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A new approach to study semi-coordination using
two 2-methyl-5-nitroimidazole copper(i)
complexes of biological interest as a model
systemt
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Two novel copper(i) complexes [Cu(2mni),(H>0),1(NO3),-2H,0 (1) and [Cu(2mni)>(NO=),] (2), where 2mni
is 2-methyl-5-nitroimidazole, were prepared and characterized in the solid state using single-crystal and
powder X-ray diffraction analyses, EPR, electronic and vibrational spectroscopies (FTIR and Raman), and
thermogravimetric methods. Both products present an elongated distorted octahedral geometry with
axial Cu-O bond lengths of 2.606(14) and 2.593(15) A, indicating semi-coordination. Density functional
theory (DFT) calculations at the B3LYP/LANL2DZ theory level were used to study the electronic
properties of 1 and 2. The Independent Gradient Model (IGM) was employed to determine the Intrinsic
Bond Strength Index (IBSI) of the semi-coordination and to plot dq isosurfaces for the electronic sharing
between the metal center and ligands. A moderate to weak antibacterial activity against Escherichia coli
cultures was found for 1 with a 50% growth inhibition (Glso) value of 0.25 mmol L. To the best of our
knowledge, this is the first time that the semi-coordination analysis using IGM was carried out for
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Introduction

Considerable attention has been paid to copper complexes, as
they are potential candidates for several biomedical applica-
tions, including cancer therapy, treatment of microbial
diseases, copper deficiency diseases, and neurodegenerative
disorders." The efficacy and mechanism of copper's antimicro-
bial activity against microorganisms are widely explored.” For
instance, copper(u) chromone-derived complexes display
promising antibacterial effects against Gram-positive and
Gram-negative bacteria, like Staphylococcus aureus and Escher-
ichia coli (E. coli).?

Imidazole is a five-membered aromatic heterocycle ring
presented in several natural products and synthetic molecules.*
Nitroimidazole is an imidazole derivative used as a therapeutic
agent, particularly for protozoa and anaerobic microbial
infections.*® From a bioinorganic chemistry perspective,
nitroimidazole derivatives can be seen as promising ligands
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IBSI, and the study was extended for a series of analogous complexes described in the literature.

that provide bidentate N,0-donor sites for synthesizing transi-
tion metal complexes. In this sense, complexes of metronida-
zole with Pt", Pd", Rh", Ni", and Cu"™ have been evaluated as
hypoxic cytotoxins and radiosensitizers, for which the action is
proposed to be related to the presence of the nitro group.”
Furthermore, complexes of silver(1) with nitroimidazole-based
ligands have antibacterial and antifungal activity higher than
the reference drugs.®

The study of semi-coordination
complexes is a relevant subject of research, given the impact it
could have on various application areas.*'® Therefore, deter-
mining the bond order between the central metal atom and its
ligands is a difficult task, because semi-coordination bonds are
characterized by their low covalent nature. Various computa-
tional methods, such as Density Functional Theory (DFT),
Quantum Theory of Atoms in Molecules (QTAIM), and Natural
Bond Order (NBO), have been employed to investigate elec-
tronic structures and to evaluate bond orders in semi-
coordinated systems.'>'*

A new approach, published in 2020, is the Intrinsic Bond
Strength Index (IBSI)** calculation based on the Independent
Gradient Model (IGM)* and its d, descriptor, used to evaluate
bond strengths and electron sharing between atoms or frag-
ments. This application of the IGM explores the topology of the

in transition metal
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electronic density gradient (Vp) between two molecular coun-
terparts to locally quantify the electron sharing. This descriptor
measures the interaction between the fragments without relying
on calculating the electronic structures of the separated parts.
The ¢, also affords the IBSI, which is a dimensionless
measurement of the bond strength, directly related to the
covalent interaction between the selected fragments. This
model gives a comprehensive quantification of bond parame-
ters with low dependence on theory level, making it possible to
precisely compare bond strengths across a range of compounds
with a relatively low computational cost. This approach has
been employed in the lability study of cisplatin derivatives,
aiming to rationalize the ligand effects on the kinetics of ligand
exchange.™

Herein, the synthesis and characterization of two new cop-
per(u) complexes with 2-methyl-5-nitroimidazole (2mni) ligand
is reported. We have also carried out Density Functional Theory
(DFT) calculations to describe the electronic structure of both
complexes. The IGM model was applied to study the axial Cu-O
bond and calculate the bond parameters IBSI and 6,. To the best
of our knowledge, it is the first time that IBSI was applied to
describe the semi-coordination in copper(u) complexes; hence it
was also compared with other analogous complexes structurally
characterized by SC-XRD. Finally, moderate antibacterial
activity towards Escherichia coli cultures was observed for 1.

Experimental
General

Ultrapure water (18.2 MQ cm resistivity at 25 °C) was used in the
syntheses and biological assays. The starting materials
Cu(NO3),-3H,0 (99.9%) and 2-methyl-5-nitroimidazole (99.0%)
were purchased from Aldrich and used without further purifi-
cation. The ethanol (99.8%) from Exodo was used as received.

Instrumentation

Carbon, hydrogen, and nitrogen contents were determined by
combustion analyzes on a PerkinElmer - CHN 2400 Elemental
Analyzer; copper contents were obtained by Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-OES) with a Perki-
nElmer Optima 8300 series system with axial and radial vision.
Acid digestion was used to remove the organic moieties pre-
sented in the sample. The X-ray powder diffraction (PXRD)
pattern was recorded at 40 kV and 30 mA on a Shimadzu 600
diffractometer equipped with a Cu-target tube (Cu-K,,
A = 1.5418 A), employing a 26 range of 5-50°. The calculated
diffractogram of both complexes was generated from the single-
crystal crystallographic information file (CIF) using the Mercury
4.0 software.* Infrared spectra (4000-400 cm ') were measured
from KBr pellets on a Bruker Vertex 70 spectrophotometer.
Raman spectra were obtained with a Raman Confocal Witec
alpha 300R microscope, which focuses the incident radiation
on a 1 um® area. The spectra were recorded using He-Ne,
633.1 nm, laser excitation over the range of 0 to 2500 cm ™. The
electronic spectra were registered from pulverized solid and
aqueous solution at 2.0 mmol L™ on a PerkinElmer Lambda
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1050 UV-Vis-NIR spectrophotometer. EPR spectra on X-band
(9.5 GHz) were recorded from pulverized solid at room
temperature and 77 K, and in aqueous and LB medium solu-
tions (5.0, 2.0 and 0.50 mmol L™, respectively) at 77 K using
Bruker EMX-Micro spectrometer. Spectra simulations were run
with the EasySpin software.'® Thermogravimetric (TG, DTG)
data were collected on a Netzsch STA449 F3 Jupiter analyzer
equipped with a silicon carbide furnace and dinitrogen as
a carrier gas. Samples (ca. 4.0 mg) were heated in aluminum
pans from 25-800 °C at 10 °C min .

Synthesis

Synthesis of [Cu(C;H5N30,),(H,0),](NO3),-2H,0 (1). A
solution of Cu(NOj3),-3H,0 (2.0 mmol, 0.483 g) in 20 mL of
water received the addition of a hot solution of 2-methyl-5-
nitroimidazole (1.0 mmol, 0.127 g) in 10 mL of ethanol. The
resulting blue solution was heated at 70 °C for 2 h under stir-
ring. Crystals of the same color were obtained by slow evapo-
ration of the liquor mother over four weeks. The light blue
crystals were filtered off and dried in air, affording 0.390 g of 1
(38% yield based on copper). The product was soluble in water
and ethanol. Anal. caled for CgH;3CuNgOy,4 (%): C, 18.70; H,
3.53; N, 21.81; Cu, 12.37. Found: C, 18.66; H, 3.32; N, 21.60; Cu,
12.20.

Synthesis of [Cu(C H5;N;0,),(NOs),] (2). A hot solution of 2-
methyl-5-nitroimidazole (1.0 mmol, 0.127 g) in 10 mL ethanol
was added to a solution of Cu(NOj3),-3H,0 (2.0 mmol, 0.483 g)
in 20 mL of ethanol. The reaction mixture was stirred at 70 °C
for 2 h, resulting in a blue solution that was allowed to evapo-
rate slowly in air at room temperature for 4 days, affording royal
blue crystals. The crystals were filtered off and dried in air,
affording 0.451 g of 2 (51% yield based on copper). The product
was soluble in water and ethanol. Anal. caled for CgH,,CuNgO;,
(%): C, 21.75; H, 2.28; N, 25.37; Cu, 14.38. Found: C, 21.67; H,
2.14; N, 24.97; Cu, 14.75.

Single-crystal X-ray diffraction analysis (SC-XRD) of 1 and 2

From a sample under oil, one suitable parallelepiped crystal of
each compound, ca. 0.356 x 0.321 x 0.180 mm for 1 and ca.
0.129 x 0.105 x 0.074 mm for 2, was analyzed. The crystal was
mounted on a Micro-mount/mesh and fixed in the cold nitrogen
stream on a Bruker D8 Venture diffractometer, equipped with
a Photon 100 CMOS detector, Mo-Ka radiation, and graphite
monochromator. Intensity data were measured by thin-slice w-
and ¢-scans. Data were processed using the APEX3 (ref. 17)
program. Drawings were made with the Diamond 4.*® Crystal
data and crystallographic details for complexes 1 and 2 are
summarized in Table 1.

For 1: the structure was determined by the direct methods
routines in the SHELXT" program and refined by full-matrix
least-squares methods, on F*s, in SHELXL. The non-
hydrogen atoms were refined with anisotropic thermal param-
eters. All hydrogen atoms were located in difference maps and
were refined isotropically and freely.

For 2: the structure was determined by the direct methods
routines in the SHELXS*' program and refined by full-matrix

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement for [Cu(2mni)»(H»0)51(NOs)5- 2H,O (1) and [Cu(2mni)»(NO3),] (2)

1 2
Elemental formula CgH;gCuNgO4, CgH;,CuNgO;,
Crystal system, space group Monoclinic, P2,/c Monoclinic, P24/n
Temperature/K 201(2) 296(2)
alA 6.714(2) 7.3995(9)
blA 10.504(4) 8.2828(12)
c/A 14.095(5) 12.5949(18)
Unit cell angles/° a=v=090and 8 = 103.104(11) a=1v=90and 8 = 94.276(5)
Volume/A® 968.1(6) 769.77(18)
zZ 2 2
Density/g em > 1.763 1.906
F(000) 526 446
Absorption coefficient/mm™* 1.218 1.497

Crystal color, shape
Crystal size (mm)

0 range/°®

Limiting indices
Completeness to theta = 25.2°
Absorption correction
Reflections collected
Unique data

Observed data [1 > 20(1)]
Refinement
Data/restraints/parameters
Goodness-of-fit on F*

R[I > 20(I), row [I > 20(I)]*

Dark blue/parallelepiped

0.356 x 0.321 x 0.180

3.6 to 28.0
—8=h=8,-13=k=13,-18=<[=18
99.6%

Dark blue/parallelepiped

0.129 x 0.105 x 0.074

3.0 to 27.5
—9=h=9,-10=k=10,-16 <1< 16
100.0%

Extinction coefficient n/a
Largest diff. peak and hole/e A~ 0.40 and —0.34
Location of largest difference peak O(1N4) atom

Multi-scan Multi-scan
46 208 24278
2336 [R(int) = 0.042] 1773 [R(int) = 0.044]
2080 1499
Full-matrix least-squares on F* Full-matrix least-squares on F*
2336/0/178 1773/1/144
1.082 1.061
R, = 0.024, WR, = 0.067 R, = 0.024, WR, = 0.059
n/a

0.28 and —0.30
On the N2-C2 bond

@ For 1: w = [0*(Fo®) + (0.0400 x P)*+0.3056 x P]_' where P = (Fo® + 2Fc?)/3, for 2: w = [¢*(F0®) + (0.0318 x P)*+0.3312 x P| "' where P = (Fo> + 2Fc*)/

3.

least-squares methods, on F>'s, in SHELXL. The non-hydrogen
atoms were refined with anisotropic thermal parameters. All
hydrogen atoms were located in difference maps and were
refined isotropically and freely (except that distance restraint
was applied to H1A and H1B atoms bonded to C1 atom). Scat-
tering factors for neutral atoms were taken from the ref. 22.
Computer programs used in this analysis have been noted
above and were run through WinGX.*

Effects of complex 1 on E. coli cultures: general

All solutions, flasks, and materials employed in the biological
analysis, including ultrapure water, were autoclave sterilized.
An UV-Vis Pharmacia LKB - Ultraspec III spectrophotometer
was used to measure the optical density (OD) of the bacterial
cultures at 595 nm (ODsgs).

Effect of 1 and 2 on E. coli cultures: growth inhibition assay

The effect of the copper complexes in inhibiting Escherichia coli
growth was evaluated using a protocol described by Missina
et al.** Briefly, nalidixic acid-resistant (Nal®) E. coli DH5q, cells
were grown from a stock suspension kept in 50% glycerol at
—20 °C in Luria agar (LA) plates with nalidixic acid at 10 pg
mL ™" at 37 °C. Next, bacteria cultures were grown at 37 °C and
120 rpm in 10 mL of Luria-Bertani (LB) broth with nalidixic acid
at 10 pg mL ™" until the culture reached an optical density of 1.0

© 2023 The Author(s). Published by the Royal Society of Chemistry

at 595 nm (ODsg5). Cells were then collected by centrifugation
(4900g for 10 min), resuspended, and incubated for 15 min at
37 °C in 1.0 mL of saline solution (0.90% NacCl), or 1.0 mL of
solutions of copper(n) nitrate, 2-methyl-4(5)-nitroimidazole,
product 1 or product 2 depending on the experiment. These
samples were then transferred to 5.0 mL of LB medium, incu-
bated at 37 °C and 120 rpm for 3 h using the ODs95 measure-
ments to assess the growth. The bacterial assays were
performed in triplicate using three independent culture
batches. The results are expressed as arithmetic averages,
considering the mean + standard deviation (SD) of the three
independent experiments. Differences between multiple groups
and the control were assessed by one-way ANOVA followed by
the Tukey's multiple comparisons test. Statistical significance
was set up as p < 0.05. Finally, GI5, values (50% growth inhi-
bition) were calculated on the GraphPad Prism 7 software.*

Computational details

The quantum chemistry calculations were carried out by
Density Functional Theory (DFT) computational method, using
the B3LYP functional®**” and LANL2DZ basis set,*® employing
Gaussian16 (ref. 29) software. Electronic transitions for both
compounds were calculated using the Time Dependent Density
Functional Theory (TDDFT) on geometries of 1 and 2 optimized
employing the conductor-like polarizable continuum model
(Tables S1 and S27).*° The frontier orbitals were rendered using

RSC Adv, 2023, 13, 27997-28007 | 27999
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Chemcraft 1.8.*' Both the FTIR and Raman spectra of 1 and 2
were calculated for the crystallographic structure of the
compounds, showing good agreement with the experimental
results. The novel Independent Gradient Model (IGM), as
described by Klein et al. (2020),"* and its ¢, descriptor, were
employed to evaluate Intrinsic Bond Strength Index (IBSI) using
the IGMPlot.*> IGM calculations were performed using the DFT
stable and converged wavefunctions obtained at B3LYP/
LANL2DZ level.

Results and discussion
Synthesis

The cationic complex [Cu(2mni),(H,0),](NO3),-2H,0 (1) was
prepared by the addition of an ethanolic solution of the pre-
ligand 2-methyl-5-nitroimidazole (2mni) to an aqueous solu-
tion of the Cu(NO3),-3H,0. Attempts to isolate any solid from
the reaction using only water as solvent were unfruitful, even
when the reaction was conducted under reflux. On the other
hand, when the reaction was carried out in ethanol, a neutral
complex of formula [Cu(2mni),(NOj3),] (2) was isolated in good
yield. The powder X-ray diffraction (PXRD) analysis revealed
good correspondence between the predicted and experimental
diffraction patterns of 1 and 2 (Fig. S1t), indicating the crys-
talline purity of compounds. Both complexes were stable under
storage in air for at least three months, as stated by PXRD.

Single-crystal X-ray diffraction analysis

Product 1 crystallizes in monoclinic space group P24/c. Its unit
cell is constituted by one cation [Cu(2mni),(H,0),]**, two
nitrate anions, and two crystallization water molecules (Fig. 1a).
Complex 2, in turn, is a neutral complex [Cu(2mni),(NO3),] that
crystalizes in the monoclinic space group P2,/n (Fig. 1b). Rele-
vant molecular dimensions (bond lengths and angles) are
summarized in Table 2. The complexes are isostructural and the

a)

O2N4f

N4
O3N4

Fig. 1 Ellipsoid probability representation of (a) [Cu(2mni),(H,O),(-
NO3)>(H,0), (1) and (b) [Cu(mni)(NOs3),] (2), with the atoms
numbering scheme and thermal ellipsoids drawn at 50% probability.

28000 | RSC Adv, 2023, 13, 27997-28007
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Table2 Selected bond lengths (A) and angles (°) for complexes 1 and 2
with estimated standard deviations in parentheses®

[Cu(2mni),(H,0),](NO;),-2H,0
(® [Cu(2mni),(NO3),] (2)

Bond lengths/A

Cu-0(1) 2.606(14) Cu-0(1) 2.593(15)
Cu-0(1w) 1.949(12) Cu-O(1N4) 1.994(12)
Cu-N(2) 1.993(12) Cu-N(2) 1.972(14)
O(1)-N(1) 1.238(18)  O(1)-N(1) 1.231(2)
0(2)-N(1) 1.219(17) 0(2)-N(1) 1.227(2)
C(3)-N(1) 1.424(18) C(3)-N(1) 1.420(2)
N(4)-O(1N4) 1.231(17) N(4)-O(1N4) 1.289(18)
N(4)-O(3N4) 1.241(18) N(4)-O(3N4) 1.237(18)
Angles/°

0(1)-Cu-0(1)! 180.000(4)  O(1)-Cu-O(1)' 180.0
O(1W)-Cu-O(1w)'  179.990(5)  O(1N4)-Cu-O(1N4)'  180.0
N(2)-Cu-N(2)! 179.990(6)  N(2)-Cu-N(2)! 180.0(7)
0(1)-Cu-0(1w) 91.850(5) 0(1)-Cu-O(1N4) 99.492(5)
0(1)-Cu-0O(1w)' 88.150(5) 0(1)-Cu-O(1N4)! 80.508(5)
0(1)-Cu-N(2) 69.917(4) 0(1)-Cu-N(2) 70.911(5)
0(1)-Cu-N(2)' 110.083(4)  O(1)-Cu-N(2)' 109.089(5)

¢ For 1: symmetry transformations used to generate equivalent atoms:
(i) —=x + 1, —y + 1, —z + 1. For 2: symmetry transformations used to
generate equivalent atoms: (i) —x, —y +1, —z + 1.

copper(u) ion lies at the inversion center of a distorted centro-
symmetric octahedral environment with the N,0-donor atoms
of the 2mni ligands forming a five-membered chelate ring. In 1,
the coordination sphere is completed by two water molecules
[Cu-O(1w), 1.949(12) A], which defines the equatorial plan with
the N(2) atoms [Cu-N(2), 1.993(12) A] from the 2mni ligands.
For 2, the equatorial plan is also comprised by the N(2) atoms
[Cu-N(2), 1.993(12) A] from the 2mni ligands and the O(1N4)
atoms from the nitrate coordinated [Cu-O(1N4), 1.994(12) A].

In both products, the O(1) atoms of the 2mni ligands occupy
the axial sites with weaker coordination interactions, resulting
in longer Cu-O(1) bond lengths of 2.606(14) A for 1 and
2.593(15) A for 2, when compared to similar copper(u)
complexes.***® The tetragonality parameter 7, which is the ratio
between the mean equatorial bond length and the mean axial
bond length, is 0.75 for 1 and 0.76 for 2 (Fig. S27). The t values
are below 1.00 and this indicates an elongated octahedral
geometry,* which is characteristic of a Jahn-Teller distorted
3d°® metal ion. The t values are smaller than those obtained for
analogous compounds (Table S3t), ranging from 0.85 to 0.79,
but are in accordance to what is reported for other copper(u)
complexes with similar axial bond lengths.*®

Compounds containing bidentate imidazole-derived ligands
and water as co-ligands tend to exhibit elongated axial bonds
with the oxygen atom of the bidentate ligand.**~*® The length of
the axial bond is found to depend on the size of the chelate ring,
with 5-membered rings resulting in longer bond lengths,
exceeding 2.4 A, while 6- or 7-membered rings generate shorter
bond lengths (Table S37).

In the crystal packing of 1 (Fig. 2a and Table S4t), a ten-
membered ring is formed by strong O-H---O bonds [O(1w)-
H(2w1)---O(2w);  [O(2w)-H(2w2)---O(1N4);  O(1w)-H(1w1)---

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Crystal packing of (a) [Cu(2mni),(H20),1(NO3)>(H,0), (1) and (b)
[Cu(2mni)»(NO3),] (2). Hydrogen bonds are represented in blue.

O(2N4)] from the water molecules of the cation complex (O1w),
the nitrate anions (O1N4 and O2N4), and the crystallization
water molecules (O2w) (Fig. S3t). Three C-H---O and one
N-H---O groups also link complex molecules by the hydrogen
bonds: [C(1)-H(1C)---0O(2)"; C(4)-H(4):--0(1)™; N(3)-H(1N3)---
O(3N4)'""]. In contrast, the crystal packing of 2 (Fig. 2b and Table
S57) presents only one N-H---O bond between the hydrogen of
the imidazole moiety and the nearby coordinated nitrate group
N(3)-H(3N3)---O(3N4)].

Hirshfeld surface calculation

Intermolecular interactions for 1 and 2 were further studied by
Hirshfeld surfaces (HS) analysis*® (Fig. 3) and shape index
(Fig. S47), using the CrystalExplorer17.** The red spots at the HS
of 1, presented in function of dm, indicate the occurrence of
O-H:--O(N), C-H---0O, and N-H:--O(N) hydrogen bonds charac-
terized by lower distance values than the sum of the van der
Waals radii. For 2, the HS demonstrates the presence of

®H.O0/O.H ®H.C/C.H ®H.NIN.H ®0.C/0.C ®O.NN.O ®=H.H ©0.O uOthers

Fig. 3 View of the Hirshfeld surface mapped over dnorm fOr one unit
cell of product (a) 1 and (b) 2 in the range of —0.7385 a.u. (red) to
+1.0608 a.u. (blue) and —0.5996 a.u. (red) to 13094 a.u. (blue),
respectively. The interaction plots per percentage contribution of
intermolecular contacts for 1 and 2 are presented in (c) and (d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrogen bonds only between the imidazole moiety and
a coordinated nitrate group, N-H:--O(N). The quantification of
molecular interactions revealed that for both complexes the
molecular packing is determined by O---H contacts (for 1: O---H
(61%) and H---H (22%) and for 2: O---H (51%), O---H (12%),
H---H and C---H, both with 10%) (Table S6%).

DFT calculations: frontier orbitals and electronic spectroscopy

The DFT investigation allowed further analysis on the electronic
structure of 1 and 2. The spin density difference map (Fig. 4)
shows an unpaired spin localization on the d,=_,: orbital of the
copper(n) in both products, as expected for a d° metal ion with
a tetragonal Jahn-Teller elongation.

The solid-state UV-Vis spectra of 1 and 2 exhibit an intense
band in the ultraviolet region, typical of internal @ — w*
transitions for 2mni ligands. The broad bands in the visible
region were decomposed into five Gaussian sub bands
(Fig. S51), and were assigned to the LMCT (pxwo,) — dyx2—,?) and
d-d (d;z — dye_y2, dy; = dyey2, dyyy = die e and dy; — die )
transitions through TDDFT calculations (Table 3). These tran-
sitions suggest a distorted octahedral geometry for the cop-
per(n) with the unpaired electron in the d,=_: orbital, while the
d,: orbital is stabilized due to a weak interaction with the ligand
in the Z axis, in good agreement with the literature.*” Finally, the
calculated transitions indicate the de_j2 > d2 > dy; > dyy > dye
energetic orbital ordering. Selected frontier molecular orbitals
involved in the UV-Vis absorptions are shown in Fig. 5 for 1 and
in Fig. S67 for 2.

IGM and IBSI analysis

Comparing Cu-Ogyia1 bond lengths in 1 and 2, ca. 2.6 A, with
those reported in the literature for analogous compounds
(Table 4), it was found that the values are on the limit of a semi-
coordination.”” The geometric parameters of the copper(u)
centers in 1 and 2 raised uncertainty whether they were better
described as distorted octahedral or square planes. Thus,
a methodology to provide a numerical criterion to quantify the
strength of a chemical bond would be useful. For this, the IGM
allowed us to quantify the J, descriptor and generate iso-
surfaces of electronic sharing to evaluate the IBSI. In this way,

X X

Fig. 4 Spin density difference maps for (1) [Cu(2mni),(H>O0),](-
NO3),(H20); (a) and (2) [Cu(2mni)>(NOs),] (b). Carbon = grey, nitrogen
= purple, oxygen = red, hydrogen = white.
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Table 3 Wavelengths, energies, orbitals contributions (higher than 15%), and assignments calculated using B3LYP/LANL2DZ for 1 and 2.
Experimental Gaussian sub bands wavelengths are depicted in parenthesis

Assignment of orbital

Wavelength/nm Energy/eV Frontier orbitals (contribution/%) distribution
Compound 1 882 (904) 1.4059 SOMO—-11 — SUMO (44.2) dy — de_y
SOMO—2 — SUMO (34.5) dy > de_y
687 (749) 1.8035 SOMO—3 — SUMO (15.6) Pxvoy — dey
SOMO—4 — SUMO (15.5) Pxvoy = Ay
653 (661) 1.8979 SOMO—10 — SUMO (67.0) dee = dey
SOMO—19 — SUMO (27.3) de = de_yp
593 (607) 2.0905 SOMO—21 — SUMO (45.0) dy — de
SOMO — SUMO (30.4) Tomni) = ey
SOMO-8 — SUMO (16.1) dy — deeye
559 (556) 2.2200 SOMO—16 — SUMO (82.2) dy, = de
Compound 2 708 (794) 1.7518 SOMO-10 — SUMO+2 (48.4) dp — de_y
SOMO—20 — SUMO+2 (18.0) de > de_y
687 (667) 1.8042 SOMO—13 — SUMO (24.7) e =Ty
SOMO—13 — SUMO+1 (24.6) e =T
SOMO—14 — SUMO+1 (22.7) P (NOw) = T iy
635 (605) 1.9527 SOMO—4 — SUMO+2 (42.8) dy — de
SOMO—25 — SUMO+2 (19.5) de = de_yp
527 (550) 2.3548 SOMO—23 — SUMO+2 (25.4) dy, = dey
SOMO—18 — SUMO+2 (17.0) dy — deye
SOMO—25 — SUMO+2 (15.7) dy — deoy
514 (513) 2.4117 SOMO—22 — SUMO+2 (47.4) dee = de
SOMO—19 — SUMO+2 (18.0) dp > de_y
SOMO-21 SOMO-16 SOMO-11 atomic distance. The weakest covalent interactions in the series
under study were obtained for 1 and 2, with IBSI values of 0.050
r i ‘ and 0.047, respectively.
To evaluate the bond strength differences between the
¢ . . . . .
¢ © equatorial and axial coordination, the IBSI ratio between them

SOMO-10 SOMO-3 SOMO

6 4 64

Fig. 5 Representation of selected frontier molecular orbitals involved
in the UV-Vis absorptions calculated for 1. SUMO and SOMO denotes
the single unoccupied molecular orbital and the single occupied
molecular orbital, respectively.

IBSI values lesser than 0.15 indicate mostly non-covalent
interactions, values ranging between 0.15 and 0.60 are charac-
teristic of transition-metal ligand coordination and values
between 0.60 and 4.00 are common for covalent bonds.” DFT
and IGM calculations were conducted using molecular geome-
tries obtained from crystallographic data for 1, 2 and also for
analogous hexacoordinated copper(n) complexes containing
imidazole derivative ligands presenting elongation in the axial
position.

The IBSIs (Table 4) show an approximately linear correlation
between their values and the Cu-O,,;,; bond length (Fig. 6).
Hence, this trend, relates greater bond lengths to smaller IBSI
values, because the electronic sharing, d,, decreases with the

28002 | RSC Adv, 2023, 13, 27997-28007

was determined. The values obtained for 1 and 2, 0.242 and
0.234, respectively, revealed that the axial bonds have less than
a quarter of the bond strength of the equatorial ones. Even in
analogous complexes, the ratio values, varying from 0.311 for
complex A to 0.477 for complex H (Table 4), indicate that there
is a wide variation of the relative strength for Cu-O,y;,; bonds.

The Laplacian of the electron density, which measures the
curvature of the density distribution, is a powerful tool for
characterizing electron density (p). The Laplacian can be
decomposed into its principal components, which are the
eigenvalues of the Hessian matrix. Among them, the second
eigenvalue (1,) of the Hessian matrix is particularly useful for
determining the bonding nature in a moiety. Negative values of
A, indicate regions of maximum p, which correspond to
bonding interactions between selected atoms. In contrast,
positive values of A, indicate regions of minimum electronic
density, which imply non-bonding interactions.*

Aiming to characterize the interactions nature, the iso-
surfaces of the 6, descriptor were constructed using a BGR
(blue, green and red) color scheme ranging from —0.08 to +0.08
to represent values of sign(4,)p. Compared to complexes A, F
and H, 1 and 2 exhibit a relatively lower axial electronic sharing,
as indicated by the volumes of the isosurfaces of ¢, (Fig. 7).
Further analysis of the sign(A,)p reveals the presence of weak
covalent Cu-O,,, interactions, in good agreement with the IBSI

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Axial bond lengths (A), selected IBSI and ratio between axial and equatorial Cu—O bond IBSI for 1, 2 and their analogous compounds®

Compound Cu-Oar/A IBSI Cu-Ogyial IBST Cu—Oq. IBSI ratio Og Ref.
1 2.606 0.050 0.207 0.242 0.244 b
2 2.594 0.047 0.201 0.234 0.227 b
(A) [Cu(emizco),(H,0),](NOs), 2.519(2) 0.059 0.178 0.331 0.270 33
(B) [Cu(tdaH,),(H,0),]- 2H,0 2.490(2) 0.067 0.203 0.330 0.299 34
(C) [Cu(cpt),(H,0),](MeOH), 2.463(2) 0.063 0.179 0.352 0.276 35
(D) [Cu(atNO,EtOH),(H,0),] 2.405(2) 0.073 0.181 0.403 0.304 36
(E) [Cu(C,H;3Ng0,),(H,0),]- 2H,0 2.393(1) 0.075 0.191 0.393 0.310 37
(F) [Cu(atNO,ELCl),(H,0),]- 2H,0 2.367(1) 0.079 0.185 0.427 0.319 36
(G) [Cu(ron),(H,0),](NO;), 2.336(3) 0.084 0.181 0.464 0.331 38
(H) [Cu(C,H3N0,),(H,0),](MeOH), 2.326(2) 0.084 0.176 0.477 0.328 37

“ Where: tdaH, = 1,2,3-triazole-4,5-dicarboxylic acid; cpt = 1-(3,5-dinitro-1H-pyrazol-4-yl)-3-nitro-1H-1,2,4-triazol-5-amine; C,H3NsO, = 1-methyl-5-
nitriminotetrazole; emizco = ethyl -5-methyl-4- 1m1dazolecarboxylate, atNO,EtCl = 1-(2- chloroethzrl )-5- mtrlmlnotetrazole, atNO,EtOH = 1-(2-

hydroxyethyl)-5-nitriminotetrazole and ron = (1-methyl-5-nitro-1H-imidazole-2-yl)methylcarbamate.

@ Table 4 compounds
W Product 1
A Product2

—— Linear regression
y =-0.1262x + 0.3775
R’=0.9748

0.08 4

0.07 4

1BSI

0.06 4

0.05 4

0.04 T T T T T T
2.30 235 2.40 245 250 255 2.60 265

Cu-O_ bond lenght / A

Fig. 6 Plot of IBSI values for 1 (red), 2 (blue) and for compounds listed
in Table 4 (gray) against the Cu—-O axial bond distance. Linear fitted
curve was traced in black.

analysis, that suggests the existence of an axial semi-
coordination.

The IGM method was also used to decompose the electronic
sharing between the copper center and the ligands into atomic

sign(Ap/a.u.:

Fig.7 ¢4isosurfaces between the copper center and the ligands for (a)
[Cu(Zmni)z(H,0),1(NO=)2(H,0), (1) and (b) [Cu(mni)(NO3),l  (2).
Carbon = grey, nitrogen = purple, oxygen = red, hydrogen = white.

© 2023 The Author(s). Published by the Royal Society of Chemistry

This work.

contributions. For 1 and 2, the metal center contributed with
approximately 35.4% of the shared electronic density, while the
equatorial and axial ligands contribute with 8.5% and 3.7%,
respectively. In summary, the axial ligands contribute with less
than half of the electronic density shared by the equatorial ones,
reinforcing the weak character of the axial bonds.

Vibrational analysis

The FTIR spectra of 1 and 2 show similar bands in the range of
1543 to 1477 cm ' assigned to the imidazole ring skeleton
(Fig. S7 and Table S77). Further vibrations related to the v,4(N-
0O) and »4(N-O) of the nitro group of the organic ligand are
observed at 1587 and 1383 ecm ' for 1, and at 1595 and
1385 cm ™! for 2.** The spectrum of 1, also exhibits a broad band
above 3000 cm™ " from the »(O-H) of the water molecules, and
bands at 1383, 1034 and 715 cm™ " assigned to the v,4(NO;),
v5(NO3) and 6(NO;) vibration modes of the nitrate counter ions.
Complex 2, in turn, shows typical bands of monodentate
nitrates at 1246, 825 and 748 cm™.*

Both products presented very similar Raman spectra with
bands characteristic of the nitroimidazole ligand (Fig. S8 and
Table S87), attributed to the ¥(C~C)ing, ¥(C=N);ing, and 6, §, and
7(CH)vibration modes between 1570 and 1030 cm ™. Bands in
the range of 480-320 cm ™, are assigned to the »(Cu-O) and
¥(Cu-N). The calculated vibrational modes are in a good
agreement with the experimental FTIR and Raman spectra,
except the absence of bands related to the counter ion and the
lattice water that are not included in the single molecule level
calculations for 1.

Thermogravimetric analysis

Product 1 thermogram (Fig. S9at) shows at least three stages of
weight loss. The first step, up to 130 °C, corresponds to the loss
of two water molecules from the lattice and an O, from the NO;*
decomposition (exp. 13.3% vs. calc. 13.2%).*® The second step,
up to 230 °C (exp. 25.1% vs. calc. 24.9%), accounts for the loss of
the two remaining water molecules and two NO, molecules
(calculated 24.9%). The additional mass loss, measured up to
710 °C (ca. 49.4%) corresponds to the decomposition of the
2mni ligands.

RSC Adv, 2023, 13, 27997-28007 | 28003
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For 2 (Fig. S9b¥), there were two stages of weight loss. The
first step, up to 190 °C (exp. 48.0% vs. calc. 46.4%), is associated
to the loss of one 2mni, and one O,, followed by the remaining
organic ligand and NO, molecule loss up to 400 °C (exp. 41.4%
vs. calc. 39.2%). Both the elemental analysis and the thermog-
ravimetric analysis support the formulas used in the antibac-
terial assays, [Cu(2mni),(H,0),]-(NO3),(H,O), (1) and
[Cu(2mni),(NO3),] (2).

EPR analysis in aqueous solution, LB medium and solid state

The powder EPR spectra of copper(u) systems with § = 1/2 and I
= 3/2 frequently show the characteristic four-line hyperfine
structure with g, > g, > 2 for an axial symmetry with elongated
z-axis.” For 1 and 2, the powder EPR spectra at 77 K did not
show a resolved hyperfine splitting (Fig. S101) and the principal
values of the g-tensor (g # g, # g, in Table 5) points to
a rhombic symmetry. The EPR spectra in aqueous solution at
5.0 mmol L™ (Fig. 8) presented a broad line with g, > g, > g, for
both complexes, indicating a d,»_,» fundamental state character
for the copper(u).

The EPR spectra of 5.0 mmol L™ aqueous solutions (77 K)
were compared with those obtained from samples of 1 and 2 in
LB culture medium at the highest concentration employed in
the antibacterial assays (0.50 mmol L") (Fig. 8). The spectra
from LB solutions revealed a distinct signal pattern, showing
resolved hyperfine interactions observable through the splitting
of g, into four lines. The profile changes might be associated to
reactions between 1 and 2 and coordinating components of the
medium. The weak half-field transitions, ca. 160 mT, suggest
the formation of polynuclear species (please see the insert in
Fig. 8b and d). Specifically for 2 other unknown copper(u)
species were detected, as a broad line in the range of 200 to 250
mT.

Growth inhibition assay of E. coli cultures

Products 1, 2, 2-methyl-5-nitroimidazole, and copper(u) nitrate
were screened for antibacterial activity against the Gram-
negative E. coli cultures. The 2mni, showed to be nontoxic
from 0.050 to 0.50 mmol L (Fig. $111). Complex 1 and copper
nitrate presented concentration-dependent toxicity, while 2 was
nontoxic to the cells in concentrations below 0.30 mmol L%,

Table 5 X-band EPR parameters obtained through simulation for 1
(5.0 mmol L™ and LB (0.50 mmol L™ solutions

View Article Online
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Fig. 8 X-band EPR spectra at 77 K for in 5.0 mmol L™! aqueous
solution for (a) 1 and (c) 2; and in 0.50 mmol L™t LB medium for (b) 1
and (d) 2. The experimental spectra are shown in black and the
simulations run with EasySpin in red.

being lethal to cells only at higher concentrations. The treat-
ment of the cultures with 1 (Fig. 9) showed a moderated toxicity
towards E. coli, giving a GI5, value of 0.25 mmol L™" (Fig. S127),
being less potent than the reference drug ampicillin to the E.
coli DH500 growth at similar conditions (GI5, of
1.00 mmol L™').¥ The activity of 1 was comparable to those
reported for other copper(u) compounds with N,0O-donor
ligands (Table 6).*® It is of general agreement that the main
mechanism of antibacterial activity of copper compounds is
related to the generation of reactive oxygen species (ROS), which
causes irreversible damage to cell membranes.? Regarding other
copper(u) complexes with biological relevant ligands,* the
activity of 1 was greater than those observed for the proligand
and copper() nitrate (GI5, of 0.29 mmol L™, see Fig. S137),
because complex 1 or other copper(u) species formed in LB
medium might have a better interaction with the cell
membrane. The poor activity of 2 in comparison to the other
compounds listed in Table 6, was ascribed to the formation of
the less soluble polynuclear species of copper(u), observed in
EPR spectrum of the complex in LB medium.

and 2 at room temperature and 77 K in pulverized powder, aqueous

Hyperfine coupling

g-Tensor constant (4)/MHz

Product Condition Ji g A Axy A, Linewidth (AH,,)/mT
1 Solid at room temperature 2.1828 2.1793 2.0684 — — 7.48

Solid at 77 K 2.1859 2.1676 2.0665 — — 6.47

H,O 2.1028 2.1412 2.2097 — — 16.6

LB 2.0530 2.0530 2.2301 34.932 577.41 6.70
2 Solid at room temperature 2.1828 2.1793 2.0686 — — 7.60

Solid at 77 K 2.1966 2.1825 2.0670 — — 7.80

H,O 2.0876 2.1331 2.2092 — — 17.8

LB 2.0528 2.0528 2.2349 40.732 584.34 7.20

28004 | RSC Adv, 2023, 13, 27997-28007
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Fig. 9 Growth inhibition assay in E. coli suspensions treated with 1
(red) and 2 (blue) in concentrations from 0.10 to 0.50 mmol L™%; data
were obtained after three hours of incubation at 37 °C and 120 rpm in
triplicates and are given as average values and standard deviations. The
ODsg5 values for the controls were 0.735 + 0.037 and 0.726 + 0.018,
respectively. ns = not statistically significant, * = 0.05 > p > 0.01,
4k = 0.001 > p > 0.0001, **** =p < 0.0001.

Table 6 E. Coli (DH5a) growth inhibition activities for copper nitrate,
compounds 1, 2, [Cu(mp,0a)(NOs)l, and [Cu(tmp)(H,O)(NOs),].
Results obtained using the protocol described by Missina et al.2* with
different incubation times*”

Compound GIso/mmol L™ Incubation time/h Ref.
Cu(NO3), 0.29 3 This work
1 0.25 3 This work
2 0.65 3 This work
[Cu(mp,0a)(NO3)], 0.51 18 48
[Cu(tmp)(H,0)(NO;),] 1.34 18 48

“ mp,0a = 5-methyl-3-formylpyrazole-N-(2-methylphenoxy)
methyleneimine, tmp = 3,7,11,15-tetramethylporphyrin.

Conclusions

In summary, two novel copper(i) complexes with 2-methyl-5-
imidazole (2mni) ligand [Cu(2mni),(H,0),](NO3),-2H,O (1)
and [Cu(2mni),(NO;),] (2) were synthesized, with water mole-
cules or nitrate anions trans-positioned. As expected, UV-Vis
spectra of 1 and 2, both experimentally and TDDFT obtained,
showed characteristic d-d transitions attributed to the distorted
octahedral geometry of copper(u) with an unpaired electron in
the d,>_,» orbital. The X-ray crystallography reveals Cu-O,, bond
lengths longer than those classified as semi-coordinated in the
literature. Hence, the Independent Gradient Model (IGM) and
the Intrinsic Bond Strength Index (IBSI) were applied to add
some knowledge to the axial semi-coordination, using 1, 2 and
a number of selected analogous complexes as model systems.
For 1 and 2, the axial bonds were found to have less than
a quarter of the strength of the equatorial ones and the evalu-
ation of ¢, descriptor revealed the presence of weak bonding
interactions between the relevant atoms, suggesting the exis-
tence of a weak axial semi-coordination. The study also exam-
ined the EPR spectra of 1 and 2, which provided valuable
insights into their structure and reactivity. While 1 was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a moderate antibacterial agent, 2 showed to be non-toxic to E.
coli cultures, maybe due to the formation of other unidentified
species. These results underscore the importance of under-
standing the correlations between structural and electronic
features, providing insights on the distorted octahedral
complexes undergoing significant axial elongation.
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