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ABSTRACT

This study aimed to investigate the crystal structure of the synthesized complexes of Cu (II) and Zn (II)
with enrofloxacin and oxolinic acid. The characterization of the complexes was carried out using single-
crystal x-ray diffraction, Hirshfeld surface and 'H NMR spectroscopy. In addition, a DFT/6-31g(d) investi-
gation was conducted to assess the performance of two exchange-correlation functionals CAM-B3LYP and
CAM-B3LYPD3BJ to predict both covalent and non-covalent bonds lengths, and the vibrational frequencies
of the metallic complexes.

The main findings of this study indicate that the interaction between each metallic ion and the cor-
responding ligand leads to significant modifications in bond lengths, Mulliken charge distribution and
electrostatic potential values in the complex molecules as compared to the ligands alone. To gain fur-
ther insights into these complexes, several calculations were performed, such as Natural Atomic orbitals
(NAO), Natural Bond orbitals (NBO), and Quantum Theory of Atoms in Molecules (QTAIM) analysis. The
non-covalent interactions were explored and visualized in two and three-dimensional spaces with the

help of the Reduced electron Density Gradient (RDG) approach.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

The transition metal complexes are essential to human
metabolism. There are some examples of coordination compounds
present in living organisms such as coenzyme B12, chlorophyll and
hemoglobin [1]. In therapeutic domain, the metalloantibiotic en-
tities are largely known to interact with different bacteria types
with a synergic effect. Therefore, metallo-antibiotic complexes have
been significantly active over the past years because of the wide
variety of possible ligand structures determined by the family of
antibiotics used. For example, the commercial silver sulfadiazine
complex is known for the treatment of burns. Others metallo-
antibiotic complexes were synthesized and characterized with an
improving of the biological response.

Recently, we have demonstrated that the strategy of nosocomial
treatment using a cocktail of complementary antibiotics can be
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improved through coordination chemistry [2]. A new model com-
plex was synthesized and characterized, which consists of two dif-
ferent antibiotic ligands (sulfonamide and quinolone) linked to a
zinc metal ion. This model showed surprising biological effective-
ness against E. coli, S. Aureus, and E.Faecalis. Based on these re-
sults, modifying the physicochemical parameters of the ligand in
the complex seems to be a good approach to explain the synergis-
tic effect

Among others ligands, special attention were paid to the
quinolones because the molecular structures of their metal com-
plexes display many coordination modes. For instance, the keto-
carboxylic acids found in quinolone and fluoroquinolone complexes
give many molecular structures with bidentate or tridentate bind-
ing modes due to the presence of a piperazine group [3]. Fur-
thermore, the inhibition of the DNA-Gyrase in the bacteria by
quinolone species is poorly known [4,5] and a theoretical approach
by comparison of quinolone ligand and complex associated to bio-
logic effect offers a new lead to explore the relationship between
structure and activity.
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Fig. 1. Chemical structures of ligands used in this work.

A literature review showed that metal complexes of en-
rofloxacin (HQ1) or oxolinic acid (HQ2) (Fig. 1) have been obtained
by several synthetic methods [6-23]. Unfortunately, the obtained
complexes are mixed derivatives, in the sense that in addition of
the initial ligands HQ1 or HQ2 they include in their structures co-
ligands, such as phenanthroline in complex [Zn(erx),(py);].6H,0
[24] or 2,2 bipyridine in [(Cu(oxo) (phen)Cl] [25].

In continuation of our previous works [2,34], this paper de-
scribes the synthesis and the characterization of HQ1/Cu(Il) and
HQ2/ Zn(Il) complexes. Their crystal structures without co-ligand
represented as [Cu(Q1), H,0].6H,0 and [Zn(Q2), H,0].3H,0 were
characterized by a single—crystal X-ray diffraction, Hirshfeld surface
and 'H NMR spectroscopy.

To gain further insights into the structure and properties
of the studied complexes, the work was complemented with
a study at DFT level. Firstly, the performance of two selected
exchange-correlation functionals CAM-B3LYP and CAM-B3LYPD3B]
was assessed to predict both covalent and non covalent bonds
in the copper complex molecule. The first selected level is an
hybrid- exchange-correlation functional based on the Coulomb -
attenuation method [26]. The second one is the same exchange
functional but additionally includes the Grimme’s dispersion cor-
rection of type D3BJ (D3 with Becke-Johnson damping) [27].

The best performing DFT/6-31g(d) level so selected will be
used in further calculations such as the prediction of the Mul-
liken charges, Molecular Electrostatic Potential (MEP), vibrational
frequencies, and global reactivity parameters.

The nature and the strength of the interaction between the
reactants was studied with natural atomic orbital (NAO), natural
bond orbital (NBO) and the quantum theory of atoms in molecules
(QTAIM) analysis.

In addition, non covalent interactions developed in
[Cu(Q1),H,0].6H,0 and [Zn(Q2),H,0].4H,0 systems were ex-
plored and visualized in two and three-dimensional spaces using
the reduced electron density gradient (RDG) technique.

2. Experimental section and computational details
2.1. Materials

All  chemicals (enrofloxacin, oxolinic acid, CuCl,, Zn
(Cl04),.6H,0 and all solvents NH3, CH30H, DMSO were pur-
chased from Sigma-Aldrich.

These chemicals and solvents were reagent grade and were
used as purchased.

2.2. Chemical measurements

2.2.1. X-ray diffraction

Single-crystal X-ray studies of metallic complexes were carried
out using a Gemini diffractometer and related analysis software
[28]. An absorption correction based on the crystal faces was ap-
plied to the data sets (analytical) [29,30].

The structures were solved using direct methods with the SIR97
program [31], combined with Fourier difference syntheses, and re-
fined against F using reflections with [I/o(I) > 3], by using the
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CRYSTALS program [32]. All atomic displacement parameters for
non-hydrogen atoms were refined using anisotropic terms. The hy-
drogen atoms were theoretically located based on the conforma-
tion of the supporting atom and refined using the riding model.
Data collection, structure refinement parameters, and crystallo-
graphic data for the complexes are indicated in Table S1 (Supple-
mentary Materials). The Cambridge Crystallographic Data Centre
(CCDC) provides additional crystallographic data used in the ex-
periments, accessible through their website (www.ccdc.cam.ac.uk/
structures). The data, stored in CCDC codes 2191391 and 2191392,
is available for free.

2.2.2. Hirshfeld surface analysis

The Hirshfeld Surfaces (HSs) and their related 2D-fingerprint
plots (FPs) were obtained using Crystal Explorer 21 software [33].
The HS was mapped over dnorm, Shape index and the curvedness
functions of the studied structures, respectively in the range of [-
0.6750 to 1.3099A], [-1.000 to 1.000A] and [—4.000 to 0.4000 A]
for the zinc complex, and [-0.1712 to 2.8428 A], [-1.000 to 1.000A]
and [—4.000 to 0.4000 A] for the copper complex.

2.2.3. NMR spectroscopy

TH NMR spectroscopy were performed on a 400 MHz ADVANCE
IIl HD NMR, equipped with a 5 MM diameter BBO probe using the
dimethyl sulfoxide (DMSO) as a solvent and tetramethylsilane as an
internal reference. MestReNova software was used to visualize and
calculate the parameters (integrals, peaks) of the TH NMR spectra.

2.2.4. Infrared spectroscopy

FTIR spectra were performed from 4000 to 400 cm~' with a
Nicolet 380 FTIR spectrometer coupled with the attenuated total
reflectance (ATR) accessory.

1

2.2.5. Synthesis of the complexes

The complexes were synthesized according to the method de-
scribed earlier [2,34]. A solid mixture of the metal salt 1 mmol
(CuCly and Zn (ClO4),.6H,0) with two equivalents of ligand HQ1
and oxolinic acid HQ2 dissolved in 5 ml of methanol. The drop
wise of a concentrated ammonia solution (25%) was then intro-
duced until a blue limpid solution for Cu (II) and a white limpid
solution for the Zn (II) were obtained. After a week of slow evap-
oration of the solvent at room temperature, single-crystals were
recovered by filtration with a 29% yield of copper complex and a
67% yield of zinc complex.

2.3. Computational details

Molecular modeling calculations were performed using GAUS-
SIAN 09 software [35] at DFT/6-31g(d) level, using CAM-B3LYP and
CAM-B3LYP D3BJ exchange-correlation functionals.

The optimized structures were checked as minima on the po-
tential energy surfaces by frequency calculations. The highest oc-
cupied molecular orbital (HOMO), the lowest unoccupied molec-
ular orbital (LUMO) and the optimized structures were visualized
with GaussView [36]. Vibrational harmonic frequency analysis was
used to ensure that it is a truly local minimum having no imagi-
nary frequencies.

3. Result and discussion
3.1. Crystal structure description of Cu(Il) complex
The copper complex crystallizes in the triclinic space group P-

1. The unit cell parameters are: a=12.1323(4) A, b=13.3585(6) A,
c=16.0606(6) A, a=111.727(4) °, $=92.956(3) © and y=113.194(3)
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Fig. 2. View of the asymmetric unit of the Cu (II) complex.

©, An ORTEP diagram with thermal ellipsoids drawn at 50% proba-
bility level is depicted in Fig. 2. This diagram illustrate the asym-
metric unit of copper complex is depicted in

A short intermolecular C22-H221...F27 and C48-H481...F53 hy-
drogen bonds interactions with a distances of 2.142 A and 2.250 A
respectively, this interactions formed a S(6) ring motif [37] which
plays a critical role in the stabilization of crystal structure [38,39].

Each Cu (II) ion is bound with two deprotonated bidentate lig-
ands (Q1) and one water molecule. The ion-ligand interactions
were established via five oxygen donor atoms: Cu-02, Cu-010, Cu-
028, Cu-033 and Cu-054 with bond lengths 1.935, 1.928 A, 1.935
and 1.944 A and 2.212 A, respectively.

The distortions from a square-based pyramid to a trigonal
bipyramid geometry around the copper ion were determined by
using Addison’s parameter T as a measure of the degree of trigo-
nality (t = 0.13) revealing a distorted square-based pyramid shape
[40].

The two piperazine rings in the complex molecule (N17-C22-
C21-N20-C19-C18) and (N43-C44-C45-N46-C47-C48) were non-
planar. The atoms (N17, C19, C21) and (N43, C45, C47) were located
above the plane, however (C22, C18, N20) and (C44, C48, N46) un-
der the plane.

The crystal structure is stabilized by O-H--O hydrogen bond in-
teractions which are listed in Table S2 and Fig. S1, (Supplemen-
tary Materials). These hydrogen bonds give rise to the ring- graph-
motifs R3(8) and R§(12) as displayed in Fig. S1y, (Supplementary
Materials).

The copper complex lattice was displayed also a short interac-
tion bonds H--7r (O) interactions: C14-H142-w (02=C) and C14-
H142-m (028=C) with 2.474 A and 2.731A, respectively and C24-
H241--7(054) with 2.622 A distances Fig. S1. (Supplementary Ma-
terials).

In addition we observed the presence of non-covalent -
stacking interaction as the centroid-to-centroid of pyridine and
phenyl rings with the distance of 3.566 A. This reflects the forma-
tion of extra-supramolecular interactions, as highlighted in Fig. S14
(Supplementary Materials).

3.2. Crystal structure description of Zn(Il) complex

Zn(Il) complex crystallizes in the orthorombic Pbca space group
with the unit cell parameters a=19.2883(9) A, b=7.2672(4) A,
c=211817(10) A. &=90°, f=90 © and y=90°. The ORTEP diagram
with thermal ellipsoids drawn at 50% probability illustrating the

asymmetric unit of zinc complex is shown in Fig. S2 (Supplemen-
tary Materials). This complex has a monomeric structure of stoi-
chiometry 1 : 2 where the Zn(Il) ion is bound to each bidentate
ligand (Q2) through the oxygen atom of the carbonyl group and
that of the carboxylic group.

In addition, the zinc atom has five coordination sites and can
be described as having a distorted square pyramidal geometry. The
value of T = (170.12 - 127.76) | 60 = 0.706 [40], which indicates a
distortion of the pyramidal geometry. In the equatorial plane, the
positions were occupied by two carboxylic oxygen atoms (Zn-02
and Zn-034 with the same bond lengths 1.947 A) and two oxygen
atoms of the carbonyl groups (Zn-07 and Zn-039 with bond length
2.099). The water oxygen atom is coordinate on the apical position
(Zn-021= 2.020 A)

The zinc complex is stabilized by three- dimensional O-H--O
hydrogen bonding network (Table S3 and Fig. S3; in Supple-
mentary Materials). This hydrogen bonds give rise to the rings
R%(IO) graph-set motif as displayed in Fig. S3, (Supplementary
Materials).

The molecules in individual parallel one-dimensional chains are
in contact with the partner molecule belonging to the neighboring
chains by m-stacking interactions; the presence of non-covalent
... stacking interactions as the centroid-to-centroid separation
ranges from 3.710 A to 3.717 A with molecule chains in the above
between phenyl rings-phenyl rings and pyridine-dioxolane rings
through, respectively, and around 3.561 A with molecule chains at
the bottom between benzene rings~pyridine rings (Fig. S3¢ in Sup-
plementary Materials) .

3.3. Hirshfeld surface analysis

The crystal structure packing of each of the studied complexes
was analyzed using the Hirshfeld surface (HS) and associated 2D-
fingerprint plots (FPs) generated by the Crystal Explorer package
[19,36,39,41,42]. Each point on the HS is defined by two distances
(de, d;) with de being the distance from the points on the surface
to the nearest external nucleus and d; the distance to the nearest
internal nucleus. The normalized contact distance (dnorm) based on
de and d; can be calculated knowing the van der Waals (vdW) radii
of the appropriate atoms internal (d;YdW) or external to the surface
(deVdW).

The HSs shown in Fig. S4 and Fig. S5 (Supplementary Mate-
rials) were mapped with the normalized contact distance dporm,
shape index and curvedness. The dnorm reflects the presence of
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Fig. 3. The percentage contributions of the different molecular contacts in the structures of a) Cu(Il) complex and b) Zn(II) complex.
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Fig. 4. '"H-NMR spectrum of zinc complex in DMSO.

seven small and big red-spots in copper complex and ten spots in
zinc complex. The large red spots indicate the presence of H.--O
and H---N hydrogen bonds in copper complex and H---O hydrogen
bonds in zinc complex on the surface, only with polar H of water
molecules. On the other hand, the small spots are associated with
the formation of C—H.--w interactions. Notably, the weak .-
stacking interaction can be explored by plotting HS over shape in-
dex. The shape index reflects the presence of red and blue triangle-
shaped regions around of the aromatic rings on the surfaces of the
molecules, indicating the presence of 7 ---7r stacking interactions in
the crystal package in both complexes [43,44].

The spikes observed in fingerprint plots [45] Fig. S6 and Fig. S7
(Supplementary Materials) reveal the predominance of H---H (47%)
and H--0/O---H (20.7%) intermolecular interactions in the crystal
structure of copper complex . In zinc complex, these same interac-
tions account for 36.7% and 35.4% of the surface, respectively. Ad-
ditionally, two other important contributions are found: C.--H/H...C
(16.9%) in copper complex and C---C (19%) in zinc complex. Other
small contributions (<10%) are observed in interactions (Fig. 3)
such as F-H/H-F, N~-H/H--N, Cu--H/H--Cu, O-0, C--N/N--C and
O“'N/N“'O.

3.4. TH-NMR Spectroscopy

Upon the interaction of the ligand with the metallic ion, the 'H-
NMR spectrum of the resulting zinc complex in DMSO, as shown
in Fig. 4, is different from the spectrum of the ligand, HQ2, which
can be found in Fig. S8 (Supplementary Materials).

In the 'H-NMR spectrum of the ligand, the peak located at
15.69 ppm attributed to the acid proton of the carboxylic group
disappeared in the spectrum of the complex indicating the depro-
tonation of the ligand during the interaction.

On the other hand, the protons H6, H10 and H9, H12, H15, H16
of the ligand appear at 8.90, 7.59, 6.30, 4.54, 1.38 ppm, respec-
tively, while in the zinc complex they shift to 8.75, 7.64, 6.24, 4.44
and 1.22 ppm, respectively. These findings characterize the effect
of zinc in the molecule, confirming the stability of the complex in
solution and the conformational rearrangement.

3.5. Modeling studies

3.5.1. Performance of the exchange functionals in the bond lengths
prediction

The bond lengths values of the copper complex predicted by
the two selected exchange-correlation functionals, in comparison
with the XRD data, are listed in Table S4 (Supplementary Materi-
als).

These results are valuable in evaluating the performance of the
selected exchange functionals in predicting structural parameters
of copper complex. The connection between the theoretical and
experimental results for bond lengths illustrated in Fig. 5 was ex-
pressed by the Root Mean Square Error (RMSE).

The CAM-B3LYP exchange functional performed better (RMSE
=0.012 A) than the CAM-B3LYPD3B]J version (RMSE= 0.015 A) in
predicting covalent bond lengths in the complex inner sphere. For
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Fig. 5. RMSE values of the bond lengths prediction in a) the inner sphere and b)
the inner and the outer spheres.

example, in the prediction of the length of C24 C23 bond, the de-
viations were 0.020 A (CAM-B3LYP) and 0.023 A (CAM-B3LYPD3B]).

However, the bond lengths between the copper and the oxy-
gen atoms of H,O in the inner sphere, Cu1054 and Cu1058, devi-
ated by -0.058 A and 0.098 A, respectively, when calculated using
the CAM- B3LYP exchange functional. The deviations were 0.040 A
and -0.006 A when calculated using the CAM-B3LYPD3B] level. The
same trend was observed in the predictions of the bond lengths
between the inner and outer sphere atoms, where the bond are
non- covalent. The inclusion of the dispersion correction signifi-
cantly improved the results. As shown in Fig. 5 (b), the prediction
accuracy was improved significantly and CAM-B3LYPD3B] became
the best performing exchange functional.

3.5.2. Complexes structures, Mullikan charges and MEP

The configurations of the Cu(Il) and Zn(Il) complexes obtained
from CAM-B3LYP D3BJ /6-31g(d) level are displayed in Fig. 6 and
Fig. S9 (Supplementary Materials). In the first complex, the metal
ion is placed between two ligand molecules (stoichiometry 1:2)
located in two different planes with a dihedral angle of 143°. In
the zinc complex the respective planes of the two ligands were ar-
ranged in a T-shape.

According to Werner’s conception, the metallic complexes can
be represented by the formulas the formulas [Cu(Q1),H,0].6H,0
and [Zn(Q2),H,0].4H,0. One of the water molecules that helps to
stabilize each complex can be considered to be located in the inner
sphere, as it is significantly closer to the metal ion compared to
the other molecules waters. As a result, the bond lengths between
Cu-054 and Zn-021 are only 2.216 A and 2.021 A, respectively.

The values of the distances between oxygen or hydrogen atoms
of the water molecules and other atoms of the complexes Table 1
are appropriate for non-covalent interactions formation.

Another interesting observation regarding the variation of the
Mulliken during the formation of the complex deserves mention-
ing. As depicted in Fig. 7, the sites closest to the metallic ion
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were the most affected following the formation of the copper com-
plex. Additionally, since the complex has a 1:2 stoichiometry, the
changes in the charge of the atoms in the two ligands did not oc-
cur in the same manner. Thus, in the first ligand molecule Qla,
the most affected atoms were 010, 02 and their neighboring C3
and C9 atoms with charges equal to -0.688e, -0.609e, +0.450e and
-0.637e, respectively. However, in the second ligand molecule Q1b,
due to the presence of water molecules, the corresponding atoms
carried the charges of -0.631e (028), -0.633(033), +0.446e (C32)
and +0.657e (C29). The nitrogen charge (N17) in Q2a was nearly
the same as in the free ligand (-0.503e). However, the charge of
the equivalent nitrogen (N43) in Q1b part, underwent a signifi-
cant change (-0.555e), likely due to the hydrogen bond formation
N43--H111 with a length of 1.9810 A.

Similarly, in the free ligand (HQ2), the atoms 034, 039, C35
and C38 carried the charges of -0.55011e, -0.5022e, 0.5474 e and
0.3942e, respectively. However, in the zinc complex, the charges
of the corresponding atoms became -0.6799e, -0.6344e, 0.6086e
and 0.4325e in the first ligand molecule (Q2a) and -0.6799e, -
0.6693e, 0.6371e, 0.4325e in the second ligand (Q2b). The changes
in charges following the formation of the complex are depicted in
Fig. 8.

The three dimensional representations of the Molecular Electro-
static Potential (MEP), allowed the visualization of the nucleophilic
and electrophilic regions [46] in the ligands (HQ1, HQ2) and in the
metallic complexes molecules. From Fig. 9, the most negative po-
tential was over the carbonyl groups of the hydroquinolinic part
(C5-06 and C3-014), while the most positive region was over the
hydrogen atoms (H48 and H30). The electrostatic potential values
were changed from -0.108 to + 0.108 a.u.

When the ligands HQ1 and HQ2 interact with copper and
zinc ions, respectively, the MEPs of the corresponding complexes
showed changes compared to the free ligands maps (Fig. 9). The
observed red color on the carbonyl oxygen became more intense,
while the intense blue color disappeared. In other words, the range
the electrostatic potential values in the free ligands molecules was
different from that in the corresponding molecule complex. There-
fore, in the HQ1 and HQ2, the MEP values changed from -0.108a.u.
to +0.108 a.u., but in the metallic complexes, the new range were
-0.119 a.u. to +0.119 a.u,, and -0.077 a.u. to +0.077 a.u.

3.5.3. Prediction of the FTIR spectra

The prediction of the main vibration frequencies of the
organometallic complexes were carried out at CAM-B3LYPD3B]
level. According to Fig. 10 and Fig. S10 (Supplementary Materi-
als) the predicted and experimental spectra of the copper and zinc
were in good agreement.

Fig. 6. The optimized structure of copper complex at CAM-B3LYPD3B] /6-31g (d) level with labels and atomic numbering.
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Table 1
Bond lengths (in A) between ligand atoms and H or O atoms of water molecules.

Cul-054 010-H110  F53-H104  N43-H111  Zn1-021 04-H68  02-H67  H71-063

2.216 1.809 2.928 1.981 2.020 2.961 1.834 1.723

0.5 - H > ® Free ligand HQ1
: £ ®Ligand Qla in the complex
3 #Ligand Q1b in the complex
0,1 -
-0.3 -
0,7 2 3
Fig. 7. Atomic charges in the free ligand HQ1 and in Cu(ll) complex (Q1a, Q1b).
0.6 1 = Free ligand HQ2 A
®Ligand Q2ain the complex
= Ligand Q2b in the complex
0.2 -
C40 C41 C38 C43 C51 C47
-0.2 -
-0.6 - B i

Fig. 8. Atomic charges in the free ligand HQ2 and in Zn(Il) complex (Q2a, Q2b).
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Fig. 9. MEP surfaces calculated at CAM-B3LYPD3BJ /6-31g (d) level for the ligands (HQ1, HQ2) and their corresponding complexes.
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In the theoretical spectra, the characteristic bands of the (C=0)
group were observed at 1707 and 1576 cm~! for the copper com-
plex and 1610 cm~! for the zinc complex. However, the corre-
sponding experimental values were 1616, 1450 and 1578 cm™!, re-
spectively.

The calculated wavenumbers were slightly higher than the val-
ues observed for the majority of the normal modes. Two factors
may be responsible for the discrepancy between the experimental
and calculated spectra of this compound. The first reason is due
to the environment and the second one is due to the fact that the
experimental value is an anharmonic wavenumber, while the cal-
culated value is a harmonic wavenumber [47].

3.5.4. The global reactivity parameters

The highest occupied molecular orbital’'s (HOMO) and the low-
est unoccupied molecular orbital’'s (LUMO) were displayed in Fig.
S11 (Supplementary Materials). Interestingly, upon the ion -ligand
interactions, the HOMOs of the metallic complexes were located on
the side of Qla and Q2a, while the LUMOs were situated on Q1b
and Q2b, respectively. In addition, the presence of water molecules
in the inner sphere plays a crucial role in the stabilization of the
complexes.

The frontier molecular orbitals (HOMO and LUMO) are at the
heart of chemical reactivity. The gaps AE = HOMO — LUMO of the
copper (spine = 6.759 eV, spinf = 6.800 eV) and zinc complexes
(6.745 eV) were lower than that of their corresponding ligands Q1
(7165 eV), and Q2 (7.132 eV). These findings supported the ob-
tained complexes that are relatively more reactive and therefore
more bioactive than the corresponding free ligands.

Using the Koopman’s theorem for closed-shell molecules [48],
the HOMO and LUMO were used to predict global reactivity pa-
rameters, such as the chemical potential (4 = (I +A)/2), the hard-
ness (n = (I—A)/2), the electrophilicity index (w = u2/2n), the
softness (S =1/2n). These parameters are used to recognize the
connection concerning structure, stability and global chemical re-
activity of molecules. The obtained results are summarized in
Table 2.

The hardness 7, the softness S and the electrophilicity indexes
w values indicate that the complexes are less hard, more soft, and
more polarizable then the free ligands, making HQ1 and HQ2 act
as nucleophiles while metallic ions as electrophiles. In addition,
according to Sanderson’s principle [49,50], the comparison of the
chemical potentials values of the reactants to their corresponding
complexes, as displayed in equations (1) and (2) :

Mecuz+ (Mcopper complex <MHQ1 (1 )

Mozn2+ (/’innc complex (MHQZ (2)

indicated that during the evolution of the complexation reaction,
a flow of electronic density takes place from the donor (HQ1 or
HQ2) to the acceptor (copper or zinc ions) in order to balance the
electron chemical potential of the new system.

3.5.5. Natural Atomic Orbital (NAO) and Natural Bond orbital (NBO)
analysis

Tables 3, 4 present the Natural Electron Configuration (NEC) of
the copper(ll), zinc(Il) and the oxygen atoms in their vicinity. As
shown in Fig. 2, it was important to keep in mind that the implied
oxygen atoms are those of the carboxylic groups (010, 028), those
of the carbonyl group (02 and 033) and that of the water molecule
in the inner sphere (054). For the zinc complex (Fig. S9 in Supple-
mentary Materials), the corresponding oxygen atoms are 02, 034,
07,039 and 021, in the same sequence.

The electronic arrangement of the Cu and Zn ions in
the investigated complexes were [Ar]4s0333d9114p0415p001 apd
[Ar]4s0-333d9-944p0445p 001 respectively. The occupancies of d or-
bitals are in the same order dy?%704d;%7717dy 8583328764 1,95697

Yy zZ

and d}791>1d};99301 dg,-298351d}(-29_83233d;2'98434 . The differences between

the d-orbital occupancies of the ions (3d*!! and 3d%94) after com-
plexation (Table 3) and that in the free ion (3d° and 3d!°) were
negligible.

The electronic arrangement of the Cu and Zn ions in the
investigated complexes was [Ar] 4s%-333d9114p0415p001 3nd [Ar]
450333(9944p0445p 001 respectively. The occupancies of d or-
bitals in the same order are d)l(y98704d}(297717d31,i8583d)1(23f§276d;295697

and d}(y99151d}('z993°1dg,i93351d;29f3283d;j98484 and the differences be-

tween the d-orbital occupancies of the ions (3d®!! and 3d®%4) after
complexation and that in the free ion (3d° and 3d'°) were negligi-
ble.

In addition, the natural charges on the Cu (II) and Zn (II)
ions (+2.0e) changed significantly after complexation (0.846e and
0.913e), showing that electron transfer occurred from O (2s, 2p) or-
bitals to Cu(Il) or Zn(II) orbitals (4s, 4p). The most affected oxygen
atoms were 02 and 033 in the first complex and O7 and 039 in
the second one.

For deeper insight into the nature and strength of the bonds be-
tween metallic (II) ions and neighboring oxygen atoms, the Wiberg
bond indexes (WBIs) [31-53] were estimated. The relative findings
reported in Table 4 and Table S5 (Supplementary Materials) show
that the covalent character of these bonds was weak. The highest
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Table 2
Global reactivity parameters values (in eV) of HQ1, HQ2, copper and zinc complexes.
Cu(I) Complex
HQ1 Spine  Spin 8 Spina  Spin 8 HQ2 Zn(II) Complex

ELumo 0.082 -2400  -2.411 -0.506  -0.512 0.114 -3.350  -0.351
Enomo  -7.083  -5.815  -5.821 -7.265  -7.312 -7.018  -5946  -7.096
A -0.082  2.400 2411 0.506 0.512 -0.114  3.350 0.351
[ 7.083 5.815 5.821 7.265 7.312 7.018 5.946 7.096
AE 7.165 3415 3.410 6.759 6.800 7.132 2.596 6.745
n 3.582 1.708 1.705 3.380 3.400 3.566 1.296 3.372
n -3.501 -4108 -4116 -3.886 -3.912 -3452  -4.648  -3.723
w 1.711 4.940 4.968 2234 2.250 1.670 8.321 2.055
S 0.279 0.586 0.587 0.296 0.294 0.281 0.770 0.297

Table 3

The natural atomic charges, total natural populations
(TNPs) and natural electron configurations of selected
atoms in Cu(Il) and Zn(II) complexes as calculated at
the CAM-B3LYPD3B] /6-31g(d) level of theory.

Atom  TNP Natural Electron Configuration
Cu 27.86  [core]4s%333d9114p0415p0.01
010 8.8 [core]2s!672p5123p001
028 8.77 [core]2s!:672p>-083p0.01340.01
02 8.66 [core]2s!:652p4993p0.01340.01
033 8.68 [core]251.662p5.003p 0.013d0.01
054 8.98 [Core]251.722p5.243p0.01 3d0.01
Zn 28.72  [core]4s0333d%944p0445p 001
02 8.82 [core]2s!:672p5143p 0.01
034 8.83 [core]2s!-682p5-143p001
07 8.72 [core]2s1:662p>053 001
039 8.70 [core]2s!:652p>03350.0130.01
021 9.00 [core]Zs‘-” 2p5.273p0.01 3d0.01
Table 4
Natural Atomic Orbital (NAO) of Cu (II) and neighboring oxygen atoms.
Contribution ~ Center 1 NAO Center 2 NAO  Total WBI
0.0675 Cul 4s 2p
0.0649 4p 010 2s 0.3463
0.0811 4p 2p
0.0779 3d 2p
0.0743 Cul 4s 2p
0.0720 4p 028 2s 0.4115
0.0907 4p 2p
0.1110 3d 2p
0.0721 4s 2p
0.0628 Cul 4p 02 2s 0.3146
0.0757 4p 2p
0.0540 3d 2p
0.6320 Cul 4s 2p
0.0588 4p 033 2s 0.2704
0.0656 4p 2p
0.0658 Cul 4s 054 2p 0.1871

values of WBI 0.4115, 0.3463 0.3151 and 0.2825 were assigned to
Cu1-028, Cu1-010, Zn1-02, and Zn1-034 bonds, respectively.

Interestingly, as shown in Eq.3-5 the shorter the inter-atomic
bond, the higher the value of WBI:

WBI(, o8 (1.286 A) >WBI¢, 610 (1.902 A)>WBICu-02 (1.946 A)
>WBI¢, o33 (2.000 A)>WBICu-054(2.200 A) 3)

WBI, o, (1.909 A)>WB[Zn—034 (1.948 A)>WB[Zn—021 (2.021 A)
>WBI, 039 (2.026 A) >WBI (4)

The water molecule was attracted more strongly by Zn(II) than
by Cu (II):

WBlZn»OZl (2.021 A) ~ WB]Cu—OS4 (2.200 A) (5)

Additionally, the identification of the orbitals responsible for the
interactions between the metallic ions and the oxygen was car-
ried out by the decomposition of WBI in NAO basis from which
it was revealed that, for the Cu1-028, Cu1-010 and Cu1-02 bonds,
the dominant interactions were 3d(Cu)- 2p(0) and 4p(Cu)- 2p(0).
However in the zinc complex only 4p-2p and 4p-2s interactions
were observed.

The NBO analysis [54], also performed at the CAM-B3LYPD3BJ
/6-31g(d) level of theory, provided details about the most impor-
tant migrations and their corresponding second-order interaction
energies E(2) which indicates the intensity of the interaction be-
tween the electron donor and acceptor orbitals. The greater value
of E(2), the more tendency of a higher donor orbital. The BD, LP,
BD* denoted the occupied bonding orbitals, the lone pairs and the
empty antibonding orbitals, respectively.

The strongest interactions playing a crucial role in the stabiliza-
tion of the copper and zinc complexes were reported respectively
in Table 5 and Table S6 (Supplementary Materials). For the first
complex, following comments could be mainly highlighted:

i Migrations from the lone pairs (LP*) of 010 and 028 to the BD*
Cu(Il) orbitals. The most important ones had high energies of
21.33, 24.44, 19.95 and 34.73 kcal/mol.

Ui Interactions between the carbonyl oxygen orbitals of 02 and
033, and the metallic ion : LP(2)02 —LP*(6)Cul (E=34.73
kcal/mol.) and LP(2)033— BD*(1)Cu1-02 (19.95 kcal/mol.).

ii The BD*(1) Cu1-02 — LP*(1)C3 and BD*(1)Cu1-02 — LP*(1)C32
migrations starting from Cu-02 or Cu-033 to the carbons (C3 or
C32) of the carbonyl groups. The corresponding energies were
of the order of E=102 kcal/mol. They were represented in a
sense, solid bridges between the two molecules of the Q2 lig-
and.

ii Migrations involving water molecules and the metal ion, or
donor atoms constituting the ligand such as 010, N43 or
F53. The most energetic ones were LP(2) 054 — BD*(1)Cul-
033(E=16.02 kcal/mol.), LP(1)010 — m*(1)058-H110 (E=9.91
kcal/mol.)

i Finally, the interactions involving hydrogen bonding between
the complex and water molecules also played a role in
the stabilization of the complex: LP(2)058 — m*(1)054-H105
(E=1720 kcal/mol.), LP(2)057 — m*(1)055-H104(E= 14.78
kcal/mol.) and LP(2)056 — m*(1)059-H113 (E= 12.83kcal/mol.).

The zinc complex was stabilized by almost the
same type of migrations. The most energetic ones were
LP(2)02 — LP*(6)Zn1(E= 50.49 kcal/mol.), LP(2)034 — LP*(6)Zn1
(E= 42.81kcal/mol.), LP(2)039— LP*(6)Zn1(E=37.55 kcal/mol.) and
LP(2)069 — BD*1)021-H32 (E= 48.76 kcal/mol.).

3.5.6. QTAIM analysis
The different intermolecular interactions stabilizing the studied
metal complexes were explored with the topological analysis of the
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Second- order interaction energy (E?), in kcal/mol.) between the donor and acceptor
orbitals in the copper (II) complex calculated at CAM-B3LYPD3B]J /6-31g(d) level of the-

ory.

Complex

Donor — Acceptor

[Cu(Q1);H,0].6H,0

LP(1)010
LP*(6)Cul
LP*(5)Cul
BD*(1)Cu1-02
BD*(1)Cu1-033
LP(2)054
LP(2)054
7(1)054-H105
7(1)054-H108
LP (1) N43
LP(1)F53
LP(1)010
LP(2)058

LP(2)060
LP(1)060

(
(
LP(2)059
(
(
LP(2)060

E@ kcal/mol.

— LP*(7)Cul 21.33
— LP¥(7)Cul 3.84
— LP*(6)Cul 24.44
— LP*(6)Cul 571
— LP*(6)Cul 34.73
— BD*(1)Cu1-02 19.95
— BD*(1)Cu1-02 4.47
— BD*(1)Cu1-033  9.28
— BD*(1)Cul-033  3.68
— BD*(1)Cu1-02 1022
— BD*(1)Cu1-033 6.61
— LP*(1)C3 102.02
— LP*(1)C32 102.02
— LP(6)Cul 5.02
— BD*(1)Cul-033  16.02

— 7%(1)Cu1-033 2.50
~ 7%(1)Cu1-033 1.05
~ 7*(1)056-H 661
— 7*(1)057-H107  1.00
— 7*(1)058-H110  9.91
— 7%(1)054-H105  17.20
— 7+ (1)C48-H96  1.23
1)060-H115  9.80

1)059-H113  12.83
1)055-H104  14.78
10.92

1)056-H112  8.23
1)057-H106  4.96

— ¥(
— 7%(
— ¥(
— m*(1)060-H116
— ¥(
— %(
— m*(1)056-H112 8.23

(@7

Fig. 11. Maps of the Laplacian of the electron density in the complexes through the 010- Cu1-028 and 07-Zn-039 planes.

electron, within the conceptual framework of the quantum theory
of atoms in molecules (QTAIM) [55-62].

Among the topological properties of the electron density that
were successfully used to analyze the bonding in the complexes,
the electron density at the bond critical point p(r), the Laplacian
of the electron density V2p(r), the potential electron energy den-
sity(V(), the local gradient kinetic energy density (G) and the
total electron energy density (H)) [63-65], were of fundamental
importance.

QTAIM analysis allowed the localization of interactions that
contribute to the stabilization of the complexes. Important BCPs
were observed between the metal ion and neighboring oxygen
atoms (Fig. 11), between ligand and water molecules, and between
two neighboring water molecules. The corresponding BCPs topo-
logical data are reported in Table 6.

To investigate the nature and the strength of these interactions,
Vzp(r) and Hy were used as descriptors. For all bonds, the val-

ues of p(r) were small (~10~2 a.u) and those of V2p(r) > 0 rang-
ing from +0.24483 a.u to +0.8388 a.u for the copper complex and
from 0.3570 a.u to 0.5890 a.u, for the zinc complex. These find-
ings characterize the closed-shell interactions [66,67] which were
mostly dative when H(;y < 0 and weakly ionic when H;y > 0 (Cul-

028, Cu1-010). Additionally, for the cases where 0.5<—6((:; < 1, co-

valent character is dominant [68].

The other interactions Q1-H,0, Q2-H,0 and H,0 - H,0 were
of the hydrogen bonding type [69,70]. From their classification, the
interactions were medium when Vzp(r) >0 and H(;y > 0 or weak
when V2p() > 0 and Hyy < 0.

3.5.7. Visualization of non-covalent interactions in the complexes
Among the quantum mechanical methods, the reduced density

gradient analysis has been of an ongoing interest in the detection

and the visualization of non-covalent interactions (NCI) [71-74].
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Table 6
Selected topological parameters of p(r) function for intramolecular bondings in Cu(ll) and Zn(II) complexes.

BCP p(r) Vip(r) Vi G Hy,) ViollGey -GV
Cu(Il)-Q1, Cu(Il)~ H,0

[Cu(Q1); H,0].6H,0  028-Cul 0.0703  0.8388  -0.2028  0.2062  0.0034 0.9835 1.0168
Cul-010 0.0624 0.7004 -0.1736  0.1743  0.0007 0.9960 1.0040
033-Cul 0.0570 04195 -0.1318 0.1184 -0.0134 1.1132 0.8983
Cul-02 0.0615 0.5475  -0.1565 0.1467 -0.0098  1.0668 0.9374
Cul...054 0.0361  0.2483  -0.0719  0.067 -0.0049  1.0731 0.9318
Q1+H,0
033054 0.0073  0.0406  -0.0107 0.0104 -0.0003  1.0288 0.1720
H96--055 0.0110  0.0446  -0.0099  0.0106  0.0007 0.9340 1.0707
N43-H111 0.0249 0.1132  -0.0303  0.0293  -0.001 1.0341 0.9670
056-F53 0.0061  0.0360 -0.0065 0.0077  0.0012 0.8442 1.1846
F53--H107 0.0128  0.0707 -0.0162  0.0169  0.0007 0.9586 1.0432
H104-057 0.0318 0.1905 -0.0489  0.0483  -0.0006 1.0124 0.9877
H110--010 0.0304 0.1731  -0.0436  0.0435 -0.0001  1.0023 0.9977
033058 0.0058  0.0294  -0.0055  0.0064  0.0009 0.8594 1.1636
H94--059 0.0046  0.0204  -0.0032  0.0041  0.0009 0.7805 1.2813
H94--056 0.0051  0.0234  -0.0035 0.0047 0.0012 0.7447 1.3429
H98--H109 0.0038  0.0199  -0.0024  0.0037  0.0013 0.6486 1.5417
H94--060 0.0050  0.0221 -0.0033  0.0044 0.0011 0.7500 1.3333
H,0 H,0
H105-058 0.0346  0.2187  -0.0562  0.0554  -0.0008  1.0144 0.9858
H113-056 0.0299 0.1732  -0.0443  0.0438  -0.0005 1.0114 0.9887
055+H115 0.0269  0.1461 -0.0377  0.0372  -0.0005 1.0134 0.9867
059-H116 0.0279  0.1561  -0.04 0.0395  -0.0005 1.0127 0.9875
H112--060 0.0261  0.1353  -0.0356  0.0347  -0.0009  1.0259 0.9747
060-H106 0.0244 0.1322  -0.0326  0.0328  0.0002 0.9939 1.0061

[Zn(Q2); H,0].3H,0  Zn(Il) ~-Q2, Zn(Il) ~~H,0
02-Zn1 0.0720 0.5890  -0.1867 0.1669  -0.0198  1.1186 0.8939
Zn1- 034 0.0658 0.5113  -0.1649  0.1464 -0.0185 1.1264 0.8878
Zn1-+07 0.0473 03570 -0.1066  0.0979  -0.0087  1.0889 0.9184
039-Zn1 0.0533  0.3985  -0.1241 0.1119  -0.0122  1.1090 0.9017
021...Zn1 0.0543  0.4091 -0.1294  0.1158  -0.0136  1.1174 0.8949
Q2.+Q2p, Q2-H,0
H67-02 0.0264 0.1443  -0.0368  0.0365 -0.0003  1.0082 0.9918
03407 0.0076  0.0481 -0.0108  0.0114  0.0006 0.9474 1.0556
H70-07 0.0164 0.0753  -0.0184  0.0186  0.0024 0.9871 1.0131
063--H31 0.0086  0.0337  -0.0075  0.0079  0.0004 0.9494 1.0533
07063 0.0054  0.0301 -0.0054  0.0065 0.0011 0.8308 1.2037
034--H65 0.0302 0.1700  -0.0432  0.0429  -0.0003  1.0070 0.9931
066--039 0.0051  0.0268  -0.0049  0.0058  0.0009 0.8448 1.1837
H62--066 0.0160  0.0690  -0.0174  0.0173  -0.0001  1.0058 0.9943
036--H64 0.0137  0.0632  -0.0149  0.0154  0.0005 0.9675 1.0336
H32--069 0.0398 0.2832  -0.0737 0.0723  -0.0014 1.0194 0.9810
H,0--H,0
H71-063 0.0320 0.1984  -0.0503  0.0500  -0.0003  1.0060

This approach, which is equivalent to the Lewis model in bonding,
utilizes the reduced density gradient s(r) or RDG(r) as an analysis
index [75]:

1 Vel
2372)"” p(n*”?

Va2 + b2

The interaction type that developed in the studied zinc complex
(Fig. 12) was distinguished as isosurfaces in the 2D representation
where the RDG (r) was plotted against sign (A) multiplied by elec-
tron density as the ordinate.

The attractive bonds (p >0, A,<0) including dative and hydro-
gen bonds were energetically located at -0.45 a.u, -0.03 a.u and
-0.02 a.u. The region of vdW forces is depicted by the two spikes
in the middle of the scatter map. However, the region of the strong
steric effects (p >0, A,>0) was characterized by two peaks be-
tween 0.01 and 0.02 a.u.

In the 3D representation (Fig. 13) plotted by the VMD program
[76], the revealing of different types of the interactions achieved
using colors: blue, green and red colors indicating attractive bonds,
van der Waals and repulsive interactions, respectively. As illus-
trated in this figure, for the zinc complex the color corresponding
to attractive bonds was observed between (Zn1, 039), (Zn1, 021),
(H32, 069), (H71, 063), (H65, 034) and (H67, 02). Van der Waals

s(r) or RDG(r) = (6)

10

interactions were located between (H64, 036), (H31, 063), (H65,
07), (H62, 066) and (H32, O7). However, the steric effects that in-
fluence the stability of the complex were observed within the seg-
ments 034-C35-C37-C38-039 and 02-C3-C5-C6-07. One can easily
notice that RDG findings were in good agreement with QTAIM and
NBO results. For the copper complex, the results are shown in Fig.
S$12 (Supplementary Materials).

4. Conclusion

Two solid-state complexes of copper(ll) and zinc (II) with en-
rofloxacin and oxolinic acid have been synthesized and character-
ized using single-crystal X-ray diffraction, Hirshfeld surface and
TH NMR spectroscopy. Interestingly, the structure of the complexes
does not include co-ligands in the internal coordination sphere.

In our study, we used HS analysis to determine the crystal
structure packing of two complexes. We found that the small spots
in the HS plots were associated with C-H--m interactions, while
the shape index revealed weak s stacking interactions in both
complexes. Additionally, the fingerprint plots indicated that H-H
and H~0O/O~H interactions were the most prevalent in the crystal
structures of the Cu(Il) and Zn(II) complexes.
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Fig. 12. 2D RDG NCI isosurface for zinc (II) complex computed at the CAM-B3LYP/6-31g(d) level of theory.
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Fig. 13. 3D RDG representation of NCI for Zn(Il) complex.

In the modeling part, the CAM-B3LYPD3B] exchange functional
including the dispersion correction performs better than CAM-
B3LYP in predicting structural parameters and vibration frequen-
cies of the molecule complex.

Upon the complexation formation, the properties of
[Cu(Q1),H,0].6H,0 and [Zn(Q2),H,0].4H,0 are different from
those of the free reactants (Q1 and Q2). Many significant modi-
fications were reported in length bonds, Mulliken charges and in
potential electrostatic values.

Important information on the Cu (II) and Zn (II) complexes
structures and properties were obtained upon NAO and NBO cal-
culations. Then, non covalent interactions in the formed complexes
were explored and visualized through QTAIM and RDG topologic
tools.
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