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Abstract

In this study, nicotinamide complexes of Cu*, Co?, and Zn** furan-2-carboxylates were synthesized, and the crystal struc-
tures of the complexes were characterized by single crystal X-ray diffraction. The chemical composition and functional groups
of the complexes were confirmed using elemental analysis, Fourier transform infrared spectroscopy (FT-IR), ultraviolet—
visible region (UV—Vis) spectroscopy, and mass spectrometry (MS). Hirshfeld surface analysis detailed the intermolecular
interactions present in the crystal structures of the complexes. The complexes feature a central six-coordinate ion (Cu?*, Co*,
or an*) located on an inversion center, which is bonded to two N atoms from nicotinamide and four O atoms from water
molecules. There is a furan 2-carboxylate anion that is not coordinated with metal atoms but links to complex structures via
hydrogen bonds. Within the scope of biochemical studies, the inhibitory effects of the synthesized complexes on acetylcho-
linesterase (AChE), butyrylcholinesterase (BChE), carbonic anhydrase I and II (hCA I, hCA II), and glutathione reductase
(GR) enzymes were investigated by spectrophotometric methods. It was determined that the complexes, especially Complex
2, exhibited strong enzyme inhibition properties. Molecular docking analyses revealed the binding tendencies and binding
energies of the complexes to the active sites of the enzymes. Complex 2 has a high binding affinity with AChE, BChE, hCA
I, hCA II, and GR enzymes, and these bindings were supported by hydrogen bonds and n-x interactions. ADMET predic-
tions showed that the complexes have toxicologically safe profiles despite their pharmacokinetic limitations, such as low
gastrointestinal absorption and inability to cross the blood—brain barrier. It was determined that the risks of hepatotoxicity,
carcinogenicity, immunotoxicity, and mutagenicity were low. As a result, these metal complexes are evaluated as potential
therapeutic agents in the treatment of diseases such as Alzheimer’s disease, glaucoma, epilepsy, malaria, and cancer. The
data obtained in this study emphasize the biological activities and pharmacological potential of the complexes, and it is
recommended that they be supported by future in vivo studies.

Keywords Nicotinamide - Furan-2-carboxylate - X-ray crystallography - Enzyme inhibitors - Molecular docking

P4 Afsin Ahmet Kaya ' Giimiishane Vocational School, Giimiishane University,
afsinahmet.kaya@omu.edu.tr 29100 Giimiishane, Tiirkiye
DX Fiireya Elif Oztiirkkan 2 Department of Basic Sciences of Pharmacy, Faculty
fozturkkan36 @gmail.com of Pharmacy, Agri Ibrahim Cecen University, Agri, Tiirkiye
Merve Nar 3 Department of Property Protection and Safety, Havza
evrem36 @hotmail.com Vocational School, Ondokuz Mayis University, Samsun,
Tiirkiye

Murat Senturk

senturkm36 @ gmail.com Department of Chemical Engineering, Faculty
Elif Celenk Kaya ?ri ]rikr;g;neermg and Architecture, Kafkas University, Kars,
elif.celenkkaya@omu.edu.tr y
5 . .
Ertan Sahin Department of Chemistry, Faculty of Science, Ataturk

. University, Erzurum, Tiirkiye
ertan@atauni.edu.tr Yy Yy

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11224-025-02625-0&domain=pdf
http://orcid.org/0000-0001-8343-9630
http://orcid.org/0000-0001-5968-7511
http://orcid.org/0000-0003-2082-6478
http://orcid.org/0000-0001-6376-4161
http://orcid.org/0000-0002-7811-7669
http://orcid.org/0000-0002-6311-8917

1282

Structural Chemistry (2026) 37:1281-1300

Introduction

Metal—organic complexes (MOCs) have attracted signifi-
cant attention in medicinal and pharmaceutical research
due to their structural diversity and potential biological
applications. These complexes, formed through coor-
dination bonds between metal ions and organic ligands,
exhibit unique physicochemical properties, making them
promising candidates for enzyme inhibition, antimicrobial,
anticancer, and neuroprotective applications [1, 2]. Transi-
tion metal complexes, in particular, are widely studied for
their ability to interact with biological macromolecules,
influencing key biochemical pathways and offering new
strategies for drug development [3]. Among the biologi-
cally relevant ligands, nicotinamide (NA)—a derivative of
vitamin B3—plays a crucial role in cellular metabolism,
particularly as a precursor to nicotinamide adenine dinu-
cleotide (NAD™), which is essential for redox reactions [4].
Nicotinamide-based metal complexes have been explored
for their potential in treating neurodegenerative disorders,
metabolic diseases, and oxidative stress-related conditions
due to their ability to modulate enzymatic activity and
improve bioavailability [5, 6]. Coordination of NA with
metal ions can significantly alter its pharmacological pro-
file, leading to enhanced enzyme inhibition and therapeu-
tic efficacy [7]. Similarly, furan-2-carboxylates, a class
of heterocyclic carboxylate ligands, are of great inter-
est due to their biological relevance and ability to form
stable metal complexes. These ligands possess electron-
rich furan rings and carboxylate functionalities, facilitat-
ing strong interactions with metal centers and biological
targets [8]. Furan-2-carboxylate-based metal complexes
have demonstrated various pharmacological properties,
including antimicrobial, anti-inflammatory, and enzyme-
inhibitory activities [9, 10].

Alzheimer’s disease (AD) is a prevalent and widespread
form of neurodegenerative illness that impacts millions of
people around the world. This type of dementia is char-
acterized by memory, cognitive, and behavioral problems
that typically manifest after the age of 65 [2, 11, 12]. Its
symptoms progress slowly and may be mistaken for other
mental disorders, making it difficult to diagnose. Addition-
ally, the progression of AD is unpredictable, and there is
currently no definitive cure [13]. More than 36 million
individuals worldwide are impacted by this disease, and
unfortunately, the number of individuals suffering from
AD is growing each day, with no definitive cure avail-
able [14]. At present, AD has no definite and complete
cure. Drug therapies currently available can alleviate the
symptoms of the disease and decelerate its progression
[3]. Enzyme inhibition of cholinesterases, secretases, and
monoamine oxidase has been a focus for treating AD [5,
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6, 9, 15, 16]. Lately, much research has been dedicated
to exploring the potential of cholinesterase inhibitors
(ChET’s). The present class of drugs categorized as cho-
linesterase inhibitors, namely, neostigmine, tacrine, done-
pezil, and rivastigmine, has been given the green light
by the FDA to be used for mild to moderate AD treat-
ment. These drugs have demonstrated efficacy in easing
certain symptoms for a limited duration and regulating
problematic behavior [3, 12—15]. It was established that
these medications come with certain adverse effects and
could potentially interact with other drugs [17]. Moreover,
the long-term effectiveness of these drugs is limited. An
ideal acetylcholinesterase (AChE) inhibitor would need to
be both influential and well-tolerated in varying stages of
AD. It should also exhibit efficacy in treating other forms
of dementia, such as Parkinson’s disease. The creation of
new ChEI’s with minimal side effects and reduced drug
interactions is of great significance for the treatment of
this condition [12].

Metalloenzyme family carbonic anhydrase (CA) is
responsible for the swift conversion of CO, to HCO;™ and a
proton. CA isoforms are present in diverse tissues, playing
crucial roles in numerous biological processes, including
but not limited to CO, and ion transport, acid—base balance,
lipogenesis, respiration, bone resorption, gluconeogenesis,
ureagenesis, and electrolyte secretion [1, 18-21]. Several CA
isozymes that play a role in these processes are significant
therapeutic targets, and their inhibition or activation could
hold promise for treating various disorders, including but
not limited to glaucoma, edema, cancer, obesity, and osteo-
porosis [1, 18-22].

Glutathione reductase (GR) is an indispensable enzyme
within the cellular milieu, fulfilling a myriad of crucial func-
tions. These functions encompass gene regulation, mainte-
nance of elevated levels of reduced glutathione (GSH) in
comparison to its oxidized form (GSSG), intracellular signal
transduction, neutralization of detrimental free radicals, and
reactive oxygen species, as well as preservation of the redox
equilibrium of intracellular constituents. Under normal phys-
iological circumstances, glutathione predominantly exists
in its reduced state (GSH); however, in the face of oxida-
tive stress, a swift conversion to its oxidized form (GSSG)
occurs, as this conversion is essential for safeguarding cel-
lular integrity and its various constituents. Nevertheless, the
indispensable activity of GR is realized as it facilitates the
conversion of GSSG back to GSH through the utilization of
NADPH, thereby ensuring the maintenance of an intracel-
lular GSH/GSSG ratio surpassing 99% [4, 23]. The indis-
pensable significance of GSH in numerous cellular processes
renders the levels of GSH and the ratio of GSH to GSSG as
pivotal factors in an array of human diseases, encompassing,
yet not limited to, cancer, cardiovascular diseases, diabetes,
AIDS, and AD. Additionally, GSH assumes a crucial role
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in the detoxification of hemoglobin, while an elevation in
intracellular GSH has been associated with the development
of chloroquine resistance. Moreover, compounds that inhibit
GR have been identified to possess noteworthy properties as
antimalarial and anticancer agents [8, 23, 24].

Heterocyclic metal complexes have garnered significant
attention in medicinal chemistry due to their potential bio-
logical activities, particularly as antibacterial agents and in
the treatment of various diseases. Recent studies illustrate
the synthesis and characterization of novel metal-based
compounds derived from Schiff bases, such as phenylen-
ediamine and triazole derivatives, which exhibit consider-
able antibacterial efficacy. The interaction of these ligands
with transition metals like copper and zinc not only enhances
their chemical stability but also improves their biological
performance by facilitating more efficient binding to bio-
logical targets. In addition, the structural properties of these
complexes can be tuned by adjusting their metal content and
ligand frameworks, leading to a diverse array of compounds
with tailored pharmacological properties. As a result, hetero-
cyclic metal complexes are positioned as promising candi-
dates in the development of new therapeutic agents, reflect-
ing an amalgamation of synthetic chemistry and biological
applications [25-28].

Our objective in this research was to create three innova-
tive compounds containing copper (II), cobalt (II), and zinc
(II) furan-2-carboxylates combined with nicotinamide (NA).
These compounds could potentially serve as effective thera-
peutic agents for various medical conditions such as AD,
glaucoma, cancer, and more. Three complexes of Cu?', Co*,
and Zn?* furan-2-carboxylates were synthesized using nico-
tinamide as a co-ligand. To explore how various metal ions
impact inhibition properties, we synthesized three distinct
complexes by combining nicotinamide and furan-2-carbox-
ylate. We proceeded to assess the therapeutic potential of
the newly synthesized complex molecules by analyzing their
inhibitory effects against various enzymes, including AChE,
BChE, GR, hCA I, and hCA II enzymes. We discovered
that the complexes exhibited hCA I, II, and GR inhibitory
properties, which have not been previously reported in the
literature. Furthermore, this is the first investigation into the
inhibitory properties of these newly synthesized complexes
against the aforementioned enzymes.

Experimental section

Materials and methods

Nicotinamide, furan-2-carboxylic acid, sodium bicarbo-
nate, copper (II) sulfate pentahydrate, cobalt (II) hexahy-

drate, and zinc (II) chloride monohydrate were purchased
from Sigma-Aldrich and used without any pre-purification.

Melting point determination of synthesized complexes was
done with the Gallenkamp brand melting point determina-
tion device. C, H, and N elemental analyses were performed
with LECO CHNS-932 (Michigan, USA). Infrared spectra
were recorded with solid samples in an FT-IR spectrometer,
4000—400 cm™ range, Perkin Elmer Frontier™ spectrometer
with ATR detector. UV-VIS measurements were recorded
with Perkin Elmer Lambda 35 model Ultraviolet—Visible
(UV-VIS) Spectrometer device. Mass spectra were obtained
with Thermo-Finnigan mass analyzer (San Jose, USA) and
Varian 320-MS (TQ Mass Spectrometer) device.

Synthesis
The synthesis scheme of Complexes 1-3 is given in Fig. S1.

Synthesis of tetraaquabis(pyridine-3-carboxamide-kN)
copper(ll) furan-2-carboxylate (Complex 1)

Furan 2-carboxylic acid (1 g, 8.92 mmol) was reacted with
a solution of sodium bicarbonate (0.74 g, 8.92 mmol) in
purified water at boiling temperature to obtain sodium furan-
2-carboxylate. The mixing process was continued until the
CO, gas formed during the reaction was completely removed
from the environment. The resulting product was cooled to
room temperature. In a separate flask, the solution of copper
(II) sulfate pentahydrate salt (1.11 g, 4.46 mmol) in distilled
water (50 mL) was mixed with the solution of nicotinamide
(1.08 g, 8.92 mmol) in distilled water, and the resulting mix-
ture was mixed with the sodium furan-2-carboxylate solution
we obtained earlier. Tetraaquabis(pyridine-3-carboxamide-
kN)copper(Il) furan-2-carboxylate complex was obtained by
reaction with the obtained compound and was crystallized in
pure water at room temperature. The crystals formed were
filtered and dried in a vacuum in the presence of P,O5 at
room temperature [29].

Melting point: 254-256 °C. IR (CH,Cl,, Cm_l): 3308,
3144, 3053, 1685, 1631, 1582, 1535, 1472, 1428, 1364,
1390, 1227, 1191, 1137, 1121, 1065, 1007, 1017, 942, 931,
881, 789, 761, 697, 672, 652, 610. Elemental analysis: cal-
culated C,,H,,N4O,Cu: C 43.89, H 4.35, N 9.31; Found: C
43.65, H4.65, N 9.61. MS: m/z 602 [M] +.

Synthesis of tetraaquabis(pyridine-3-carboxamide-kN)
cobalt(ll) furan-2-carboxylate (Complex 2)

Furan 2-carboxylic acid (1 g, 8.92 mmol) was reacted with
a solution of sodium bicarbonate (0.74 g, 8.92 mmol) in
purified water at boiling temperature to obtain sodium furan-
2-carboxylate. The mixing process was continued until the
CO, gas formed during the reaction was completely removed
from the environment. The resulting product was cooled to
room temperature. In a separate flask, the solution of cobalt
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(IT) chloride hexahydrate salt (1.06 g, 4.46 mmol) in purified
water (50 mL) was mixed with the solution of nicotinamide
(1.08 g, 8.92 mmol) in distilled water, and the resulting mix-
ture was mixed with the sodium furan-2-carboxylate solution
we obtained earlier. Tetraaquabis(pyridine-3-carboxamide-
«kN)copper(Il) furan-2-carboxylate complex was obtained by
reaction with the obtained compound, which was crystal-
lized in pure water at room temperature. The crystals formed
were filtered and dried in a vacuum in the presence of P,O5
at room temperature [7].

Melting point: 248-250 °C. IR (CH,Cl,, cm™): 3295,
3148, 3055, 1686, 1632, 1582, 1541, 1472, 1426, 1389,
1362, 1226, 1192, 1157, 1139, 1119, 1075, 1057, 1017,
1004, 931, 882, 835, 788, 760, 699, 654, 643, 611. Ele-
mental analysis: calculated C,,H,.N+O;,Co: C 44.22, H
4.39, N 9.38; found: C 44.31, H4.51, N 9.27. MS: m/z 597
M+1]+.

Synthesis of tetraaquabis(pyridine-3-carboxamide-kN)
zinc(ll) furan-2-carboxylate (Complex 3)

Furan 2-carboxylic acid (1 g, 8.92 mmol) was reacted with
a solution of sodium bicarbonate (0.74 g, 8.92 mmol) in
purified water at boiling temperature to obtain sodium furan-
2-carboxylate. The mixing process was continued until the
CO, gas formed during the reaction was completely removed
from the environment. The resulting product was cooled to
room temperature. In a separate flask, the solution of zinc
(IT) chloride monohydrate salt (0.68 g, 4.46 mmol) in puri-
fied water (50 mL) was mixed with the solution of nicotina-
mide (1.08 g, 8.92 mmol) in purified water, and the result-
ing mixture was mixed with the sodium furan-2-carboxylate
solution we obtained earlier. Tetraaquabis(pyridine-3-
carboxamide-kN)zinc(II) furan-2-carboxylate complex was
obtained by reaction with the obtained compound, which
was crystallized in pure water at room temperature. The
crystals formed were filtered and dried in a vacuum in the
presence of P,O5 at room temperature [30].

Melting point: 118-120 °C. IR (CH,Cl,, cm™'): 3314,
3147, 3057, 1687, 1637, 1583, 1542, 1473, 1427, 1363,
1390, 1226, 1203, 1192, 1157, 1139, 1119, 1075, 1059,
1017, 1005, 931, 881, 788, 760, 646, 655, 666, 610. Elemen-
tal analysis: calculated C,,H,¢N4O,Zn: C 43.76, H4.34, N
9.28; found: C 43.24, H 4.54, N 9.14. MS: m/z 603 [M] +.

X-ray diffraction analysis

For the structure determination, a single crystal of the com-
plexes 1-3 was used for the data collection on a four-circle
Rigaku R-AXIS RAPID-S diffractometer (equipped with
a two-dimensional area IP detector). Graphite-monochro-
mated Mo-K, radiation (A=0.71073 A) and oscillation scans
technique with Aw =5° for one image were used for data
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collection. The lattice parameters were determined by the
least-squares methods based on all reflections with F2>2
(F2). Integration of the intensities, correction for Lorentz
and polarization effects, and cell refinement were performed
using CrystalClear (Rigaku/MSC Inc., 2005) software. The
structures were solved by direct methods using SHELXS-97
[31], which allowed for the location of most of the heavi-
est atoms, with the remaining non-hydrogen atoms being
located from different Fourier maps calculated from suc-
cessive full-matrix least-squares refinement cycles on F?
using SHELXL-97 [31]. All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydro-
gens attached to carbons were located at their geometric
positions using appropriate HFIX instructions in SHELXL.
The aromatic- and methine-H atoms were placed in geo-
metrically idealized positions with C-H=0.93 and 0.98 A,
respectively, and allowed to ride on their parent atoms, with
Uiso(H)=1.2U4(C) for aromatic- and methine-H atoms. The
final difference Fourier maps showed no peaks of chemical
significance. The crystallographic data and structural refine-
ment parameters are given in Table 1.

The crystallographic data have been deposited at the
Cambridge Crystallographic Data Centre, with CCDC
numbers 2433917 (Complex 1), 2433918 (Complex 2), and
2433916 (Complex 3), which can be obtained via www.
ccde.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.
cam.ac.uk.

Hirshfeld surface analysis

In recent years, Hirshfeld surface analysis has been exten-
sively used to investigate intermolecular interactions. Hir-
shfeld surface analysis [32, 33] was performed with the
CrystalExplorer 21 program [34] to visualize the intermo-
lecular interactions of the complexes. The crystallographic
information file (.cif) of the complexes was used to generate
the Hirshfeld surface, d,,,,,, and curvature map and shape
index [35] and two-dimensional fingerprint graphs [36].
The normalized contact distance (d,,,,,,) is mapped onto the

norm.

Hirshfeld surface over a fixed color scale, where d,,, is

defined based on the distances from the surface to the near-
est interior (d;) and exterior (d,) atoms, relative to their van
der Waals radii (r;(i‘:/):

di—r d,— v
d L i 4 e

= +
norm
V;dW V;d w

Negative d_norm values (red spots) indicate contacts
shorter than the sum of van der Waals radii, while positive
values (blue regions) correspond to longer contacts. The
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Table 1 Crystal data, data collection, and structure refinement details of complexes 1-3

Empirical formula

C,,H,;,CuN,Oq¢ #2(CsH;05).H,0
(Complex 1)

C,,H,;,CoN,Og¢ » 2(CsH;05)
(Complex 2)

C,H,(ZnN,Og4 « 2(CsH;05)
(Complex 3)

Formula weight
Temperature (K)
Wavelength (A)

Crystal system

Space group

Unit cell dimensions (;%, °)

Volume (A%)

Z

Density (calculated) (g/cm3)
Absorption coefficient (mm™")
F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Data completeness (%)
Refinement method
Data/restraints/parameters
Goodness-of-fit on F>

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole (eA?)

602.02

293 (2)

0.71073

Triclinic

P-1
a=7.0348(5)
alpha=285.951(3)
b=7.1653(5)
Beta=76.903(3)
c=14.1285(10)
Gamma=62.196(2)

613.05(8)

1

1.631

0.965

311

2.9 to 28.8°
-9<h<9,-9<k<9,-19<I<L19
24,766

3191 [R(int) =0.068]

99.7

Full-matrix least-squares on F
2712/0/183

1.054

R1=0.034
wR2=0.0471

R1=0.077
wR2=0.2083

0.31 and —0.59

597.40

293 (2)

0.71073

Triclinic

P-1
a=6.9700(9)
alpha=283.733(5)
b=7.0268(8)
Beta="77.666(4)
c=14.4291(18)
Gamma=64.595(4)

623.50(13)

1

1.591

0.761

309

3.3 t0 28.3°
—-9<h<9,-9<k<9,-19<I<19
19,650

3084 [R(int)=0.027]

98.9

Full-matrix least-squares on F>
2966/0/183

1.101

R1=0.023
wR2=0.025

R1=0.0667
wR2=0.0667

0.36 and —0.27

603.86

293 (2)

0.71073

Triclinic

P-1
a=6.9755(3)
alpha=284.068(3)
b=7.0431(3)
Beta=77.631(1)
c=14.3436(5)
Gamma=64.296(2)

620.18(4)

1

1.617

1.064

312

3.2t026.4°
—8<h<8,-8<k<8,-17<IL17
17,869

2551 [R(int)=0.043]

1.00

Full-matrix least-squares on F>
2288/0/183

1.064

R1=0.027
wR2=0.034

R1=0.064
wR2=0.067

0.29 and —-0.30

procedure follows the standard methodology reported by
Spackman and Jayatilaka [35].

In vitro and in silico enzyme inhibition studies

The used materials and equipment, AChE, BChE, CA 1, CA
II, and GR inhibition assay, were supplied as supplementary
information.

Molecular docking has become an indispensable com-
putational tool in structural and medicinal chemistry, as it
provides valuable insights into the binding affinity, orienta-
tion, and interaction patterns between small molecules and
their biological targets [37, 38]. Molecular docking of the
complexes into the AChE [39], BChE [40], CAT[41]CA I
[10], and glutathione reductase [42] enzymes was performed
using AutoDock Vina [43]. The crystal structure of the ace-
tylcholinesterase (PDB ID: 1ACJ), butyrylcholinesterase
(PDB ID: 4BDS), carbonic anhydrase I (PDB ID: 1AZM),
carbonic anhydrase II (PDB ID: 3HS4), and glutathione
reductase (PDB ID: 1XAN) enzymes was downloaded from

the RCS Protein Data Bank (http://www.rcsb.org/pdb). The
Lamarckian Genetic Algorithm (LGA) technique was used
for all calculations for the ligand-target flexible docking.
To provide the PDB format for the complex, to prepare the
target from the structures of proteins, and to visualize the
docking analysis, we used Discovery Studio 2021 Client [44]
The cif files of the complexes were used to prepare the pdb
extension files of the complexes, and they were converted to
pdbqt files via AutoDock Vina software.

ADMET predictions

Molecular docking of the complexes into the acetylcholinest-
erase makes it is possible to identify the pharmacokinetic
and toxicokinetic features of drug candidate molecules,
avoiding the need for additional trials and increasing success
rates. The features that a therapeutic molecule must possess
are described by the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) criteria. The Swiss ADME
[45] online database was used to determine the complexes’
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values for absorption, distribution, metabolism, and excre-
tion. The ProTox-II [46] and admetSAR [47] online data-
bases were used to calculate toxicology estimates.

Results and discussion
Single crystal structure analysis

The structures of Cu?*, C02+, and Zn%* complexes;
tetraaquabis(pyridine-3-carboxamide-x/N)copper(Il) furan-
2-carboxylate hydrate (Complex 1), tetraaquabis(pyridine-
3-carboxamide-kN)cobalt(Il) furan-2-carboxylate (Complex
2), and tetraaquabis(pyridine-3-carboxamide-x/N)zinc(II)
furan-2-carboxylate (Complex 3) were determined by single
crystal analysis (Figs. 2, 3, and 4). All structures are crystal-
lized in the triclinic P-1 space group and have similar coor-
dination, and the lattice parameters are very close to each
other. Again, in all structures, there is a furan 2-carboxylic
acid anion that is not coordinated with the metal atoms but is
connected to the complex structures by hydrogen bonds. The
complexes contain a six-coordinate Cuz*, Co*, and Zn* ion
lying on an inversion center, which is bonded to two nico-
tinamide N atoms and four aqua O atoms. Intermolecular
hydrogen-bonding interactions are present, linking the Cu*",
Co?*, and Zn?* complex cations and furan 2-carboxylic acid
anions in the crystal structure.

In each complex, the metals exhibit a distorted octahedral
geometry and are located on a crystallographic center of
symmetry with nicotinamide N donors, two aqua O atoms
in equatorial positions, and other aqua atoms in axial posi-
tions. The metal-ligand bond lengths are N1-Cu=1.994,
05-Cu=2.417, 04-Cu=2.015, N1-Co=2.130,
02-Co=2.077, 01-Co=2.157, N2-Zn=2.103,
02-Zn=2.184, and O3-Zn=2.112 A (Table 2). The nota-
ble difference in the Cu-O5 and Cu-N1/CuO4 bond lengths
leads to an elongation of the coordination octahedron,
which is associated with the Jahn—Teller effect that is com-
monly observed for Cu** complexes. As for the intermo-
lecular interactions, effective N—HeeeO, O—HeeeO, and
C-HeeeO hydrogen bonds occur between the aqua ligand
and the oxygen of furan 2-carboxylic anion, and again
between anionic furan 2-carboxylic acid and nicotinamide
and coordinated nicotinamides (Table 3). The coordination
polyhedron of the metal atom in Complexes 1-3 is typi-
cal for such complexes. The average bond lengths of Co—O
and Co-N in the tetraaquabis(nicotinamide-xN)cobalt(Il)
bis(2-fluorobenzoate) complex were reported as 2.109 A and
2.145 A [48]. The average bond lengths of Cu—O and Cu-N
in the tetraaquabis(3-pyridinecarboxamide-kN)-copper(I)
bis(2,4,6-trinitrophenolate) complex were reported as
2.165 A and 2.034 A [49]. These bond distances are consist-
ent with the bond distances determined in our synthesized
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Table 2 Geometric parameters of the complexes 1-3 A, °)

Complex 1

Cu-N1 1.994 (3) N1-C10 1.339(3)
Cu-05 2.417 (3) N1- C6 1.342 (3)
Cu-0O4 2.015(3) N2-C11 1.327 (3)
04-Cu-05 86.5 05-Cu-N1 88.1
05-Cu-04-N1 88.2 04-Cu-N1-C6 -51.6
Complex 2

Co-N1 2.130 (3) N1-C5 1.343 (3)
Co-01 2.157 (3) N1-Cl 1.344 (3)
Co-02 2.077(2) N2-C6 1.331(3)
01-Co-02 87.79 O1-Co-N1 92.98
02-Co-N1 92.14 02-Co-N1-C5 429
Complex 3

Zn-N2 2.103 (2) N2-C5 1.340 (3)
Zn-03 2.112(2) N2-C1 1.338 (3)
Zn-02 2.184 (2) N1-C6 1.327 (3)
02-Zn-03 92.12 02-Zn-N2 87.78
03-Zn-N2 92.07 03-Zn-N2-C5 -43.4

cobalt and copper complexes. Although there is no zinc
complex with a similar structure containing nicotinamide,
the tetraaquabis(isonicotinamide-kN1)zinc bis(3-hydroxy-
benzoate) tetrahydrate complex has been reported [50]. In
this complex, it is seen that the Zn—O (2.108 A) and Zn-N
2.117 A) bond lengths have bond distances close to the
zinc complex in our study. N—HeeeO and O—HeeeO hydrogen
bonds were also determined in these complexes. There are
n-1 stacking interactions between the delocalized n-electrons
of the heterocyclic pyridine and furan rings. For example,
in the Co(II) complex, the distance between ring centroids
is in the range of 3.5506(3)—4.1324(3) A with the slipping
angle ranges of 19.0-31.3 degrees. However, vdW interac-
tions contribute to the formation of a stable structure. Since
the unit cell lattices are the same, polyhedral images of the
molecules Cu(Il), Co(Il), and Zn(II) complexes are given
in Figs. 1, 2, and 3 along the a, b, and c-axes, respectively.

Hirshfeld surface analysis

Hirshfeld surface analysis is an analysis that presents inter-
molecular interactions in the form of visual graphics with
different colors and color intensities. When the d,,,, maps
of the complexes are examined, interactions with shorter dis-
tances than the Van der Waals radius, i.e., close contacts, are
seen as red surfaces, and interactions with longer distances
than the Van der Waals radius, i.e., longer contacts, are seen
as blue surfaces. On the d, ., maps, the white surfaces rep-
resent the distances equal to the sum of the Van der Waals
radii (Fig. 4a—f). D, ., maps on the 3D Hirshfeld surfaces
of the synthesized complexes were determined in the range
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«Fig. 1 (top) A view of the molecule Complex 1, with the atom-num-
bering scheme. Displacement ellipsoids are drawn at the 40% prob-
ability level, and H atoms are shown as small spheres of arbitrary
radii. (mid.) H-bond geometry, symmetry codes are given in Table 3.
(bottom) Polyhedral view of the stacked Complex 1 with the unit cell
viewed down along the a-axis

of —0.7191-1.1707 a.u. (cationic unit) and —0.7197-1.1108
a.u. (anionic unit) (Complex 1), —0.7117-1.1926 a.u. (cati-
onic unit), and —0.7109-1.1729 a.u. (anionic unit) (Com-
plex 2), and —0.7050-1.1731 a.u. (cationic unit), and
—0.7056-1.1323 a.u. (anionic unit) (Complex 3) [33].

The adjacent red and blue triangles appearing in the
shape indices of the complexes 1-3 (Fig. 5a—f) are due to
the C-H...w and & ...% interactions of aromatic rings (furan
and pyridine) in the structures of the complexes [33].

The large green surfaces seen in the curvature maps of the
complexes (Fig. 6a—f) represent a planar surface area. These
regions are seen where aromatic rings are found in the struc-
ture of the complexes. The flat regions around these rings
confirm the existence of n—x stackings. The blue regions
represent the curvedness areas.

Hirshfeld surface and fingerprint plot analyses demon-
strate that the interaction landscape of all three complexes
is dominated by H...H and H...O/O...H contacts. In the
cationic units, these two contributions account for 73.8%
in Complex 1 (H...H 38.9%; H...0/0...H 34.9%), while
higher totals are observed in Complex 2 (78.6%) and Com-
plex 3 (78.7%), with H...H at 40.7/40.6% and H...O/0O...
H at 37.9/38.1%. In the anionic units, the distributions
are more consistent: 74.6% for Complex 1 (H...H 31.9%;
H...0/0...H 42.7%), 74.1% for Complex 2, and 74.3% for
Complex 3 (H...H 32.3/32.6%; H...0/O...H 41.8/41.7%).
These values indicate that the hydrate molecule present
exclusively in Complex 1 enhances the hydrogen-bonding
network particularly around the anionic unit (highest ani-
onic H...0/0...H at 42.7%), accompanied by a concomitant
reduction of H...H contacts (lowest anionic H...H at 31.9%).
In the cationic unit of Complex 1, the H...O/O...H contri-
bution (34.9%) is about three percentage points lower than
in Complex 2 and 3 (37.9-38.1%), with a parallel decrease
in H...H, suggesting a redistribution of hydrogen-bonding
interactions from the cationic unit towards the anionic unit
in the hydrated structure.

Aromatic-related interactions are well preserved through-
out the series. In the cationic units, C...C contacts (n-'®
stacking) contribute 9.1% in Complex 1 and 8.7% in Com-
plexes 2-3, while H...C/C...H contacts (mostly C—H---x)
reach 5.0% in Complex 1 compared to 4.0% in Com-
plexes 2-3. As a result, the combined “n-related” share
(C...C+H...C/C...H) is slightly higher in Complex 1
(14.1%) than in the Co and Zn analogues (~ 12.7%). In the
anionic units, C...C contributions are identical across all

structures (11.3%), while H...C/C...H varies only margin-
ally (5.7% for Complex 1, 5.5% for Complex 2, and 5.3%
for Complex 3), confirming the persistence of n—xn stack-
ing between aromatic rings and C—H--'n contacts across
the isostructural series. The C...0/O...C contacts, repre-
senting weak polar or edge interactions involving carbonyl
oxygens and aromatic carbons, are in the range of 4.4—4.8%
in the cationic units, while in the anionic units they are
5.0% for Complex 1 and 5.7% for Complexes 2-3, reflect-
ing a slight (~0.7%) reduction in the hydrated structure due
to the stronger involvement of water-mediated O-H---O
interactions.

Hydrogen-bond signatures given by H...N/N...H con-
tacts are higher in the cationic unit of Complex 1 (4.0%)
compared to Complexes 2—-3 (2.7%), while remaining low
and similar in the anionic units (1.6-1.8%). Negligible con-
tributions (< 1%) include C...N/N...C (0.6-0.7% in the
cationic units; 0.8-0.9% in the anionic units), N...0/O...
N (0.2-0.4% overall), and O...0 (0.2-0.7%). These minor
interactions contribute little to the packing relative to the
dominant O-H:--O and N-H---O motifs. Metal-centered con-
tacts are detected only in Complex 1, with H...Cu at 0.3%
and O...Cu at 1.8%, whereas such interactions are absent in
the Co and Zn analogues. Collectively, these results confirm
that the three complexes are isostructural and share a com-
mon supramolecular profile, with the hydrate in Complex 1
subtly altering the balance of contacts by enhancing anionic
H...O/O...H interactions, reducing H...H contributions, and
introducing weak Cu-centered contacts that fine-tune the
crystal packing. Two-dimensional fingerprint plots for cati-
onic and anionic units are given in Figs. S2-S3 (Complex
1), Figs. S4-S5 (Complex 2), and Figs. S6-S7 (Complex 3).
Percentages of intermolecular interactions according to 2D
fingerprint graphs of complexes 1-3 are given in Table 4.

Infrared and UV-Vis spectroscopy results

FT-IR spectra of Complex 1-3 are given in Figs. S§-S10.
The broad bands in the range of 3600-3200 cm™' are the
vibrations of the O—H groups of water molecules. The asym-
metric and symmetric NH, vibration bands of the amide
group of the nicotinamide molecule were also observed at
3300-3100 cm™'. In the IR spectra of the complex com-
pounds synthesized in this study, the specific carboxyl group
peak of the acids is not observed. Instead, the presence of
Vascoo. and Voo peaks indicates that the protons of the car-
boxyl groups are lost but do not bond with the metal atom.
The asymmetric and symmetric COO- absorption bands
of the carboxylic group are observed around 1580 cm™!
and 1380 cm™!. Aromatic C-H vibrations were observed
at 3053 cm™! (Complex 1), 3055 cm™! (Complex 2), and
3057 cm™! (Complex 3). For complexes 1-3, the carboxam-
ide C=0 bands of the nicotinamide molecule were observed
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«Fig.2 (top) A view of the molecule Complex 2, with the atom-num-
bering scheme. Displacement ellipsoids are drawn at the 40% prob-
ability level, and H atoms are shown as small spheres of arbitrary
radii. (mid.) H-bond geometry, symmetry codes are given in Table 3.
(bottom) Polyhedral view of the stacked Complex 2 with the unit cell
viewed down along the b-axis

at 1687 cm™!, 1686 cm™', and 1687 cm™, respectively. C-N
vibrations of the pyridine ring were observed at 1362 cm™!,
1364 cm™!, and 1363 cm™!. For complexes 1-3, the C-O of
furan rings were observed at 1535 cm~!, 1541 cm™!, and
1542 cm™!, respectively. C—O—C vibrations of the furan ring
were observed at 1227 cm™!, 1226 cm™!, and 1226 cm™!.
The IR data indicate that the furan ring does not participate
in coordination within the complexes. The functional groups
of the three isostructured complexes were observed in the
same regions close to each other in the FT-IR spectra [51].

Unsaturation in the molecule results in UV region absorp-
tion. Due to the unsaturated conjugate structures in organic
solids, UV-VIS and IR spectroscopy are widely used in
qualitative analyses for such compounds.

When the UV-VIS region spectra were examined, the
synthesized complexes exhibited maximum absorbance
at 263-266 nm. Accordingly, when the energies of the
bonds are low, they sometimes absorb low-energy rays. On
the other hand, they have higher energies and they absorb
shorter wavelengths, that is, higher energy rays. This distinc-
tion allows us to analyze. Considering the wavelength range
(263-266 nm) exhibited by complexes 1, 2, and 3, it has
been determined that they have n-n* and n-nt* transitions.
This value range is defined as the near UV region. In this
way, we can obtain qualitative analysis results as well as
quantitative results (Figs. S11-S13 and Table S1).

Biochemical studies

For the purposes of this study, we employed a straightfor-
ward one-step method utilizing affinity chromatography to
purify hCA I and hCA II [20-22]. AChE, BChE, hCA 1,
hCA 1I, and GR enzymes’ inhibitory activities with com-
plexes 1-3 were determined by using different spectro-
photometric methods. These two cytosolic CA isozymes
were assayed by the method described by Verpoorte et al.
[52]. Cholinesterase activities were tested by the method
described by Ellman et al. [53]. GR activity was tested by
the method described by Beutler et al. [54]. In this study,
donepezil was used as a reference drug for cholinesterases.
Acetazolamide (AZA) was used to test CA enzymes. N,N-
bis(2-chloroethyl)-N-nitrosourea (NNS) was used for GR
enzyme. The ICy, values obtained for complexes 1-3 are
summarized in Table 5. These enzyme K; values were calcu-
lated from Lineweaver—Burk plots and are given in Table 6.

Our group previously conducted a study on the inhibi-
tory effects of Si-Phthalocyanine derivatives on hCA I and
hCA II [18]. A different investigation explored the inhibi-
tory potential of certain water-soluble phthalocyanines on
the enzymes AChE and BChE [15]. Research conducted on
various metal-complexed compounds demonstrated effective
inhibition profiles against these five tested enzymes. Conse-
quently, the decision was made to screen newly synthesized
metal complexes and their precursors for their inhibitory
effects on these enzymes. Compounds (Figs. 1, 2, and 3)
with distinct functional groups on the nicotinamide and
Furan-2-carboxylate were assessed for their ability to inhibit
AChE and BuChE using Ellman’s colorimetric assay [53].
The reference compound used in this research was done-
pezil, a cholinesterase inhibitor available in the market. Fur-
thermore, this study marks the initial investigation into the
inhibitory effects of Complexes 1-3 on the esterase activity
of hCA I and hCA II. Tables 5 and 6 data reveal the follow-
ing outcomes of these compounds’ inhibitory effects on the
enzymes, measured by an esterase assay with 4-nitropheny-
lacetate (4-NPA) as the substrate:

(i) Complex 1-3 exhibit effective inhibition against the
slow cytosolic isozyme hCA I, with K; values ranging from
98.6 to 222.7 nM. These results are consistent with previ-
ous studies, which demonstrate that functional groups such
as pyridine on the exterior of phthalocyanine structures can
interact with enzymes [12]. In comparison with the specific
CA inhibitor acetazolamide (368 nM), it was observed that
the structures of the tested compounds exhibited stronger
inhibition of hCA 1. Among the tested substances, Complex
2 (98.6 nM) was found to be the most potent inhibitor.

ICsy: 50% inhibitory concentration (means = SD of three
experiments) of tested enzymes

Errors within the range of 1-2% were observed in the
presented data, as obtained from three distinct assays

(i) Inthe assessment of inhibitory activity against the rapid
cytosolic isozyme hCA II (Table 6), the tested com-
pounds exhibit superior performance. Of the complexes
examined in this study, Complex 3 (195.5 nM) was the
least effective inhibitor against hCA II. Complex 2 (K;
68.0 nM) emerged as the most potent inhibitor of hCA
IT among this group of derivatives.

(iii) Complex 1-3 acts as a very good inhibitor with K;
values in the range of 7.5—16.6 nM against the GR
enzyme, which is the target in the treatment of malaria
and cancer. The reason why the inhibition effect is so
high is probably because the complex structure of nico-
tine amide is similar to NADPH, the substrate of this
enzyme. The best GR inhibitor in this derivative series
was Complex 2 with a K; of 7.5 nM.

(iv) Complexes 1-3 exhibit significant inhibitory proper-
ties against AChE, with K; values ranging from 151.6
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«Fig.3 (top) A view of the molecule Complex 3, with the atom-num-
bering scheme. Displacement ellipsoids are drawn at the 40% prob-
ability level, and H atoms are shown as small spheres of arbitrary
radii. (mid.) H-bond geometry; symmetry codes are given in Table 3.
(bottom) Polyhedral view of the stacked Complex 3 with the unit cell
viewed down along the c-axis

to 257.4 nM. In this study, Complex 3 emerged as the
weakest inhibitor against AChE, while Complex I (X;
value from 151.6 nM) was found to be the most effec-
tive AChE inhibitor among the examined complexes.
In comparison to the cholinesterase inhibitor donepezil
(201.4 nM), it was observed that the structures of these
metal complexes displayed more robust inhibition of
AChE. Complex 1 was the most effective inhibitor
among the tested substances.

(v) Complex 1-3 display potent inhibitory activity against
BChE, with K; values ranging from 234.8 to 425.9 nM.
In this study, Complex 3 was identified as the weakest
inhibitor against BChE, while Complex I (with a K;
value of 234.8 nM) was found to be the most effective
BChE inhibitor among the examined metal complexes.
It was observed that the structures of these metal com-
plexes exhibited stronger inhibition of BChE com-
pared to cholinesterase inhibitors such as donepezil
(1022.3 nM).

Molecular docking results

Molecular docking studies are carried out to enrich phar-
macological data and to provide biological material for
bioactivities. It indicates how potential drug candidates
interact with target proteins in the active site. Given the
encouraging in vitro results, it was thought useful to per-
form molecular docking studies. According to the in silico
molecular docking data in Table S2, the docking score
(binding energy) of all proteins is negative, which indi-
cates that the synthesized complexes 1-3 bind to target
proteins. The binding energies of the Complex 1 complex
to these enzymes were determined as —9.4, —9.9, —7.2,
—8.2, and —7.9 kcal/mol, respectively. The binding ener-
gies of Complex 2 to AChE, BChE, CA I, CA II, and GR
enzymes were found to be —10.7, —10.1, —8.2, —9.4, and
—9.7 kcal/mol, respectively. The binding energies of Com-
plex 3 to these enzymes were determined as —7.5, —9.1,
—6.0, —7.7, and —8.4 kcal/mol, respectively. The binding
affinity of Complex 1 towards the AChE enzyme is lower
than that of the reference drug donepezil and has a value
close to BChE. It has been determined that the binding
affinity of this complex to other enzymes is higher than
the reference drugs. When the binding energy values are
examined, it is seen that Complex 2 has the best binding
affinity to all proteins compared to both Complex 1 and

Complex 3 and reference drugs. In Fig. 7, the interactions
of Complex 2 with these tested enzymes are presented.
The binding energy of the Complex 3 to CA I and BChE
enzymes was found to be lower than their reference drugs
(donepezil and acetazolamide, respectively). The binding
affinity of this complex to AChE, CA II, and GR enzymes
is higher than the reference drugs. The binding affinities of
AChE, BChE, CA 1, and CA II enzymes were determined
as Complex 2 > Complex 1> Complex 3, and the binding
affinity of the complexes to GR was Complex 2 > Com-
plex 3> Complex 1 during cobalt, copper, and zinc com-
plexes. As seen in Table S1, there are many interactions
such as conventional hydrogen bonds, carbon-hydrogen
bonds, n-donor hydrogen bonds, m-anion, n-m stacked,
n-n T-shaped, amide-n stacked, n-cation, w-alkyl, alkyl,
n-sigma, w-sulfur between the target protein and the com-
plexes. The hydrogen bond interactions generated in the
structure of both ligands and target proteins by the hydro-
gen bond donor and acceptor groups contribute greatly to
protein-ligand interactions. The hydrogen bond distances
between the cobalt complex and asp72, trp84, gly118,
ser122, trp432, and gln69, the amino acid residues in the
active site of the AChE enzyme, were determined as 2.74,
2.27,2.70,2.53,2.61, and 2.13 /OX, respectively. Complex 1
exhibited a hydrogen bond interaction only with the amino
acid glul99 (d=2.59 A) in this active site. Complex 3
forms hydrogen bonds with amino acids tyr334, glu199,
and tyr121 in the active site of AChE. The bond lengths
were determined as 2.46 A, 1.83 A, and 2.44 ;\, respec-
tively. Complexes 1-3 form hydrogen bonds with amino
acid residues trp82 (2.69 A), tyr128 (2.38 A), ser198 (2.28
A), and his43 (2.17 A); tyr128 (2.30 A), ser198 (2.15 A),
his438 (2.37 A), asp70 (2.16 A), and glul97 (1.90 A);
and gly117 (2.65 A), ser198 (2.28 A), his348 (2.23 A),
glu197 (2.81 A), and his438 (2.17 A) at the active site of
BChE, respectively. There are hydrogen bonds between
complexes 1-3 and with thr199 (2.40 1&) and his200
(2.54 A); gln92 (2.94 A), his94 (3.02 A), his200 (2.50 A);
and gIn92 (2.89 A) in the active site of CA I enzyme,
respectively. There are hydrogen bonds between com-
plexes 1-3 and with his94 (2.36 A), his96 (2.62 A), thr199
(2.21 A), thr200 (2.41 A), tyr7 (2.53 A); thr199 (2.07 A)
and thr200 (2.41 A); and gIn92 (2.43 A), thr199 (1.98 A),
thr200 (2.57 A), and pro201 (3.01 A) in the active site of
CA II enzyme, respectively. Complex 1-3 form hydrogen
bonds with ser51 (1.82 A), glu50 (1.69 A), gly158 (2.45
A), and asp331 (2.60 A); his52 (2.99 A), thr57 (2.16 A),
and alal55 (2.84 A); and asp227 (2.35 A), ile367 (1.93 A),
gly381 (2.36 A), and his434 (2.86 z&) amino acid residues
at the active site of GR, respectively. When these hydrogen
bonds were evaluated in general, it was determined that all
complexes formed strong hydrogen bonds with the active
sites of the target proteins. According to the results of
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molecular docking studies, it is seen that Complex 2 may
be an important agent in inhibiting target enzymes. 2D
interactions between the synthesized complexes and the
target enzymes are given in Fig. S14.

Correlation between in vitro and in silico results
A critical comparison of the in vitro enzyme inhibition

results with the molecular docking study highlights a clear
consistency between the two datasets. Complex 2 stands out

@ Springer
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map of cationic unit of Complex 1 (a), cationic unit of Complex 2 (b), and cationic unit of Complex 3 (c), anionic unit of Complex
1 (d), anionic unit of Complex 2 (e), and anionic unit of Complex 3 (f)

as the most potent inhibitor across nearly all tested enzymes,
showing the lowest K; values (98.6 nM for hCA 1, 68.0 nM
for hCA 11, and 7.5 nM for GR), and this trend is fully sup-
ported by its docking scores, which are the most favorable
among the series (—10.7, —10.1, —8.2, —9.4, and —9.7 kcal/
mol for AChE, BChE, hCA I, hCA II, and GR, respectively).
The superior binding affinity of Complex 2 can be attrib-
uted to its ability to form multiple stable hydrogen bonds
and n-type interactions with key residues within the enzyme
active sites, as confirmed by the docking analysis.
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Fig. 5 The shape index of the cationic unit of Complex 1 (a), the cationic unit of Complex 2 (b), and the cationic unit of Complex 3 (c), the ani-
onic unit of Complex 1 (d), the anionic unit of Complex 2 (e), and the anionic unit of Complex 3 (f)

Complex 1 displayed intermediate inhibitory activ-
ity, particularly against AChE (K;=151.6 nM) and BChE
(234.8 nM), which correlates well with its moderately strong
docking affinities (—9.4 and —9.9 kcal/mol, respectively). In
contrast, Complex 3 consistently exhibited weaker inhibi-
tory effects in vitro (e.g., K;=257.4 nM for AChE, 222.7 nM
for hCA I, and 16.6 nM for GR), and this is reflected in
its comparatively less favorable binding energies (—7.5 to
—8.4 kcal/mol). Notably, for the CA enzymes, the order of
inhibition (Complex 2> Complex 1> Complex 3) parallels

the order of docking binding energies, reinforcing the pre-
dictive accuracy of the computational approach.

Overall, the agreement between experimental and com-
putational results provides validation for the molecular
docking methodology employed in this study. These corre-
lations strengthen the structure—activity relationship analy-
sis, support the reliability of docking-based predictions,
and suggest that in silico modeling may be a valuable tool
for guiding the design of future derivatives with enhanced
enzyme inhibitory properties.
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Fig.6 The curvedness map of the cationic unit of Complex 1 (a), the cationic unit of Complex 2 (b), and the cationic unit of Complex 3 (c), the
anionic unit of Complex 1 (d), the anionic unit of Complex 2 (e), and the anionic unit of Complex 3 (f)

ADMET properties

Predicting the pharmacokinetic and toxicokinetic properties
of compounds with drug candidate potential increases the
probability of success in drug development studies. Lipinski
et al. reported five rules for assessing whether a compound
would be a drug candidate [55]. The in silico drug-likeness
and pharmacokinetic profiles of the synthesized complexes
1-3 were evaluated using the SwissADME tool (Table S3).
All three compounds displayed comparable physicochemical
properties with molecular weights around 375-382 g/mol,
moderate polarity (TPSA =132.96 Az), and similar molar

@ Springer

refractivity (76.91). Their consensus Log P values (= -2.7)
indicated hydrophilic character, which was consistent with
the high solubility predictions. Indeed, all complexes were
classified as “very soluble” according to ESOL and Ali mod-
els, while the SILICOS-IT model suggested solubility in the
“soluble” range. Pharmacokinetic predictions revealed high
gastrointestinal absorption for each complex, while none
were permeable to the blood-brain barrier, suggesting their
biological distribution may remain peripheral. Importantly,
none of the complexes were predicted to act as substrates
of P-glycoprotein or as inhibitors of the major cytochrome
P450 isoenzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6,
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Table 4 Percentages of

. . . Complex 1
intermolecular interactions

Complex 2 Complex 3

according to 2D fingerprint Cationic unit

Anionic unit Cationic unit Anionic unit

Cationic unit Anionic unit

graphs of complexes 1-3

H..H 38.9 31.9 40.7 32.3 40.6 32.6
H...0/0..H 349 42.7 37.9 418 38.1 417
C...C 9.1 113 8.7 11.3 8.7 11.3
C...0/0...C 4.4 5.0 4.8 5.7 4.7 5.7
H...C/C..H 5.0 5.7 4.0 5.5 4.0 5.3
H..N/N..H 4.0 1.6 2.7 1.8 2.7 1.8
C...N/N...C 0.6 0.8 0.7 0.9 0.7 0.9
N...0/0...N 0.4 0.4 0.2 0.2 0.2 0.2
0...0 0.6 0.7 0.2 0.3 0.2 0.4
H...Cu/Cu..H 03 - - - - -
0...Cu/Cu...0 138 - - - - -

Table 5 ICs, values (nM) Inhibitor AChE BChE hCA T hCA II GR

obtained with tested enzymes

for complexes 1-3 and reference  Complex 1 (Cu) 318.3+47 528.4+6.8 3823439  387.5+4.1 28.3+0.32

molecules Complex 2 (Co)  382.8+4.3 703.8+8.4 1924425  156.6+0.18  16.2+0.17
Complex 3 (Zn) 553.4+6.1 936.9+9.8 467.7+53  440.0+4.7 31.6+0.34
Donepezil 392.7+42.1 2351442412 - - -
NNS - - - - 645 pM

Table6 K; values (nM) Inhibitor AChE BChE hCA I hCA 1T GR

obtained with tested enzymes

for Complexes 1-3, reference Complex 1 (Cu) 151.6+1.9 234.8+4.1 201.2+8.7 176.1+5.1 135403

molecules Complex 2 (Co) 184.04+2.6 306.0+6.7 9864374  68.0+25 7.5+02
Complex 3 (Zn) 257.4+32 425.9+6.2 222.7+9.1 195.5+7.9 16.6+0.4
Donepezil 201.4+3.1 1022.3+11.4 - - -
AZA - . 368+8.7 34.6+1.9 -

Errors within the range of 1-2% were observed in the presented data, as obtained from three distinct assays

CYP3A4), indicating a potentially favorable metabolism and
low risk of drug—drug interactions. Skin permeation values
(log Kp =~ —9.5 cm/s) further confirmed limited transdermal
absorption. Taken together, these findings demonstrate that
all three complexes possess broadly comparable ADME and
drug-likeness characteristics. Although their relatively high
polarity and hydrogen bonding capacity may restrict passive
membrane permeability, the favorable predictions regarding
solubility, gastrointestinal absorption, and metabolic safety
profile suggest that the complexes 1 and 2 in particular may
represent promising scaffolds for further biological evalua-
tion, whereas Complex 3 analogue requires additional con-
sideration due to the heavy metal alert.

Complexes 1-3 are inactive in hepatotoxicity, carcino-
genicity, immunotoxicity, mutagenicity, cytotoxicity, AMES
toxicity, and mitochondrial membrane potential (MMP). The
human Ether-a-go-go-Related Gene inhibition potential of
the complexes was determined to be weak. Considering all

these advantages and disadvantages, it is recommended
to carry out further drug formulation studies to determine
whether the complexes can be drug candidates.

Conclusions

The coordination compounds of Cu*?, Co*?, and Zn*?
cations were synthesized, and their structural characteri-
zations were presented. Nicotinamide (N-donor) and aqua
(O-donor) ligands with electron-donating groups were
coordinated around the same metal. The structure of the
Cu?, Co?, and Zn** complexes elucidated by single crys-
tal structure analysis was found to have a distorted octahe-
dral geometry with furan 2-carboxylic acid anions in the
crystal structure coordinated by two nicotinamide and four
water ligands. Cu?", Co*", and Zn2* complexes were evalu-
ated for their inhibitory activities against hCA isoforms (I,
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Fig.7 3D representation of the docking of Complex 2 to the active site of the enzymes AChE (a), BChE (b), CA I (¢), CA 1I (d), and GR (e)

II), cholinesterases (AChE, BChE), and GR. The results
showed that the complexes exhibited potent inhibition at
the nanomolar levels against these five enzymes. Inter-
estingly, this study is also the first to report the inhibi-
tory effects of these metal complexes on hCA I, II, and
GR. Molecular docking studies further supported these
findings, showing that Complex 2 had the highest bind-
ing affinity to all target enzymes, followed by Complex
1 and Complex 3. The docking studies revealed strong
hydrogen bond interactions with key amino acid residues
in the active sites of the enzymes, as well as n-n stacking
and hydrophobic interactions, which contribute to the high
inhibitory activity observed. Complex 2 exhibited the most
favorable binding energy, with values of —10.7 kcal/mol
for AChE, —10.1 kcal/mol for BChE, —8.2 kcal/mol for
hCA I, —9.4 kcal/mol for hCA II, and —9.7 kcal/mol for
GR, indicating its potential as a highly effective enzyme
inhibitor. Additionally, ADMET (Absorption, Distribu-
tion, Metabolism, Excretion, and Toxicity) predictions
provided valuable insights into the pharmacokinetic and
toxicological properties of these metal complexes. The
analysis indicated that all three complexes have low gas-
trointestinal absorption and do not cross the blood—brain
barrier (BBB), suggesting that further formulation studies
are needed to enhance their bioavailability. However, the
complexes exhibited no significant hepatotoxicity, carci-
nogenicity, immunotoxicity, or mutagenicity risks, making

@ Springer

them promising candidates for further pharmacological
development. Overall, this study presents the first report
on the enzyme inhibitory effects of Cu(Il), Co(II), and
Zn(II) furan-2-carboxylate nicotinamide complexes. The
potent enzyme inhibition, particularly by the Co(II) com-
plex, highlights their potential therapeutic applications
in the treatment of diseases such as Alzheimer’s disease,
glaucoma, epilepsy, malaria, and cancer. Future studies
should focus on optimizing their pharmacokinetic profiles
and conducting detailed in vivo evaluations to further vali-
date their therapeutic potential. Given their broad-spec-
trum inhibition, these metal complexes have the potential
to be developed into promising agents for the treatment of
various diseases, including glaucoma, epilepsy, malaria,
and cancer.
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