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Abstract

A new dichloro(1,10-phenanthroline)(1,2,4-triazole-3-carboxylic-acid)copper(Il) was synthesized, and the most stable opti-
mized structure was determined using the B3LYP/LANL2DZ basis set, followed by FTIR and NMR characterization. The
molecular geometric structure analysis and vibrational frequencies of the Cu(II) complex were calculated by using density
functional theory calculations in the ground state. Metal-ligand and intra-ligand vibrations were investigated using vibrational
analysis, and the obtained computational values were compared with the experimental values. The ProTox-II webserver
was utilized for toxicological evaluation of the organism and organ, as well as molecular mechanisms of toxicity evidenced
by the median lethal dose (LDs,). SwissADME prediction was performed ADMET properties. Reduced density gradient
(RDG) analysis is employed to study the weak interactions within the molecule. The nature of the chemical bonds in the
[Cu(phen)(TCA),Cl,] complex is investigated using electron localization function (ELF) analysis. MEPs, HOMO, LUMO,
global reactivity descriptors, and Fukui functions are performed to study the chemical reactivity of the compound. Molecu-
lar docking studies are performed to predict the antibacterial, antidepressant, and anti-anxiety active site of the complex.
Cu(phen)(TCA),Cl, was defined and used to evaluate the antibacterial properties of this Cu(Il) complex against B. subtilis.

Keywords 1,2,4-Triazole-3-carboxcylic acid - DFT - Reduced density gradient (RDG) - Electron localization function
(ELF) - Molecular docking - Toxicity

Introduction

Metal complexes have received a lot of attention recently
because of their potential benefits in the fields of medi-
cal applications and metal-based pharmaceutical products
(Onawumi et al. 2013). In particular, among all the widely
studied transition metals, copper is gaining intense atten-
tion due to its two common oxidation states (Chen et al.
2007), biological significance, and different stereo-electronic
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preferences of its electronic properties (Dunaj-Jurco et al.
1988; Houser et al. 1996; Malmatrom and Aasa 1993; Lap-
palainen and Saraste 1994; Henkel et al. 1995). Since copper
complexes have a wide range of pharmacological effects,
including antibacterial, antifungal, antiviral, anticancer, and
anti-inflammatory activity, this has led to the investigation of
copper-based drugs (Chandraleka et al. 2014). Furthermore,
copper is a crucial cofactor for many proteins and enzymes
that are critical for human health since it is required for
proper physiological functioning and metabolic processes in
living organisms, including DNA synthesis and angiogenesis
(Tapiero et al. 2003).

1,2,4-Triazole-3-carboxylic acid and 1,10-phenanthroline
molecules exist in the structure of the synthesized complex.
Compounds of 1,2.4 triazole-3-carboxylic acid derivatives
are useful in therapy, particularly for the treatment of neu-
rological, psychiatric, pain, and gastrointestinal disorders
(Yurdakul and Tanribuyurdu 2012). The other molecule
is 1,10-phenanthroline; transition metal complexes based
on 1,10-phenanthroline and its derivatives are frequently
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studied for their anticancer, catalytic, redox, photochemical,
and photophysical properties (Bergamo et al. 2018; Luman
and Castellano 2003; Accorsi et al. 2009; Bencini and Lip-
polis 2010). In coordination chemistry, there have been
several experimental and theoretical investigations into the
biologically important aromatic compounds (Ramakrishnan
and Palaniandavar 2005; Reiher et al. 2004; Schilt and Tay-
lor 1959; Machura et al. 2011; Robertazzi et al. 2009). Also,
previous studies (Kargar et al. 2021a, b, c) are investigat-
ing DNA-binding studies and DFT calculations of synthe-
sized N,O-bidentate Schiff base ligands and their Zn and
Cu complexes. Studies of Kargar et al. are such published
works in which N,O-bidentate Schiff base ligands and their
Zn and Cu complexes are synthesized, and their structures,
spectroscopic properties, antibacterial activities, molecular
docking, and DNA-binding investigations are reported.list.
So, we have

The aim of this study is to calculate and experimentally
investigate the synthesis, characterization and DFT of the
new copper(Il) complex, dichloro(1,10-phenanthroline)
(1,2,4-triazole-3-carboxylicacid)copper(Il), consisting
of two independent mononuclear molecules. To under-
stand the stability of a compound, the intramolecular weak
interactions were performed via reduced density gradient
(RDG) and electron localizing function (ELF). The chemi-
cal reactivity of the synthesized complex was determined
using molecular reactivity descriptors such as condensed
Fukui functions, HOMO-LUMO analysis, NBO, and MEP
analyses. Finally, the copper(I) complex was also molecular
docked to the active sites of mitochondrial outer membrane-
anchored monoamine oxidase (MAQ) and Bacillus subtilis
receptor proteins in order to determine their binding method.
The toxicity of metallo-drugs is problematic, so the organ
toxicities and ADMET properties of the Cu(II) complex
were estimated.

Experimental
Synthesis of complex

CuCl,-2H,0 (0.5 mmol, 170.48 mg) dissolved in 5 ml dis-
tilled water and 1,2,4-triazole-3-carboxylic acid (0.5 mmol,
113.07 mg) dissolved in 15 ml distilled water were added
together while stirring at 323°K. The resulting blue solu-
tion was allowed to react for 30 min, and 1,10-phenanth-
roline (0.5 mmol, 99.1 mg) dissolved in ethanol (5 ml) was
added. Light blue color compound was obtained by slow
evaporation over a period of one month (yield 55%). [Cu
(C12H8N2)CI1,(C3H3N302),], [C18H16CI2CuN80O4],
CHN Theoretical: C: 39.98%, H: 2.61%, N: 20.72%. Experi-
mental: C: 41.51%, H: 2.94%, N: 20.01%.
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Instrumentation for recording spectra

The infrared spectrum of [Cu(phen)(TCA),Cl,] complex
was recorded between 4000 and 550 cm™! on the Bruker
Vertex 80 FTIR spectrometer. Far-IR spectra were recorded
between 700 and 100 cm™! on Bruker IFS 66/S system. 'H
NMR spectrum of the title compound was recorded on a
300 MHz Bruker Avance FT-NMR spectrometer, and the
solvent was D,0.

Computational methods
Computational details

The DFT calculations were performed using GAUSSIANO09
(Frisch et al. 2009). The DFT-B3LYP approach with the
LANL2DZ basis set is used to optimize the geometry of
the [Cu(phen)(TCA),Cl,] complex. The optimized molecu-
lar structure is used to perform vibrational frequencies,
HOMO-LUMO orbitals, global chemical reactivity param-
eters, Fukui functions, NBO, and MEP analysis of the stud-
ied compound. HOMO, LUMO, and MEP analysis were
visualized using GaussView 5.0 (Dennington et al. 2009).
NMR calculations were carried out at B3LYP/LANL2DZ
level with GIAO/PCM approach, and the solvent was water.
Chemical shifts were derived with respect to the isotropic
shieldings of the TMS (tetramethylsilane). By employing
Multiwfn (Lu and Chen 2012) and the molecular visualiza-
tion program VMD (Humphrey et al. 1996), RDG analysis
leads to an easy-to-catch pictorial visualization of various
kinds of non-covalent interactions directly in real space.
ADME properties of the Cu(II) complex are obtained using
Pre-ADMET software (https://www.preadmet.com) and
SwissADME tool (https://www.swissadme.ch/index.php.).
The ProTox-II webserver (http://tox.charite.de/protox_II/)
was used to estimate the organ toxicities and toxicological
end points of the title complex and their LD50.

Molecular docking procedure

The molecular docking of the chemical compounds—proteins
binding site was performed using AutoDock 2.2.6 software
(Morris et al. 1998). The docked complexes were visualized
using PYMOL (DeLano 2002) and Discover Studio software
(https://www.3ds.com/ products-services/biovia/products/
molecular-modelingsimulation/biovia-discovery-studio/vis-
ualization/). The three-dimensional structure of PDB (PDB
ID: 275X, 3EU4) was obtained from the RSCB protein data
bank (https://www.rcsb.org). The 225X and 3EU4 proteins
were simulated using the open-source server PROCHECK,
and the Ramachandran plot for the proteins was examined.
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Fig. 1 Molecular structure of [Cu(phen)(TCA),Cl,]
Results and discussion

Table 1 Selected optimized
geometrical parameters of
[Cu(phen)(TCA),Cl,] obtained
by B3LYP/LANL2DZ basis set

Geometrical parameters of complex

The optimized molecular structure and atomic numbering
of the Cu(Il) complex are shown in Fig. 1. The [Cu(phen)
(TCA),Cl,] geometry was optimized using the DFT/B3LYP
method with LANL2DZ basis set. The calculated stabiliza-
tion energy of copper(Il) complex was E= —3563.045417
a.u. The newly synthesized Cu(II) complex is composed of
one Cu(Il) ion, one 1,2,4 triazole-3-carboxylic acid (TCA)
and 1,10-phenanthroline (phen) molecule, and two Cl anions
(Fig. 1). Because the synthesized complex lacked X-ray data,
the work of Zhu (Zhu et al. 2008), which has a compara-
ble structure, was used as a reference. Optimized geomet-
ric parameters are presented in Table 1 (in Supplementary
Information S1) and compared to X-ray crystallographic data
of the [chlorido (1,10-phenanthroline) (1H-1,2,4-triazole-
3-carboxylato) copper (II)] complex reported by Zhu et al.
The calculated geometrical parameters are in good agree-
ment with the reference values. For instance, experimental
and predicted Cu—N length and N-Cu-N angle (phen N5 and
N6 atoms) values are highly consistent. These values agree
with those reported in the literature (Hammuda et al. 2020),
indicating that phenanthroline has good coordination abil-
ity. The DFT calculations demonstrate that the metal-oxy-
gen bond length is slightly shorter than the metal-nitrogen
bond length [Cu-O: 1.99 A, Cu-N: 2.12 A]. The Cu—Cl
distance in this compound was calculated to be 2.42 A, sug-
gesting that the chlorine atoms are loosely bonded. Also, the

Parameters  Bond lengths Parameters Bond angles (°) Parameters Bond angles (°)

@y

Calc XRD* Calc XRD* Calc XRD*
I['(Cu-Ns)  1.9984 2.026  £(Ns—Cu;—Ny) 81.40 81.67 «(Cu-Ng—C,o) 130.10 129.7
I'(Cu;-Ng) 21205 2.007 4£(Ns—Cu,-O,) 57.36 £(Cy5-Ng—Cye)  119.59
I'(Cu;-0;) 49165 £(N5—Cu;—-03,) 168.43 166.89 «(Cu—-0,-Cy) 12222
I'(Cu;—-05,) 2.0574 £(Ns—Cu;—Cl,)  92.61 Z(Ns-C;g—Cy) 11742 116.1
I'(Cu,—Cly) 2.4286 24443 £(Ns—Cu—Cl;) 94.09 104.68 2(C;3—C;o-Cyy) 12032 120.8
I'(Cu,—-Cly;) 2.4063 £(Ng—Cu;-0,) 138.52 Z(Ng-C,;—Cy9)  116.87 116.7
T'(N,-N3) 1.3777 £Z(Ng—Cu;-05,)  87.88  89.02 2(NeC,—C,) 12284 1237
I'(N-C,))  1.3586 £(Ng—Cu,—-Clye)  114.87 £(C1g-Cp—C,))  120.28 119.7
I'(N;—C,y)  1.3642 £Z(Ng—Cu—-Cly;) 12971 9425  £(C,;—C,-C,p) 11687 117.1
I'N,—H,;)  1.0367 £(0;-Cu;-03,) 132.74 £(Cy=Cy-C5p)  118.65 118.9
I'(N,—C,y)  1.3559 £(0;-Cu;—-Clye)  74.68 4(Cu;-Ns—Cy) 113.86 1123
I'Ns—C,,)  1.3406 1.323 £(034—Cu,—Cly,) 9586 97.04 «£(C,-Ns—C,9) 120.34 118.3
I'Ns—C,g)  1.3702 1.363  £(034—Cu,—Cl;;) 89.38 £(Cu;-NgC,p) 11024 1128
I'(Ng—Cyy)  1.3696 1.359  £(Clys—Cu—Cly;) 11535 £(Cu;—05,—C;5) 13576
I'(C;,C,,) 14209 1.396 «£(Cu;-Ns—C,,) 12573 1292  «(Cy-C,—H,y) 118.44

*X-Ray data taken from Zhu et al. (2008)
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Ns—Cu—Cl, and O5,—Cu—Cl,4 planes are calculated at an
angle of about 90°, which is virtually perpendicular.

Vibrational assignments

The vibrational wavenumbers, calculated IR intensities,
and approximate assignments of those normal modes
of [Cu(phen)(TCA),Cl,] complex are given in Table S2
together with the vibrational frequencies of free phen and
free TCA ligands. The experimental mid-IR and far-IR
spectra are given in Fig. 2. The first detailed vibrational

Fig.2 Experimental (a) mid-IR (a)

assignment for the free 1,2,4-triazole-3-carboxylic acid
molecule was made in our previous study (Yurdakul and
Tanribuyurdu 2012), and calculated and experimental fre-
quencies are reported there. The experimental and theoreti-
cal FTIR spectra of [Cu(phen)(TCA),Cl,] suggest that the
vibrations also contribute to the geometrical results. The
weak bands at 3360 and 3392 cm™! in the experimental
spectrum are assigned to the OH stretching vibrations of
the carboxyl group. Based on IR spectra, the C—H stretch-
ing vibrations of both species have been characterized. For
TCA, this mode generates a very strong intensity band at

and (b) far IR of [Cu(phen) 1.9
(TCA),CL,]
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3112 cm™!. Upon complexation, this vibration is shifted to
a lower energy by 10 cm™!. Similarly, the carbonyl (C=0)
stretching vibration shifted from 1734 cm™! (very strong)
to 1724 cm™! (strong). In the experimental spectra of the
synthesized compound, the appearance of new bands in the
2786 cm™~! and 2889 cm™! can be attributed to aromatic
C-H symmetric stretching bands. In our calculations, these
bands were predicted at 3076 and 3086 cm™!. The infra-
red spectrum reveals absorption bands of C=C and C=N
stretching vibrations characteristic of phenanthroline ligands
are observed between 1344 and 1586 cm™' and predicted
between 1348 and 1583 cm~!. While the phen and tria-
zole ring deformations had strong peaks of 738 cm~! and
1234 cm™, respectively, they were observed as weak vibra-
tions by forming complexes with Cu(Il). The bands at 811,
766, 519, and 564 cm™! remain virtually unaffected by com-
plexing. The (C—Nys01e ring) band at 1356 cm™! shown in
the TCA ligand spectra shifts to 1349 cm™! in the complex
spectra.

Below 500 cm™!, the frequency range is particularly
intriguing because it can offer information on metal-ligand
vibrations. The presence of new bands in the spectra of com-
plexes occurring in this region (500-100 cm™") also shows
supporting evidence of bonding, which are characteristic
bands of v(M-N) and v(M-O) stretching vibrations, that
are not observed in the phen and TCA ligand spectrum. The
Cu-O stretching vibrations have been attributed to the bands
located at 314 (weak), 151 (strong), and 139 (weak) cm™
These vibrations are in very good agreement with the theo-
retical calculations, and the TED distribution also supports
this. The experimental symmetric Cu—-N stretching mode in
the Cu(Il) complex is found at 411, 280, 215, and 168 cm™,
which agrees with DFT calculations. The symmetric Cu—Cl
stretching vibrations have been assigned to the medium
strong band observed at 225 cm™!, which is slightly higher
than the calculated 233 cm™!, according to the 66% TED.

Thus, the IR spectra showed that the Cu(Il) ion was
located at the center of the complex and bound to the nitro-
gen atoms of phen and oxygen of the carboxylic group.

'H spectra of [Cu(phen)(TCA),Cl,]

To the best of our knowledge, the presented 'H NMR data
are new for this title compound. The experimental 'H NMR
spectrum is shown in Figure S1. Heavy water (D,0) was the
solvent used in the experiment. Table S3 shows chemical
shifts obtained from B3LYP/LANL2DZ level GIAO/PCM
calculations by employing PCM method (solvent is water)
together with the experimental data. Calculated chemical
shifts correlate well with the experimental data. The lin-
ear correlation between theoretical and experimental data
has been determined. The squared correlation factor (R%)
is 0.9512. A better correlation for proton shifts was not

expected since the protons are located on the periphery of
the molecule and are supposed to be more susceptible to sol-
ute—solvent effects (Osmialowski et al. 2001). Our theoreti-
cal calculations predicted ten signals in the theoretical spec-
trum. The theoretical spectrum shows ten signals, as given in
Table S3. On the other hand, we have observed eight signals
in the experimental spectrum. These are namely 7.0, 7.2,
7.4,7.7,8.4,89,9.7, and 15.1 ppm. With the help of com-
putations, we can express that the last one arises from the
carboxylic protons and it shows a shift to higher ppm which
is a strong sign of intermolecular hydrogen-bonding interac-
tions between carboxylic protons and phenanthroline. Yet it
is known that the hydrogen-bonding interactions shift the
resonance signals of related protons to higher frequencies
(Balci 2005). The signals between 7.0 and 9.7 ppm are due
to aromatic protons. They are measured mostly as multiplets
due to neighbor protons in the structure, i.e., aromatic pro-
tons of phenanthroline.

NBO analysis

The inter- and intra-molecular H-bonding interactions
between a wide range of chemical systems are characterized
by natural bonding orbital (NBO) analysis (Pophristic et al.
1997; Pophristic 2005). To illustrate the existence of the
relationships (donor—acceptor) between ligand and metal,
the NBO basis was determined as a second-order perturba-
tion theory analysis of the Fock matrix. This was done to
delocalize the electron between the ligand and the metal (Liu
et al. 2005;Weinhold 2005). NBO includes information such
as donor (i), type, acceptor (j), occupancy, E(z), e(j) — e(i)b,
and F(i, j)° that E? is calculated by the equation:

FZ
E® = AEjj = qi(lﬂi)l.s

£j_8i

j-g;

The value of the donor orbital is g;, the diagonal elements
are ¢; and €, and the off-diagonal NBO Fock matrix element
is F; ;. Whatever the value of E®@ is, it means that the atoms
are interacting further.

The complex’s donor—acceptor interactions, bonding
form, electron density, and stabilization energy were deter-
mined using the DFT/B3LYP method with LANL2DZ
basis set, with the most significant donor—acceptor inter-
action values described in Supplementary Table S4. This
table is established by the NBO analysis, and the high-
est stabilization energy containing 6¢*(Cu—Ns) — 1n*(Cu),
N(Cyp) = 6#(Ng—Cyg), N¥(C g) = 0¥ (N4—C,) interactions
clearly leads to intermolecular charge transfer process in the
complex. The further energy is transferred during 6* —n*
transformation rather than n* — ¢* transition. In the instance
of intra-molecular hydrogen bonding, significant interac-
tion occurs in 6(C;,—H;3) — 6*(Ns—C,4) (4.06 kcal/mol).
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The more intense the association between electron donors
and electron acceptors, the more donation propensity from
electron donors to electron acceptors, and the stronger the
degree of conjugation of the whole system, the higher the
stabilization energy (E®) value (Ajayi and Shapi 2020).

Chemical reactivity analyses

Molecular electrostatic potential (MEP) and atomic charge
analysis

The MEP is used to predict the relative reactivity positions
of nucleophilic and electrophilic attack sites in a species.
The charge distributions and charge-related features are
shown using MEP diagrams (Erdogdu et al. 2019). The
compound’s MEP surface analysis was determined using the
DFT/B3LYP/LANL2DZ method with a structure optimized,
and Fig. 3 shows the electrostatic potential surface map of
this compound. Different colors are used to demonstrate the
electrostatic variation on the rock. The compound’s potential
V(r) values are 5.863¢™2 to — 5.863e~2. On an MEP map,
the nucleophilic reactivity of a molecule, which indicates the
greatest electron repulsion, is represented in red, while the
electrophilic reactivity, which indicates the greatest attrac-
tion, is represented in blue. MEP’s green color refers to zero
potential. According to the result of our calculation, nega-
tive potential regions are found over the copper(II) chloride
group and O,,, while positive potential regions are found
over hydrogen atoms and 1,10-Phenanthroline molecule in
the MEP. In addition, the yellow color represents a lower
negative potential, which can be seen above the Cy and O,
atoms.

Charge distributions of donor and acceptor atoms were
evaluated by Mulliken atomic charges in the gas phase.

o3

Fig.3 Molecular electrostatic potential surface (MEP) for [Cu(phen)
(TCA),CL,]
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Cu(II) ion has a positive charge of 0.288. The charges
of the nitrogen atoms of the phen ligand have similar
charges —0.236, whereas the oxygen atom of the carbonyl
group is —0.305 and two Cl anions have charges —0.407
and —0.411, respectively.

Fukui function

The electrophilic/nucleophilic power of an atomic site in a
molecular system is determined by Fukui functions (Singha
et al. 2020). Nucleophilic, electrophilic, and radical attack
are expressed as };.+, };.‘, and ];.‘, respectively. They are
defined as follows (Mi et al. 2015):

ﬁr = q;(N + 1) — q;(N)for nucleophilic attack
j;— = q,(N) — q,(N — Dfor electrophilic attack

ij = (1/2)[g, (N + 1) — g, (N — D)]for neutral (radical) attack

where g, is the atomic charge at the kth atomic site within a
molecule in its neutral (N), anionic (N + 1), or cationic (N
— 1) state (Saha et al. 2015). Furthermore, one of the more
accurate ways to predict the electrophilic and nucleophilic
susceptibility is to use the dual descriptor. It has been intro-
duced via the following equation (Morell et al. 2005):

Af(r) =70 - f~ (@)

The site is favored for a nucleophilic attack, whereas
dual descriptor AF(r)> 0, and the site is favored for an
electrophilic attack, whereas dual descriptor AF(r) <O.
Dual descriptor and condensed Fukui functions values
are reported in Supplementary Table S5. The table shows
the findings of the analysis that the Cl and Cu atoms are
prone to nucleophilic attack because Af(r) >0, while nitro-
gen atom (N;) and O, atoms are prone to electrophilic
attack because Af(r) <0. As a result of the calculations,
J~ value of copper(Il) chloride group was observed to have
maximum values. Fukui functions calculations emphasize
donor—acceptor interactions with other chemical species.
The electrophilic and nucleophilic regions combine to pro-
vide favorable reactive sites for hydrogen-bonding interac-
tions with selected proteins.

Frontier molecular orbital analysis and global reactivity
descriptors

Frontier molecular orbitals (FMOs) electronic densities
show the different types of reactions, such as conjugate
structures and the most responsive state of m-electronic
systems that function independently as electron donor and
acceptor (Amalanathan et al. 2010). Figure 4 shows the
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Fig.4 Frontier molecular orbit-
als of [Cu(phen)(TCA),Cl,]

spatial plots of HOMO-1, HOMO, LUMO, and LUMO+ 1,
as well as the energy differences of the current complex.
The HOMO is localized on copper (II) transition metal and
chloride ions, while the LUMO is localized over 1,10-phen-
anthroline molecule.

LUMO+]
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A
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3 3
-
"
5 §
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J &
8 :
S

HOMO-1

The HOMO-LUMO energy values are used to calculate
global chemical reactivity parameters such as Ionization
potential (/), electron affinity (A), chemical potential (p,),
chemical hardness (1), chemical softness (c), and electro-
philicity index (). These parameters, which are mentioned
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in Table 2, are critical in determining the chemical stability
and biological activation of a system. The electrophilicity
index of a molecule indicates how well a compound binds
to biomolecules (Alyar and Tiilin 2019; Mondal et al. 2015;
Banuppriya et al. 2018). The HOMO-LUMO energy gap
(AE=E; ymo — Exomo) 1 4.26 €V, indicating that it makes
the complex stable and can be linked with the Cu(Il) com-
plex's band gap. Moreover, this small energy difference may
be interpreted as a more reactive molecule. The high elec-
trophilicity index value (5.61 eV) of the molecule indicates
that it has a higher binding capacity with biomolecules and
can function as an electrophilic species, which enhances the
biological activity of the molecule. While the hardness value
(n) of the studied complex is 2.7097 eV, since the softness
value (o) is much smaller than this value, it shows that the
Cu(II) compound can be classified as a hard material.

Wavefunctional studies
Reduced density gradient (RDG)

Reduced density gradient research visualizes the regions
of a molecule where intra- and inter-non-covalent interac-
tions happen graphically, hence playing a vital role in nature
(Saleh et al. 2012). A weak association between the mol-
ecules was identified by the RDG study. The RDG can be
calculated using the following equation:

RDG(r) = 1/2(32%)'” + 1V p(r)] / p(r)*"?

where p(r) is the electron density and Vp(7) is the gradient
of p(7) at the point r. The graphical representation of p(r)
versus sign(A,)p, where sign(A,)p is the second eigenvalue of
the electron density, provides useful information regarding
the strength and nature of the interactions. To comprehend
the nature of inter- or intra-molecular interaction of com-
pounds, RDG analyses have been performed and the graphs
are shown in Fig. 5. According to the figure, the red region
indicates strong repulsive interactions mainly observed in
the copper (II) chloride group (steric effect), the blue region
indicates strong attractive interactions corresponding to
the strong hydrogen bonds N-H...Cl, and the green region
can be identified as intermediate interactions or VAW weak
attractive interactions due to H...H interaction. The regions
of interactions corresponding to the hydrogen bond have a
very high density of structure. The properties of electron
density are dependent on these interactions.

Electron localization function (ELF)
Analysis of the electron localization function (ELF research)

is used to further describe and pinpoint the chemical com-
position of molecules (Noureddine et al. 2020). We plotted
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Table 2 The calculated HOMO-LUMO energy gaps and quantum chemical properties of title compound at DFT/LANL2DZ

Electronegativ- Chemical poten- Global softness Electrophilicity

Global hard-

Electron affin-
ity (A) (eV)

Tonization

Energy gap (eV)

Energy (eV)

Molecular
Orbitals

tial (1) €V)  (0) (eV) ™! index (@) (eV)

ity () (eV)

ness () (eV)

potential (I)

(eV)

0.23 5.61

- 4.89

26 7.02 2.76 2.13 4.89

4.

AEy,_;

- 7.02
—2.76
-7.10
—-2.62
-7.16
—-2.28

7.10 2.62 2.24 4.86 —4.86 0.22 5.27

447
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1
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Fig.5 2D scatter and isosurface density plots illustrating the non-
bonded interactions of [Cu(phen)(TCA),ClL,]

the color-filled ELF map for the current molecule to get
details on electron localization. This graph demonstrates that
electron localization of electrons is restricted in regions of
intermolecular interaction. In addition, a high ELF value
results in a higher electronic position. Figure 6a shows the
highly localized bond and non-bond electrons around hydro-
gen atoms, which are shown by elevated ELF regions. The
blue regions reflect the electron cloud delocalized around
those carbon atoms (C9, C16, and O7); these regions illus-
trate chemical bonds and chemically significant locations.
The ELF map specifically shows the critical points and
their courses, chemical bonds, and chemically important
areas (red) (H15, H17, H29, H46). The regions surrounding
hydrogen atoms have relatively high values, which indicate
the binding and non-binding localized electrons. The blue
circle around the C14 and C38 carbon atoms is the area
where the inner layer and valence are electronically depleted.
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Fig.6 Color-filled map (a), 3D surface-shaded projection map (b) of
electron localization function (ELF) of [Cu(phen)(TCA),Cl,]

The atoms in the highly electronic environment of the
title molecule are projected by a 3D shaded surface projec-
tion diagram, as shown in Fig. 6b for the complex.

Molecular docking analysis

Molecular docking is a powerful computational tool in pre-
dicting the binding affinity of a ligand with proteins, which
is useful in modern structure-based drug design. Cop-
per complexes have indeed demonstrated a wide range of
pharmacological activities such as antibacterial, antifungal
antiviral, anticancer, and anti-inflammatory activity. It was
found that copper complexes often demonstrate enhanced
biological activity than the parent ligand alone (Chandraleka
et al. 2014). 1,10-Phenanthroline metal complexes can be
bacteriostatic or bactericidal toward many bacteria. Also, the
compounds of the 1,2,4-triazole-3-carboxylic acid deriva-
tives are useful in therapy, in particular for the treatment of
neurological, psychiatric, pain, and gastrointestinal disorders
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(Yurdakul and Tanribuyurdu 2012). In terms of content, the
title Cu(II) complex is an interesting target for drug design.
Because of the biological and pharmacological activity of
the structures in the complex, various target proteins were
chosen for molecular docking studies. Two different proteins
were selected for mitochondrial outer membrane-anchored
monoamine oxidase (MAQ) and Bacillus subtilis.

The mitochondrial outer membrane-anchored monoamine
oxidase (MAO) inhibitions are considered important targets
for the treatment of depression, anxiety, and neurodegenera-
tive disorders, including Alzheimer’s and Parkinson’s dis-
eases (Son et al. 2008; Dhiman et al. 2019). MAO-A (PDB
ID: 275X) preferentially deaminates noradrenaline and sero-
tonin. MAO-A found in the extraneuronal compartment and
inside the dopaminergic, serotonergic, and noradrenergic
nerve terminals (Dhiman et al. 2019). The protein—ligand
interaction is found with the second chosen antibacterial
receptor protein in the gram-positive bacteria Bacillus sub-
tilis (PDB ID: 3EU4).

The bonded residues, hydrogen bonds, estimated inhibi-
tion constant, binding energy, and RMSD values of selected
protein receptors can be effectively predicted using the
molecular docking analysis in Table 3. While the inhibition
constant due to protein—ligand interaction was determined
to be smaller in the human MAO-A inhibitors, the binding
energies were nearly identical. The inhibition constant is
also a measure of the ligand’s protein binding affinity. In
general, high-affinity ligand binding provides more intermo-
lecular strength between the ligand and its receptor, while
low-affinity ligand binding has less intermolecular force.
The chance of a chemical reaction between the ion and the
receptor antigen increases as the Ki concentration decreases
(Aycan et al. 2020). Typically, a lower Ki value indicates
tighter enzyme binding and a more effective inhibitor. In
other words, the smaller the inhibition constant, the fewer
drugs are needed to inhibit enzyme activity (Sayin et al.
2018). As a result, our findings indicate that the 2Z5X pro-
tein could be a strong candidate for title complex inhibitors.
Because the complex molecule has a low binding energy for
certain proteins, it has the best binding affinity and pharma-
cological activity against them.

Figure 7 shows the 2D and 3D visuals of the inter-molec-
ular interactions of the compound docked into macromol-
ecules. Also, as shown in Table 4, in the binding site, the

copper (II) complex interacted with enzymes by H-binding,
n-cation and hydrophobic interactions. The 3EU4 protein-
bound residue ALA191 was observed with shortest hydro-
gen-bonding interaction bond length of 1.81 A, while the
bonded residues of 2Z5X protein, such as HIS187, were
observed with the shortest hydrogen interaction bond length
of 2.02 A. The n-cation interaction was formed between
delocalized pi-electrons of the triazole ring of the com-
plex and the residue TRY175 of the macromolecule 225X
(Fig. 7). Furthermore, hydrophobic interactions have been
found between the Cu(II) complex’s phenanthroline rings
and the target proteins. These interactions are five residues
of 275X (LEU176, GLU327, ARG356, LYS357), while
3EU4 protein is the PHE205 amino acid residues in dock-
ing sites.

The nitrogen atoms in TCA ligand's triazole ring and oxy-
gen in the carbonyl (C=0) group are involved as electron
acceptors in target proteins (225X and 3EU4). According
to these observations, the copper(Il) complex promotes
inhibition of enzyme activity, which suggests it contributes
substantially and efficiently to the treatment of antibacterial,
antidepressant, and anti-anxiety disorders.

The Ramachandran plot provides essential information
for determining, predicting, and validating protein struc-
tures (Anuradha et al. 2020). This indicates that most of the
residues lie in the allowed region of the structure and thus
may be suitable for molecular docking studies. In Fig. 8,
Ramachandran plot of the two proteins is given.

Prediction of ADME parameters and toxicity

Since the toxicity of metallo-drugs is a concern, it has been
suggested that drugs dependent on basic metals could be
less dangerous, which has contributed to the investigation
of copper-based drugs (Khodja and Boulebd 2021). The
synthesized complexes were screened in this study using
in silico Pre-ADMET software (www.preadmet.com.) and
SwissADME (www.swissadme.ch/index.php.) to estimate
their overall ADME properties and toxicity hazards, as they
play an important role in drug discovery and environmental
riskiness. This prediction gives results of the title compound
that have shown hepatotoxicity and immunotoxicity. In this
study, the result obtained for acute toxicity is in accordance

Table 3 Cu(Il) complex docked against MAO-A PDB (2Z5X) and antibacterial (PDB ID: 3EU4) showing docking binding free energy (Kcal/

mol), inhibition constant Ki (uM), and RMSD

Compound Protein (PDB ID) Binding energy (kcal/mol)  Inhibition constant K; (uM)  Reference
RMSD
A)
[Cu(phen)(TCA),CI2] 275X - 8.85 328.15 39.16
3EU4 —8.24 912.07 51.91
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n-Cation Interaction

Hydrophobic interaction

Hydrogen-bonding interaction

Protein (PDB ID)

Table 4 Protein-ligand interaction parameters with hydrophobic contacts for Cu(II) complex

Compound
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Distance (A)

Distance (Z\)

Distance (A)

Residues

Residues

Residues

4.84

TRY175

3.40
3.19
3.81
3.90
2.81
3.89

LEU176

3.68
2.96
2.02

ARG172
HIS187

[Cu(phen) (TCA),ClL,] 2Z5X

LEU176

GLU327

HIS187

ARG356
LYS357

PHE205

1.81
1.82
3.01
2.76
1.93
2.25

ALA191

PRO193

3EU4

THR194
ILE195

LYS203

PHE205

with the result obtained by ProTox-II software (prediction
accuracy: 12%) (Table 5).

Blood-brain barrier (BBB) penetration is used to min-
imize side effects and toxicity, as well as to improve the
efficacy of medications with pharmacological effects on the
brain. Based on its entrance into the central nervous sys-
tem, the permissible range of BBB penetration for an opti-
mal drug candidate is 0.73-0.91 (Belkhir-Talbi et al. 2019),
indicating that this molecule is 0.048 outside of the accept-
able range. The skin permeability, Kp, values of molecule
(—8.14 cm/h) are within the range of inferring low skin per-
meability (standard range — 8.0 to — 10 cm/h) (Pirhadi and
Ghasemi 2012). The negative skin permeability coefficient
log Kp value indicated poor skin permeability, resulting
in good oral absorption. In the event of accidental contact
with skin, no effect will be observed. Plasma protein bind-
ing (PPB) influences how long a drug remains in the body
and may also affect its efficacy. The degree of binding to
plasma proteins has a significant impact on a drug’s phar-
macodynamic and pharmacokinetic conduct (less than 90%).
P-glycoprotein (P-gp) is one of the key threats to proper drug
delivery and is in charge of extruding toxins and xenobiotics
from cells. The SwissADME computed results revealed that
the compound was non-inhibiting nature. The findings of
human intestine absorption (HIA) value indicate that Cu(II)
complex could be absorbed from the intestine into the blood-
stream by 97.53%.

The ProTox-II webserver (http://tox.charite.de/protox_
II/) was used to estimate the organ toxicities and toxicologi-
cal end points of ligands and their LD50. In Table 6, acute
toxicity estimation findings, such as LD50 value and toxic-
ity class classifications 1 (toxic) to 6 (non-toxic), showed
that the complex had no acute toxicity with a toxicity class
classification of 4 (harmful if swallowed). Toxicological
predictions indicate that the title copper complex was non-
carcinogenic in nature and had no effect on mutagenicity
and cytotoxicity. Its hepatotoxicity and immunotoxicity were
active.

Antibacterial activity

The antibacterial activity of bacteria against microorgan-
isms was studied with Cu(phen)(TCA),Cl,. This was accom-
plished by disk diffusion method and minimal inhibitory
concentration (MIC) on Bacillus subtilis bacteria using
sterile media such as Mueller—Hinton agar. As a result, the
B. subtilis zone diameter was determined as 25 mm and the
MIC value was determined as 1/128.

It was used to evaluate the antibacterial properties of title
copper complex against Bacillus subtilis. Ten mg/ml copper
complex showed DIZ=25 mm antibacterial activity with
B. subtilis.
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Fig.8 Ramachandran plot for 225X and 3EU4
Table 5 ADME predictions of Cu(II) complex, computed by SwissADME and Pre ADMET
Compound GI absorption BBB Caco2 permeability HIA Bioavailability Score Log Kp PPB
[Cu(phen)(TCA),Cl,] Low No 1.16 97.530.17 -8.14 77.40

Log Kp skin permeation value, GI gastrointestinal, BBB blood—brain barrier, PPB Plasma protein binding, H/A Human Intestinal Absorption

Table 6 Toxicity predictions of Cu(II) complex calculated by ProTox-II

Compound Toxicity class LDs, (mg/kg) Organ toxicity
Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity
[Cu(phen)(TCA),Cl,] 4 750 Active Inactive Active Inactive Inactive

Copper and its salts are traditionally well-known antimi-
crobial materials. These metals are believed to react with
proteins by joining the —SH groups of enzymes; as a result,
this reaction leads to inactivation of enzymes (Jeon et al.
2003).

Since copper and its derivatives have large specific sur-
face areas, they are expected to show better antimicrobial
properties (Sondi and Salopek-Sondi 2004).

B. subtilis, in addition to being isolated from postopera-
tive patient wounds, causes infection in people with a very
high number of microorganisms and a very low immune
status. These infections include bacteremia, endocarditis,
pneumonia, and septicemia (Clemente, et al. 2016; Ako-
Nai et al. 2013).
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Conclusion

The current study characterizes a newly synthesized
copper(Il) complex [Cu(phen)(TCA),Cl,] using elemental
analysis (C, H, N), FTIR, and NMR spectra. The structure
of the complex was studied experimentally and theoretically.
The findings achieved experimentally are quite similar to
those obtained theoretically. The DFT/B3LYP/LANL2DZ
level of theory was used to calculate the optimized geom-
etry, vibrational, NBO, and chemical reactivity analyses of
the title compound. Also, this work establishes a theoretical
foundation for forecasting the toxicity and ADMET features
of the title copper(Il) complex. The molecular docking anal-
ysis performed by the monoamine oxidase (MAQO) inhibi-
tor at the active site of the human MAO-A protein (PDB
ID: 2Z5X) reveals a binding energy of — 8.85 kcal/mol. A
binding mode study of molecular recognition mechanisms
is available to aid in the development of future selective
and reversible MAO inhibitors. Our findings on [Cu(phen)
(TCA),Cl,] complex indicate that this compound has the
potential to be an effective inhibitor of Parkinson’s and Alz-
heimer’s diseases. Moreover, molecular docking investiga-
tions have revealed that the complex binds to the antibacte-
rial receptor protein gram-positive bacteria Bacillus subtilis
by H-bond interactions. This indicates that the compound
might be used as an antibacterial pharmacological compo-
nent agent. In conclusion, Cu(phen)(TCA),Cl, was defined
and used to evaluate the antibacterial properties of this
Cu(Il) complex against B. subtilis. Susceptibility constants
were determined from the experimental results, and B. subti-
lis showed higher sensitivity to title complex. Infection after
surgical intervention is an important cause of morbidity and
mortality in humans. Therefore, title compound can be used
as an antibacterial agent for B. subtilis and other bacteria
responsible for postoperative wound infections. The anti-
bacterial receptor protein Bacillus subtilis docking results
showed good correlation with experimental data.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-022-02158-4.
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