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In this article, we synthesized a [Cul(4-pyridinecarboxaldehyde),] complex characterized by CHN analy-
ses, FT-IR, UV-Vis, and DFT. The spectroscopic characteristics and biological activities of the synthesized
complex were investigated using quantum mechanical methods using combined experimental and com-
putational approaches. The orbital NBO and topological AIM approaches were used to investigate inter-
molecular interactions. According to the second-order perturbation energy analysis, the majority of the
E?) stabilization energies of of LP(N) — LP*(Cu) are higher than those of LP(I) — LP*(Cu), implying that
the nitrogen atom in the complex is the main contributor to coordination. In addition, the biological ac-
tivities of the title complex were investigated by using molecular docking analysis. In this investigation,
the title Cu (I) complex was the most active molecule, with the maximum antibacterial activity against S.
aureus and S. epidermidis infections that should be further clinically investigated due to its effective anti
and anti-quorum sensing properties. The title complex showed good antiquorum-sensing activity when
tested against C. violaceum ATCC 12472. Furthermore, in-silico molecular docking investigations corrobo-
rated the chemical activity correlations. The Cu (I) combination has a maximum dock score for some of

the active chemicals.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Copper complexes have been recognized as potential antibac-
terial, anticancer, and antioxidant chemicals due to their advan-
tageous redox properties and are regarded as one of the most
promising anticancer agents, second only to cisplatin [1-5]. Anti-
malarial, antifungal, Alzheimer’s illness, Parkinson’s disease, amy-
otrophic lateral sclerosis, diabetes, inflammatory conditions (i.e.
rheumatoid arthritis), skin wounds, cardiovascular diseases, and
leishmaniasis are all treated using copper complexes [6]. Further-
more, Cu(I) complexes are extremely important in the discovery of
metal-based drugs from transition metal complexes. Because cop-
per is an endogenous metal with high coordination ability and low
toxicity compared to exogenous metals (ruthenium, iridium, and
platinum. etc.) [5]. There is significant evidence that copper com-
plexes may represent successful alternatives to clinically accepted
platinum-based drugs [7]. The fact that many tumor cells, includ-
ing breast and prostate cancer cells, use more copper than normal
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cells suggests that copper is strongly associated with tumor cells.
Such as ceruloplasmine and superoxide dismutase, which perform
fundamental biological tasks vital to cellular growth and develop-
ment [8]. Schiff base copper complexes have been shown in the
literature to inhibit certain cancer cell development in vitro and
in human tumor cell cultures [9,10]. Copper is a structural and
catalytic cofactor of various enzymes [7], with variable oxidation
states of Cu(Il) and Cu(I) that act as anti-tumor agents, and a back
and forth shift between these two oxidation states via single elec-
tron transfer reactions. Copper’s biological involvement is primarily
in redox processes and as a biological catalyst [11-13].

Nitrogen heterocycles, in particular pyridine molecules bear-
ing carbonyl groups, known as gem-diols, are commonly uti-
lized in catalysis, environmental chemistry, medicine, hydromet-
allurgy, and biotechnology [14]. Additionally, metal complexes of
N-donor ligands have demonstrated extraordinary antibacterial ac-
tivity against bacteria and fungi [15]. 4-Pyridinecarboxaldehyde
is a heterocyclic building block that can be used to make
many different pharmaceuticals, like new 1,4-dihydropyridin-4-
yl-phenoxyacetohydrazones that have anticonvulsant and anti-
inflammatory properties [16,17]. The Korich-type reaction uses 4-
pyridinecarboxaldehyde as a building block for the production of
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Schiff bases. Metal complexes of several of these Schiff bases
have been demonstrated to have strong antibacterial and antifun-
gal action, as well as modest nuclease activity [18]. Schiff base
Cu(Il) and Co(Il)-pyridinecarboxaldehyde complexes have previ-
ously been studied [14] using NMR, single crystal X-ray diffrac-
tion, and EPR in conjunction with theoretical DFT calculations.
In this paper, we describe the synthesis and characterization of
the 4-pyridinecarboxaldehyde (4-Py-CHO) ligand with a copper(I)
ion. The Cu(I)-4-pyridinecarboxaldehyde complex was studied us-
ing FT-IR and UV-Vis spectroscopy, as well as elemental analysis.
Additionally, DFT calculations of this compound were performed
and compared with the experimental data. Non-covalent inter-
actions are important in pharmaceutical design, supramolecular
chemistry, molecular biology, and other chemical disciplines [19].
Therefore, we performed non-covalent interactions (NCIs) and AIM
and NBO analyzes to explain these interactions, which include hy-
drogen bonding, -7 stacking, cation-m, electrostatic, hydrophobic
and Van der Waals forces. The molecular docking method is used
to describe a molecule’s interaction with a protein at the atomic
level, which permits categorizing tiny molecules’ behavior at the
binding sites of target proteins and so elucidating their essential
biochemical processes [20]. This approach may predict the ligand-
protein binding affinity as well as the structure of protein-ligand
complexes. It is a crucial tool in structural molecular biology and
computer-aided drug design. Finding active compounds from ex-
isting chemicals is typically the initial stage in the development of
novel drugs [21]. Our research aims to evaluate the antibacterial
activity of the Cu (I) complex against clinically significant bacterial
pathogens as well as the effectiveness of the complex’s antiquo-
rum sensing capability. The antibacterial and antiquorum-sensing
activities of the Cu(l) complex were investigated to support and
compare the molecular docking results.

2. Experimental
2.1. Synthesis of complex

Sigma-Aldrich purchased copper iodide and 4-pyridinecar
boxaldehyde, which were utilized without purification. In 20 mL of
ethanol, the ligand (4-Py-CHO) (2 mmol; 214.22 mg) was liquefied.
Then, with steady mixing at 50 °C, Cul (1 mmol; 190.45 mg) was
progressively added to the first produced solution. 3 h of constant
stirring at the same temperature To allow the solvent to evapo-
rate, the finished solution was stored at room temperature for one
week. The metal-to-ligand ratio in the produced compound is 1:4.
Under ambient conditions, the colorless metal complex was filtered
and dried. The complexation was performed in a 100 mL glass ves-
sel equipped with a mechanical stirrer. The synthesized chemical
has a 76% yield. The following calculated and experimental values
for CHN analyses were reported: [Cul(CgH5NO),4], [CulCy4HygN4O4],
CHN Calc: C: 46.58%, H: 3.30%, N: 9.05%, Found: C: 47.80%, H:
3.90%, N: 8.86%.

2.2. Instrumentation for recording spectra

On the Bruker Vertex 80 FT-IR spectrometer, the [Cul(4-Py-
CHO),4] complex’s infrared spectra was acquired between 4000 and
550 cm~!. The Far-IR spectra were obtained on the Bruker IFS 66/S
system between 700 and 100 cm~!. An Agilent HP 8453 spec-
trophotometer was used to record the UV-Vis spectrum in a quartz
cell using DMSO as the solvent. Thermogravimetric analysis (TGA)
was performed in a dynamic N, atmosphere (40 mL/min) with
a heating rate of 25 °C/min from a surrounding temperature of
1000 °C/min using a Mettler Toledo thermal analyzer.
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2.3. Antibacterial and antiquorum-sensing properties

Ten different bacterial cultures were used (S.aureus ATCC 29213,
S.epidermidis ATCC 35984, L. monocytogenes ATCC 35152, B. subtilis
ATCC 6633, B. cereus 709 Roma, E. faecalis ATCC 29212, E. coli ATCC
25922, S. typhimurium ATCC 14028, P. aeruginosa ATCC 27853 and
K. pneumoniae ATCC 13883). Bacteria used in the study were ob-
tained from the Culture Collection of Kirsehir Ahi Evran University,
Department of Biology.

The antibacterial activity of substances was determined in this
experiment using the minimal inhibitor concentration (MIC) and the
agar well diffusion method. The NCCLS guidelines were used to
determine the minimum inhibitory concentrations (MIC) of com-
pounds against bacteria [22].

In the bacterial suspension (0.5 McFarland), test solutions
(1000 pg/ml in DMSO), and MIC tests, Mueller-Hinton broth (Ox-
oid) was utilized. The test microorganisms were inoculated into
Nutrient Broth (Difco) and incubated at 37 °C for 24-48 h.

Bacteria were grown in agar well diffusion for 24-48 h (10°
bacteria per mL). Culture plate wells were pierced with a sterile
cork borer drill (7 mm in diameter) and filled with a dissolved
compound containing 10% DMSO (10 mg/mL). The inhibition zones
(mm) on the agar plates were then measured in millimeters. The
positive control was ampicillin (AMP) (10 ug), and the negative
control was dimethylsulfoxide (DMSO). For each step of the disk
diffusion method, the NCCLS guidelines were followed [23].

The test was performed three times, and the findings are shown
as a mean. The obtained agar well diffusion zone sizes were com-
pared to the conventional antibiotic ampicillin.

The antipathogenic potential of the compound was determined
by antiquorum sensing activity against C. violaceum ATCC 12472 in
LB agar (Luria Bertani) medium. A culture of C. violaceum (1 x 10%)
was spread on the LB agar surface. Next, wells were drilled in LB
agar with a cork borer and the tested chemical (5 mg/mL) was
added to the wells.

The plates were incubated at 30 °C for 24 h to measure the sup-
pression of pigment production around the well. The good results
included stopping the growth of bacteria and making a clear halo
around the disc.

3. Computational details

In this study, DFT/B3LYP/GEN level theory with the Gaus-
sian09 program [24], DGDZVP basis set for Cu, I atoms, and 6-
311G++(d,p) basis set for all the non-metal atoms were used. Har-
monic vibrational frequencies computed were often greater than
measured values. As a result, the calculated wavenumbers were
scaled using 0.967 scaling factors [25]. The complete theoretical
vibrational distribution analysis of the Cu(I) iodide complex was
procured based on TED (Total Energy Distribution) analysis with
the same level of theory that has been done with the PQS (Par-
allel Quantum Solutions) software [26]. The electronic properties
of MEP and FMO'’s visualization of the achieved results were ob-
tained by the GaussView software [27]. The Natural Bond Orbital
(NBO) analysis has been done by using the NBO 5.0 [19] pro-
gram, which is integrated into the Gaussian 09W package. The
computed UV-Vis spectra were estimated using the TD-DFT/CAM-
B3LYP approach with the DGDZVP basis set, and the solvent ac-
tion was properly considered using the IEFPCM model. Multiwfn
[28] and molecular visualization program VMD [29]| were used to
determine the intensity of non-covalent interactions (NCIs), the
isodensity surface plot, and the reduced density gradient (RDG)
surface. Moreover, partial density of states (PDOS) are generated
with multiwfn software. Auto dock 4.2.6 Tools were used to con-
struct the initial structures to run the docking simulations. The
world’s largest online protein database, RCSB, is the major source
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Fig. 1. Optimized geometric structure with atom numbering of the Cu(I) complex.

for collecting the PDB structures used as target proteins. The gram
-ve bacteria (Staphylococcus epidermidis, PDB ID: 3KP3). the re-
ceptor of gram +ve bacteria (Staphylococcus aureus, PDB ID: 1]IJ),
(13:italic )Chromobacterium violaceum(/13:italic) (PDB ID: 3QP1)
was obtained from the RCSB Protein Data Bank (www.pdb.org). The
docked poses were visualized using the PyMOL software [30] and
Chimera [31].

4. Results and discussion
4.1. Description of the optimized structure

Geometrical parameters are extremely important in theoretical
studies of organic compounds since they are used to determine the
molecule’s stability. The transition metal complexes of the ligands
containing N,0-donor sites have unusual configurations and struc-
tural liabilities [19]. In this article, we synthesized a Cu(l) complex
that can be accounted for by the N atoms of the ligand’s pyridine
ring when combined with metal and the presence of an iodide
ion within the field of coordination. The [Cul(4-Py-CHO);] com-
plex (Fig. 1) was optimized for geometry. In particular, the X-ray
structure of the title complex is still not yet established experi-
mentally. So, the starting structure of this complex is described
in the literature [14] M(I)-3-pyridinecarboxaldehyde and M(I)-4-
pyridinecarboxaldehyde (M=Cu or Co) in the same square planar
copper to four pyridine coordination. The geometry of the cop-
per complex synthesized by Kargar et al. [32] was taken into ac-
count when the iodine atom was linked to the metal ion in our
study. It is taken from the structure that suggests it is coordinated
by the nitrogen in pyridine rings and the iodine atom. Observa-
tions have been made on the geometric parameters of the metal
complex mentioned in Table 1 that indicate the mode of bond-
ing between ligand donor atoms and the metal ion. The ligand
forms a 4:1 complex with copper and iodine through coordina-
tion through nitrogen atoms to form a stable geometry around the
central metal ion. The coordination sphere is formed by N atoms
occupying the ligands’ equatorial positions, while the coordinat-

ing iodide occupies the axial site. This coordination has been ob-
served in similar structures found in previous research [32]. The
optimization results showed that the title compound is coordi-
nated with the ligand N-donor groups. As shown in Fig. 1, the
protons of the two groups rotate and diverge. According to the
optimized structure, the 4-Py-CHO ligands are coordinated to the
metal core through the pyridine nitrogen atoms. The Cu-N1, Cu-
N45 bond distances are 2.026 A. These Cu-N bond distances are
in good agreement with those reported in other similar copper
complexes [32-34]. Furthermore, the average Cu-I bond length is
2.6317(4) A, which is comparable to other copper iodide coordi-
nation polymers, such as 2.7147(7) A for [Cul(6-Me-quinoline)]n
[35], 2.587(3) A for [{Cu(u3-1)}2(4.2"- pypzpy)2{Cu(p-)}2]n [36],
2.869 A and 2.6633(7) A for [Cu2I2(Apyz)]n [37]. From Table 1, the
Cu-I distance is 2.586 A, which is compatible with the literature
and shows the participation of the Cu(I) ion has coordination ge-
ometry with the I~ ion. The Cu—I bond distance and N-Cu—I an-
gles are within the range of reported values for such copper iodide
compounds.

4.2. Vibrational spectroscopy

DFT calculations were used to calculate the vibrational frequen-
cies of the synthesized compound. The vibration analysis of the
Cu(l) iodide complex was carried out on the basis of the charac-
teristic vibrations present in the complex. Theoretical and exper-
imental vibrational wavenumbers are given in Table S1 compara-
tively. The calculated vibrational frequencies were multiplied by a
scaling factor of 0.967 to obtain corrected values closer to the ex-
perimental data. The experimental FT-IR spectra of the free ligand
and its copper(l) iodide complex, recorded in the range of 4000-
400 cm~! are given in Fig. 2, and the Far-IR spectra of the complex
is given in Fig. S1.

The experimental and computational vibration frequencies
compared in table S1 show that the DFT and experimental results
are in good agreement. The bands seen at 3260 and 3055 cm~!
(pyridine ring) and 2989 and 2903 cm~! (aldehyde group) in the
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Table 1
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The DFT method was used to calculate selected bond lengths (A) and angles (°) of the

Cu(I) complex.

Bond Length
2.026 Cu-I 2.586
3.744

Bond Angle
87.440 N2-Cu-I 119.214
88.376 N1-Cu-I 94.289
119.238  N46-Cu-I 94.340

Bond Length Bond Length
Cu-N1 3.746 Cu-N45
Cu-N2 2.026 Cu-N46
Bond Angle Bond Angle
N1-Cu-N2 88.317 N2-Cu-N46
N1-Cu-N45 87.443 N45-Cu-N46
N2-Cu-N45 121.546 N45-Cu-I
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Fig. 2. Experimental FT-IR spectra of 4-Py-CHO ligand (a) and Cu(I) complex (b).

IR spectrum are attributed to C-H stretching vibration in the Cu(I)
complex. In the IR spectrum, the C-C stretching pyridine ring vi-
brations appear at 1600-1450 cm~! [38-40]. The C-C stretching
mode appears as strong bands in the FT-IR spectrum at 1610 and
at 1550 cm~!. The theoretical values calculated for the C-H and C-
C bands can be shown to be in accordance with the experimental
results as well as those reported in the literature. The IR band as-
signments are useful in evaluating the coordination behavior of lig-
ands with copper(I) ions. The C=0 stretching vibrations, which are
expected to be observed in the 1730-1700 cm~! region according
to the literature, were observed in the present study at 1710 cm~!
and 1708 cm~! for the experimental and theoretical values for
the Cu(l) complex, respectively. In the free ligand spectrum, the
peaks corresponding to C=0 stretching are observed at 1708 cm~!
(very strong). When the free ligand and the copper complex of the
v(C=0) stretching vibration of carbonyl group are compared, it is
seen that there is no shift in this frequency value after complexa-
tion. These data suggest that the carboxyl group is not involved in
the formation of the copper complex. This means that the carbonyl

oxygen atoms are non-coordinated with the metal ion. On the
other hand, the spectrum of ligand showed the characteristic ring
stretching frequency v(C=N) band at 1595 and 1560 cm~! which
was shifted to frequencies at 1610 and 1550 cm~!, respectively.
The v(C-N) band of ligand was appeared at 1387, 1231, 1209, and
1004 cm~!, which is shifted to lower frequencies in the spectra
of the complexes at 1352, 1217, 1190 and 995 cm~! for complex,
respectively, with shifts due to coordination indicative of pyridine
N atoms coordination to Cu(I) metal ion. The observed low energy
shift of the band in the complex could be due to the decrease in
the C=N double bond character, which suggests the coordination
of the ligands to copper atoms [41,42].

Metal-ligand stretching and ring-deformation bands can be seen
in the Far-IR spectrum. From the literature study, it is observed
that the metal-nitrogen (M-N) and metal-iodine (M-I) stretching
wavenumbers are exhibited in the lower frequency range [43,44].
The Far-IR spectrum of the Cu(I) complex showed the appearance
of few additional bands not found in the spectra of the 4-Py-
CHO ligand in the 600-50 cm~! region, and this is the Cu-N and
Cu-I [45,46]. In the present investigation, we have observed that
the new bands at the medium bands (564 and 406 cm~!) are
attributed to v(Cu-N) stretching. The bands observed at 111 and
137 cm~! are ascribed to v(Cu-I) stretching vibrations between
Cu(l) and iodine atoms. In the table S1, DFT calculations with a
sustained PED distribution are used to represent the remaining in-
plane bending and the out-of-plane vibrations §(CNCu), §(NCuN),
and §(NCul) of title complex. The results of the far-infrared spec-
troscopy were utilized to demonstrate the successful coordination
of the ligand with copper and iodine. These vibrations are very
similar to those reported in the literature by previous researchers
for copper(I) iodide complexes [47-50].

4.3. UV-visible absorption spectra and TD/DFT calculations

As predicted by the TD-DFT/CAM-B3LYP/DGDZVP calculation in
DMSO, the observed displacement points to a metallic center that
is rich in electrons after the complex forms. This makes it harder to
reduce the metal because of the interactions between the species
[51]. The most effective theoretical approach to luciberate the dy-
namic and static characteristics of molecules in an excited state is
the TD-DFT method [45]. Table 2 shows experimental and theoret-
ical absorption wavelengths, band gaps, oscillator strength (f), ex-
citation energy, and major contributions to electronic transitions,
whereas Fig. 3 shows experimental UV-visible absorbance and
transmittance spectra. The longest wavelength of the 4-Py-CHO lig-
and recorded in hexane solution by Ohno et al. was 283.3 nm [52].
It shifted to a longer wavelength after complexation, supporting
the experimental finding and the coordination of 4-Py-CHO with
the copper(l) ion.

The complex shows a moderately strong band at 300 nm with
an intense band at 360 nm (Fig. 3). To explain the nature of elec-
tronic transitions in the title complex, TD-DFT calculations were
performed on optimized geometries in DMSO. Calculated electronic
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Table 2
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Experimental and calculated UV-Vis wavelength (A), band gap energy (eV) and oscillator strength for the Cu(I) complex.

Experimental (DMSO)

TD-DFT/CAM-B3LYP/DGDZVP Solvent phase (DMSO)

Amax(nm)  Band Gap (eV) Amax(nm)  Osc. Strength (f)  Excitation (eV)  Important orbital excitations
300 4.133 263 0.231 4.709 %53 (H_g — LUMO)
360 3.444 332 0.318 3.735 %80 (HOMO — L,q)

~— Theoretical UV-Vis

~— Experimental UV-Vis

Absorbance

T T T T T T T T

150 200 250 300 350 400 450 500 550 600
Wavelengths (nm)

Fig. 3. The UV-vis spectrum of the Cu(I) complex was carried out experimentally
and theoretically.

spectral data is intense band HOMO—LUMO+1 for the complex
at 332 nm. The peak at 263 nm corresponds to HOMO-6—LUMO
transitions having the w—m* character. These transitions have the
characteristics of intra-ligand charge transfer and metal-to-ligand
charge transfer. Strong absorption bands were observed in copper
(I) complexes, which were attributed to the ligand to metal charge
transfer (LMCT) transition (N—Cu) [53].

The oscillator power f is a dimensionless quantity describing
the power of an electronic transition, and the oscillator power
for the theoretical transition was obtained differently in magni-
tude from the experimental transitions. The first reason may be
related to the limitations of charge-transfer TD-DFT computations.
The second reason is that the influence of the geometry of com-
plex cannot be ignored. Theoretical calculations were done with
utilizing optimized geometry, and experimental results for the bulk
material were found.

4.4. AIM topological, reduced density gradient (RDG) and NBO
analyses

The existing intermolecular interactions in the Cu(I) complex
have been confirmed and analyzed theoretically using geomet-
ric optimization and AIM topological analysis, as well as through
multi-wavefunction analysis, which was carried out via an RDG
plot analysis and isosurface of contacts. Table 3 shows the calcu-
lated topological parameters. The weak hydrogen bonds are de-
fined by V2p(r) > 0, H(r) > 0, Eppng < 12.0 kcal/mol, and they
are mostly electrostatic, with a distance between interacting atoms
higher than the total of their van der Waals rays [54,55]. Accord-
ing to this Table 3, positive Laplacian indicates the local depletion
of electron density, typical of closed shell interactions, as it occurs
in ionic bonds or any other interactions like van der Waals, weak
hydrogen bonding, etc. Positive Laplacian values also imply deple-
tion of electronic charge along the liaison path; the highest den-
sity found is for the C-H..N and C-H..I contacts, most likely due
to the close proximity of those atoms. The energy of the hydrogen

bond is calculated for our compound as around 6 kj/mol. In our
case, the appearance of a new ring critical point ‘RCP’ confirms the
cyclic character of an atomic chain. As shown in Fig. 4, the inter-
actions between the organic group and the [Cul]~ anion via hydro-
gen bonds give rise to the formation of the rings NRCP1, NRCP2
and NRCP3. According to the AIM analysis, the Cu-N and Cu-I in-
teractions are V2p(r) > 0 and H(r) < 0 implies that the H-bond
is of medium-weak interaction, moderately covalent in nature, and
the kinetic energy dominates. The Cu-N interaction has a higher
electron density p(r) value, which is corroborated by the fact that
the Cu-I bond lengths computed in Table 1 are longer than the Cu-
N2 and Cu-N45 bond lengths, which indicate that the Cu-N inter-
actions are stronger than the Cu-I in the complex. The hydrogen
bonds and coordination bonds in the title complex were easier to
understand after the chemical bonds were broken down.

Jenkins and Morrison [56], and Espinosa et al. [57,58] proposed
that bond interactions are sorted according to the |V(r)|/G(r) ratio,
the ratio |V(r)|/G(r) < 1, the bonded interaction is regarded as the
closed shell, when |V(r)|/G(r) > 2, it is considered as the typically
covalent interaction; and when 1 < |V(1)|/G(r) < 2, it is the inter-
mediate character. The mean |V(r)|/G(r) ratio for the C-H---N and
C-H--I interactions is less than 1.0, as shown in Table 3. As a re-
sult, these interactions are mostly the closed shell for the complex
model. The typical |V(r)|/G(r) ratio for Cu-N interactions is 1.21,
which is somewhat higher than 1.0. As a result, for the complex
model, the Cu-N interactions constitute the intermediary character
between the closed-shell and the typically covalent interaction.

The non-covalent interaction (NCI) analysis provides crucial in-
formation regarding a molecule’s non-covalent interactions. We
have attempted to comprehend and show the nature of the inten-
sity of the many interactions present in the title complex using
the density p(r) versus sign A,: If A, < 0: Attractive and binding
interactions (hydrogen bonds). A, > 0 is greater than 0, repulsive
and non-binding interactions occur (steric effect in ring and cage).
Values close to zero indicate van der Waals interactions. As can be
seen in Table 3, there is a spike in negative A, in the low gradi-
ent, low density area, indicating a stabilizing interaction such as
hydrogen bonding. The results are summarized in Fig. 5a and b
demonstrate the attractive, van der Waals. and repulsive interac-
tions that exist in our compound structure. Van der Waals inter-
actions are responsible for the interactions that appear as green
plates and are situated exactly between the Cu(I) ion and nitrogen
atoms. The elliptic red plate located at the center of the aromatic
nucleus is related to - stacking interactions between the pyri-
dine rings and show a strong steric effect due to high repulsions
[59]. The green plates signifie the strong attractive interaction C-
H...N and C-H....I. The RDG peak at -0.01 corresponds to a strong
interaction between nitrogen and hydrogen. These results are com-
parable to those found using the AIM approach.

It's useful to calculate the energy lost due to electron delocal-
ization in H-bonding. NBO analysis confirms the existence of X-
H...Y hydrogen bonds between the different interaction acceptor-
donor. For example, the C-H...N and C-H....I bonding are viewed
as an interaction between an occupied non-bonded natural orbital
of the acceptor atom lone pair LP(N) and the unoccupied anti-
bonding orbital of the donor (C) in the C-H bond, anti-bonding
acceptor orbital o*(C-H). This interaction weakens and lengthens
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Table 3

Topological parameters of hydrogen bonded interaction for Cu(l) complex.
Interactions p(r) V2p(r) H(r) G(r) V(r) Epona(kj/mol) |V (r)|/ G(r) A Ay A3
Cu-I 0.03135 0.22168 -0.0004 0.10302 -0.06248 82.01 0.6064 -0.03114 -0.02955 0.27717
Cu- N, 0.06914 0.42791 -0.0299 0.13690 -0.16683 218.96 1.2186 -0.10060 -0.09566 0.62418
Cu-Nys 0.06916  0.42800 -0.0299  0.13696  -0.16691  219.07 1.2186 -0.10065  -0.09570  0.62444
Cu-Ngg 0.02461 0.00584 -0.0001 0.12080 -0.00118 1.54 0.0097 -0.00100 -0.00919 0.00776
Cys-Hyg....Nq 0.00721 0.02394 0.00064 0.00534 -0.00469 6.15 0.8782 -0.00678 -0.00614 0.03687
C34-Hs;....N; 0.00781  0.02614  0.00072  0.00581  -0.00509  6.68 0.8760 -0.00748  -0.00678  0.04041
Cy0-Ha1....Nygg 0.00784 0.02623 0.00072 0.00583 -0.00510 6.69 0.8747 -0.00751 -0.00618 0.04056
C30-Hs1....Nygg 0.00718 0.02385 0.00064 0.00532 -0.00467 6.13 0.8778 -0.00675 -0.00611 0.03672
C3-Hso.... 0.00737  0.02423  0.00062  0.00542  -0.00480  6.31 0.8856 -0.00541  -0.00491  0.03455
Cy7-Has....l 0.00737 0.02424 0.00063 0.00543 -0.00480 6.31 0.8839 -0.00541 -0.00491 0.03457

Fig. 4. AIM molecular graphic showing the different critical points of Cu(I) complex.
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Fig. 5. Representation of different types of interactions in Cu(I) complex (a). The map of reduced density gradient (RDG) defines the interaction limits for complex (b).

the C-H bond, thus leading to red-shifted stretching frequency
of C-H bond. The interaction between electron donor and accep-
tor is more intense if the stabilization energy E? is larger [60].
The larger value of total stabilization energy for Cyg-Hpq....Nygg
and Cz4-Hsy....N; interaction indicates it is stronger than others,
being also consistent with the longer C-H bond lengths. The C-
H...N is having the least stabilization energy of 2.65 kcal/mol
lower than the C-H....I. These results are consistent with AIM
analysis.

The computed second order interaction energy E® of Metal-
Ligand bonds in the examined complex is listed in Table 4. The
stronger the contact between electron donors and electron accep-
tors, the higher the E@values. Table 4 clearly demonstrates that
the interaction energy between each metal ion and the iodine
atom is greater than the interaction energy between metal ions
and nitrogen atoms. The maximum energy E® value for the cop-
per complex was 19.90 kcal/mol, which corresponds to LP(1) N—
LP*(8) Cu. Electron donation from the filled lone pair donor NBOs
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Table 4
Second-order perturbation theory analysis of Fock matrix in NBO corresponding to the selected charge transfer interactions of the complex.
H-bonds donor— acceptor E® (kcal/mol)" gj— ei(aun.)? F(@. j)(au)* C-H (A)
Cig-Hig....N; LP(1)(N;) — 6*(Cig — Hio) 0.86 0.79 0.024 1.0847
C34-Hsy...N; LP(1)(N;) — 0*(C34 — Hsy) 2.52 0.79 0.026 1.0845
Ca0-Ha1....Nag LP(1)(Nsg) — 0*(Cog — Hoy) 2.65 0.66 0.030 1.0845
C30-Hs1....Nge LP(1)(Ngg) — 0*(Cs0 — Hs1) 0.85 0.66 0.023 1.0847
C3-Hsp....l LP(3)(Is4) — 0*(C3 — Hsg) 1.29 0.65 0.036 1.0868
Cy7-Hog...1 LP(3)(Is4) — 0*(Cy7 — Hag) 1.23 0.65 0.036 1.0868
Metal-ligand bonds donor— acceptor E@ (kcal/mol)* &j— s,-(a.u.)" F(i. j)(au.)*
LP(1)(N,) — LP*(8)(Cuss) 16.59 0.65 0.0118
LP(1)(Ngs) — LP*(8)(Cuss) 19.90 0.66 0.104
LP(1)(Nsg) — LP*(7)(Cuss) 0.19 0.01 0.012
LP(1)(Is4) — LP*(6)(Cuss) 11.19 0.36 0.185

o : sigma bonds, 7 : pi bonds, LP: lone pairs, LP*: anti-lone pairs
2E2) means energy of hyper conjugative interactions.

b Energy difference between donor and acceptor i and j NBO orbitals.
€ Fj) is the Fock matrix element between i and j NBO orbitals

Table 5
Selected atom net NBO (natural bond orbital) charges and electronic configura-
tion of the complex.

Atom Charge (e) Electron configuration

Cu 0.54701 [core]4s%-333d9834p029440-01

I -0.63930 [core]5s!935p5715(0.01

N1 -0.47343 [core] 2513824073001 4001

N2 -0.51287 [core]2s!342p4-144p0.02

N45 -0.47344 [core]2s!-342p4144p0.02

N46 -0.53088 [core]2s!-382p4108 3p0.01 30.014001
039 -0.50806 [core]2s!-702p4793p001

041 -0.50445 [core]2s!-702p4793p001

044 -0.50444 [core]2s!702p4793p0.01

049 -0.50805 [core]2s!-702p4 783001

of the I and N atoms to the empty metal hybrid orbitals might be
characterized as the acceptor-donor interactions. The second lone
pair of N atoms is responsible for the crucial interactions with the
anti-bonding NBOs of the Cu ion, according to an analysis of the
ligand groups’ natural orbitals.

The natural atomic charges and natural electron configurations
of the Cu, I, N, and O atoms of the complex obtained from NBO
analysis are listed in Table 5. As shown in Table 5, the most im-
portant interactions are between iodine and nitrogen non-bonding
lone-pairs as donors orbitals of copper as acceptors. Copper has
a net charge of 0.547 e, whereas free copper(l) ion has a valence
of +1. The valence of free iodide atoms, on the other hand, is -1,
whereas their net charge in the complex is 0.639e. It shows that a
significant amount of charge density on the central atom is trans-
ferred from the ligand fragment to the copper central metal. The
reduction in the net charge of the iodine atom leads to the conclu-
sion that during complexation, copper(l) obtains electron density
from the iodine atom. Also, the charge on the copper ion has also
been reduced from its normal value as a result of its involvement
in complexation with the ligand, which has been reduced in the
previous complex studies [61].

4.4. Molecular reactivity analyses

Frontier molecular orbitals (FMO’s) are important factors in
quantum chemistry computations. The MO’s analysis has an im-
portant role in electrical, optical, and chemical reactions [62], and
also helps to establish the chemical reactivity and kinetic stability
of compounds [63]. Fig. 6 illustrates the HOMO and LUMO, while
their quantum chemical parameters are listed in Table 6. As seen in
Fig. 6, the LUMO is delocalized over the r* system of the nitrogen-
donating ligand. On the other hand, the HOMO is mainly localized
over the Cu(l) and iodine atom. The molecular orbital analysis is

used to forecast the NBO’s, which are related to donor-acceptor in-
teractions [33]. All interactions between copper(I) atoms and coor-
dinating atoms are referred to as coordinate bonds of the type Cu-
N or Cu-I in molecular orbital analysis. In these interactions, elec-
tron density is transferred from the nitrogen or iodide atoms’ lone
pair orbitals, LP(N) or LP(I), to the antibonding LP* (Cu). These dis-
tributions are also supported by the HOMO-LUMO surfaces shown
in Fig. 6.

The energy gaps between the HOMO-LUMO orbitals are critical
characteristics for determining the electrical transport of the com-
pound, and the chemical potential, electrophilicity index, hardness,
and softness of molecules were estimated using these energy val-
ues given in Table 6. These parameters are used to analyze biolog-
ical characteristics and to recognize active sites [64]. The HOMO-
LUMO energy gap of the copper(l) iodide complex (E = 4.81 eV)
similar studies [65,66] reported that the structure has bioactiv-
ity at values close to this energy range. In addition to the Egap
value, chemical hardness and negative chemical potential also pro-
vided chemical stability of the compound. As shown in Table 6,
the chemical hardness value is greater than the softness value,
which indicates the chemical stability of the material. Also, chem-
ical hardness is a good index to estimate the chemical strength of
the compounds [32]. The title complex found, with an extremely
low chemical softness value of 0.21, was therefore considered to
be non-toxic and highly biological active [67,68]. The lower values
of the HOMO-LUMO energy gap and the high electrophilicity index
have a significant effect on the binding affinity while at the same
time indicating the biological presence of the compound.

4.9.1. Total partial and overlap population density-of-states

To understand the orbital compositions of the different MOs in
the complexes, the partial, total, and overlap population density of
states (PDOS, TDOS, and OPDOS) were plotted for all cluster inter-
actions [69]. The left side axis correlates to TDOS and PDOS, while
the right side axis refers to OPDOS, and the vertical dashed line
emphasizes the HOMO position. The PDOS graphic primarily de-
picts the contribution of fragment orbital compositions to molec-
ular orbitals. The HOMO molecular orbital has both bonding and
antibonding interactions, while the LUMO molecular orbital only
has antibonding interactions. As seen in Fig. 7, PDOS results of
the complex revealed that the main contributions to HOMO or-
bitals were of iodide and copper(l) fragments. However, the LUMO
molecular orbital contributions of nitrogen of the pyridine ring
were more significant than those of the other fragments. This con-
curs with the HOMO and LUMO diagrams presented.
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Fig. 6. HOMO and LUMO surfaces of copper(I) iodide complex.

Table 6

Global reactivity descriptors of the copper(l) iodide complex.
Energy gap Ionization Electron affinity =~ Global hardness  Electronegativity Chemical Global softness Global Maximum
(eV) potential (I)(eV)  (A)(eV) (n)(eV) (x)(eV) potential (o)eV) 1 electrophilicity charge transfer

(pc)(eV) (w)(eV) ! index(ANmax)

4.81 6.01 1.20 2.40 3.61 -3.61 0.21 2.73 1.56

H: HOMO, L: LUMO

I= -Enomo, A= -Emo, 7= G2, p= =04 y = B 5 = 217, = (2|21, ANpox = —p/n

4.6. MEP (Molecular electrostatic potential) analysis

MEP analysis is used to predict the chemical reactive behav-
ior of a wide range of chemical materials in biological systems,
including nuclophilic and electrophilic reactions, enzyme-substrate
interactions, and hydrogen bonding interactions [70]. The MEP is
a colour-coded depiction of the predicted electron density surface;
red, blue, and green represent negative, positive, and neutral elec-
trostatic areas, respectively. In the present work, an analysis of the
nucleophilic and electrophilic attack sites of the title complex is
presented in Fig. 8. It is clear from Fig. 8, the most positive region
represented by blue colour are related to nucleophilic reactivity is
around -CH proton. Also, the ionic copper located at the central
position of the positive electrostatic region. According to the MEP
analysis, the Cu(I) complex appears to have a high positive electro-
static potential distributed over its skeleton. On the other hand, the
negative potentials are over the electronegative O atoms belonging
to the carbonyl groups of ligands and electrophilic are located near

iodine. These negative regions, which are shown in red, show elec-
trophilic reactivity. These reactive sites appearing on the MEP are
favorable for H-bond interaction with selected proteins in molecu-
lar docking investigations. The dispersion of potential in the Cu(l)
complex ranges from -0.4384e-2 to 0.4384e-2.

4.7. Thermal Analysis of the synthesized complex

The TGA thermogram of title complex shown in Fig. S2 displays
a four-step decomposition pattern of the Cu(I) complex. The first
step observed between 100 and 250 °C shows a mass loss of 27.96%
corresponding to the decomposition of the O-H and C=0 groups.
The second weight loss between 240 and 270 °C can be assigned
to the decomposition of the complex by 10%. The third step takes
place between 270 and 300 °C which loses the mass of 40%, which
is defined by the removal of pyridine rings. In the last step, the re-
mainder of the complex was decomposed, which represents 10.3%
of the mass.
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Fig. 7. The calculated PDOS, TDOS and OPDOS Plots for Cu(I) complex.
Table 7

The minimum inhibitory concentration (MIC) and the diameter of the inhibition zone define the antibacterial activity of Cu(I)

complex (mm).

Test Bacteria DIZ (mm) MIC (ug/ml) AMP (10 ng) 10% DMSO
S. aureus ATCC 29213 15.2 7.81 18 -
S. epidermidis ATCC 35984 13.2 7.81 16 -
L.monocytogenes ATCC 35152 - - 15 -
B. subtilis ATCC 6633 - - 12 -
B. cereus 709 Roma - - 12 -
E. faecalis ATCC 29212 - - 18 -
E. coli ATCC 25922 - - 18 -
S.typhimurium ATCC 14028 - - 16 -
P. aeruginosa ATCC 27853 - - 16 -
K. pneumoniae ATCC 13883 - - 15 -
C. violaceum ATCC12472 (Antiquorum-sensing activities) 12 - - -

MIC (png/ml): Minimum Inhibitory Concentration, DIZ (mm): Diameter of inhibition zone (mm), Positive control: AMP
(10ug): Ampicillin, Negative control: 10% DMSO. Note: - indicates no inhibition

Fig. 8. Molecular electrostatic potential map of the copper(I) complex.

5. Biological properties
5.1. Antibacterial and antiquorum-sensing screening activity

Table 7 shows the antibacterial activity of the chemical based
on Minimal Inhibitory Concentration (MIC) and zone of inhibition
diameter (mm).

[Cul(4-Py-CHO)4] showed good antibacterial activity against S.
aureus and S. epidermidis (MIC: 7.81 ng | mL). The antibacterial ac-
tivity was measured using agar well diffusion.

When Gram positive bacteria (S. aureus and S. epidermidis) were
diluted in DMSO (10 mg/ml), they showed good sensitivity to

Cu(I) iodide complex, with inhibitory zone diameters of 15.2 and
13.2 mm, respectively (Table 7).

The results were compared to those of the common antibiotic
ampicillin. According to the findings, the title chemical has high to
moderate antibacterial activity against all of the species tested. The
title compound did not show antibacterial activity in Gram nega-
tive bacteria.

Quorum-sensing mechanisms in bacteria have a focus on micro-
bial resistance mechanisms and microbial biofilm production reg-
ulation. These results emphasize the possibility for the Cu(I) com-
plex to be developed as an antibacterial treatment for infections
linked to biofilms. To prevent microbial resistance, a new tech-
nique for treating proposed drug-resistant microorganisms can be
devised employing QS [71]. The purple pigment violacein is pro-
duced by C. violaceum and is controlled by acyl HSL-mediated QS.
As a result, drugs that inhibit acyl HSL-mediated QS activity in C.
violaceum will also inhibit purple pigment production [72].

Therefore, Cu(I) complex was examined for their antiquorum-
sensing activities against C. violaceum. In our study, the titled
compound was found to be capable of inhibiting the production
of violacein pigment in C. violaceum (Table 7).

5.2. Molecular docking

Molecular docking studies are carried out to complement phar-
macological data [73] and give biological support for biological ac-
tivity. It shows how drug candidates interact with target proteins
in the binding site [74].
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PDB ID:3QP1

Fig. 9. Binding interaction and binding residues of receptor protein Cu(I) complex.

In this study, the in vitro antibacterial activity of the synthe-
sized complex was experimentally confirmed. To confirm this, an
insilico molecular docking computational approach was employed
to provide an excellent basis for the drug design to treat bacte-
rial diseases. Therefore, bacterial receptors (1]JIJ, 3KP3, and 3QP1)
were selected for molecular docking. The in-silico molecular dock-
ing results given in Table S2, the binding energy of all proteins
is negative and this value shows that the molecule is linked to a
protein [75]. The S.aureus protein (1]JIJ) is the strongest inhibitor
in binding energy at -8.73 kcal/mol, indicating that the higher the
binding energy, the more sturdy the interaction [76], and the best
docked state has an intermolecular energy of -10.92 kcal/mol. The
more negative the numerical value of binding energy parameter,
the higher the biological activity of the molecule and the greater
the interaction between molecules and proteins. They demonstrate
that the higher the interaction, the more the bond rigidity sinks,
and their prominent RMSD value of 78.16. Furthermore, the low
binding energy value obtained indicates that the title Cu(I) com-
pound is biologically active [67]. Theoretically, the synthesized
complex gave a good docking score and binding energy to the par-
ticular protein targets.

Intermolecular hydrogen bonding between the title complex
and the proteins is shown in Fig. 9. According to the protein-
ligand interaction major contribution, a hydrogen bond is formed
between the oxygen atoms in the C=0 in the ligand and the hy-
drogen atom in the chosen antibacterial proteins. For example, the
oxygen atom of the aldehyde group was hydrogen-bonded with the
hydrogen atoms (NH) of HIS'50 (d = 2.19 A), ARG'143 (d = 1.83 A),
ASN'77 (d = 1.88 A). Additionally, this interaction reveals the for-
mation of amino acid residues HIS50, HIS47, LYS226, PHE232, and
VAL240 via the H-bond interaction NH—O and results in increased
hydrophobic energy contributions in the ligand due to higher bind-
ing energy values. On the other hand. Cu(I) complex made attrac-

10

tive and noncovalent Pi-Sigma and Pi-Alkyl interactions between
the pyridine ring of this compound and the residues.

Food poisoning, infections, and sepsis are all caused by Staphy-
lococcus aureus, a bacterial pathogen. Antibiotic resistance has risen
rapidly in recent years, necessitating the development of new med-
ications and effective techniques to combat infections caused by
S. aureus. In this case, the headline copper complex, which has
antibacterial properties against S.aureus, is a promising precursor
compound for new pharmaceutical research. It can also be used
as a disinfectant candidate. These findings will aid in the devel-
opment of more effective, faster mechanisms of action of the title
compound in designing new potential antibacterial drugs.

Ramachandran plots were calculated using PROCHECK [77] to
validate the stereochemical quality of modelled protein structures.
The Ramachandran plot for three docked target proteins portrayed
the Psi/Phi angle distribution in Fig. S3 demonstrates that 90% of
the amino acids lie in the allowed region, which is indicated by the
red color, and only a very few lie in the disallowed region, which
indicates the stability of the protein chosen for the binding inter-
action. The identified protein molecules are structurally stable, as
shown by the Ramachandran plot.

6. Conclusion

In the present paper, the novel synthesized Cu(l) complex op-
timized structural parameters, electronic, topological, and vibra-
tional analysis were investigated using the DFT method. Chemical
bonding, antibonding interactions, and stabilization energy have all
been investigated using donor-acceptor analysis. These data aided
in the prediction of reactivity and the identification of the com-
plex’s active site. The Cu complex exhibited significant antibacte-
rial activity against S. aureus and S. epidermidis with biofilm and
quorum sensing properties. As a result, the Cu(I) metal complex
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demonstrated only bacteriocidal activity against S. aureus and S.
epidermidis. As a result, we believe the copper(l) iodide complex
can aid in the development of new synthetic antibiotics and an-
tiseptics. Most active drugs have excellent interaction score val-
ues, according to the molecular docking studies. The purpose of
this study is to investigate the in silico and in vitro bioactivity of
manufactured chemicals to determine whether they have antibac-
terial properties. The binding affinity of the synthesized complex
towards the antibacterial proteins supports the compound’s an-
tibacterial activity to treat bacterial diseases. The results of topo-
logical analyses of the title chemical complement those obtained
from molecular docking studies. Clearly, quantum chemical param-
eters with MEPs can accurately describe compound biological ac-
tivity.
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