-142. doi: 10.1002/anie.196801412

Wisniak, J. (2009). Eugéne melchior peligot. Educ. quim 20, 61-69. doi: 10.1016/
S0187-893X(18)30008-9

Yang, C., Lee, M. H,, and Nolan, S. P. (2001). Highly efficient heck reactions of aryl
bromides with n-butyl acrylate mediated by a palladium/phosphine-imidazolium salt
system. Org Lett. 3, 1511-1514. doi: 10.1021/01015827s

Yigit, B., Yigit, M., Barut Celepci, D., Gok, Y., Aktas, A., Aygiin, M., et al. (2018).
Novel benzylic substituted imidazolinium, tetrahydropyrimidinium, and
tetrahydrodiazepinium salts: potent carbonic anhydrase and acetylcholinesterase
inhibitors. Chem. Sel 3, 7976-7982. doi: 10.1002/slct.201801019

frontiersin.org


https://doi.org/10.1111/bcpt.12154
https://doi.org/10.1007/s11030-022-10527-0
https://doi.org/10.1007/s11030-022-10527-0
https://doi.org/10.1016/j.bioorg.2020.103897
https://doi.org/10.1016/j.ccr.2008.05.018
https://doi.org/10.1016/j.ccr.2008.05.018
https://doi.org/10.1016/j.arabjc.2013.08.023
https://doi.org/10.1016/j.arabjc.2013.08.023
https://doi.org/10.1016/j.chemosphere.2012.12.062
https://doi.org/10.1016/j.chemosphere.2012.12.062
https://doi.org/10.1016/j.bbapap.2021.140733
https://doi.org/10.1002/cbdv.202301362
https://doi.org/10.1093/brain/awz244
https://doi.org/10.1093/brain/awz244
https://doi.org/10.1039/b404625k
https://doi.org/10.1002/jcc.20084
https://doi.org/10.3390/molecules23092344
https://doi.org/10.3390/molecules23092344
https://doi.org/10.1016/j.bioorg.2015.09.008
https://doi.org/10.1039/c3cs60169b
https://doi.org/10.1002/jbt.22009
https://doi.org/10.1016/j.cdc.2020.100406
https://doi.org/10.1016/j.cdc.2020.100406
https://doi.org/10.1016/j.jinorgbio.2017.07.030
https://doi.org/10.1080/07391102.2020.1763838
https://doi.org/10.1002/cmdc.201800639
https://doi.org/10.1016/S1359-6446(03)02685-0
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/ardp.201800029
https://doi.org/10.1080/07391102.2021.1916599
https://doi.org/10.1021/ja050179j
https://doi.org/10.1039/B311496C
https://doi.org/10.1016/j.tet.2004.10.049
https://doi.org/10.1002/anie.196801412
https://doi.org/10.1016/S0187-893X(18)30008-9
https://doi.org/10.1016/S0187-893X(18)30008-9
https://doi.org/10.1021/ol015827s
https://doi.org/10.1002/slct.201801019
https://doi.org/10.3389/fcimb.2025.1579916
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Imidazolium salts carrying two positive charges: design, synthesis, characterization, molecular docking, antibacterial and enzyme inhibitory activities
	1 Introduction
	2 Materials and methods
	2.1 Experimental
	2.2 Synthesis
	2.3 Biochemical studies
	2.3.1 Measurement of AChE activity
	2.3.2 In vitro inhibition studies

	2.4 Antimicrobial test
	2.5 Minimum inhibition on konsantrasyon
	2.6 In silico details

	3 Results
	3.1 Characterization results of synthesized compounds
	3.2 Enzyme inhibition (AChE) results
	3.3 Antibacterial activity results
	3.4 Docking study results

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


