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Abstract: Cancer represents a major worldwide public health problem. While significant advances in
different fronts are being made to combat the disease, the development of new metal-based drugs with
cytotoxic capabilities is of high relevance. This work presents a heterobimetallic molecule comprising
two moieties with a structure similar to Casiopeina II-gly. One of them has a cyclotetravanadate
anion that functions as an inorganic bridge coordinating two Cu (II) atoms resulting in a hexanuclear
[Cu(phen)(Gly)-µ2-V4O12-Cu(phen)(Gly)]2− complex, which is counterbalanced by two isolated
[Cu(phen)(Gly)(H2O)]1+ cations. Ten water molecules arranged in two sets of five-member chains
also play an essential role in the 3D supramolecular structure of the compound. The molecule
was designed to provide Cu and V, two metals with proven anticancer capabilities in the same
molecular structure. The compound was synthesized and characterized by elemental analysis;
visible, FTIR, and Raman spectroscopies; 51V Nuclear Magnetic Resonance; cyclic voltammetry;
and monocrystalline X-ray diffraction. The structural, spectroscopic, and electronic properties of
the compound were calculated through the density functional theory (DFT) using the Minnesota
functional M06-2X and the Def2TZVP/LANL2TZ(f) basis sets with an effective core potential (ECP)
for metals. Noncovalent interactions were analyzed using a natural population analysis (NPA) and
Hirshfeld surfaces. The compound upon dissociation provides two metals that can interact with
important biological targets in a variety of cancer cell models.

Keywords: anticancer activity; copper; vanadium; glycine; 1,10-phenantroline; heterobimetallic
compounds; DFT calculations

1. Introduction

Since the discovery of the strong chemotherapeutic properties displayed by platinum-based
compounds, transition metal-based drug research has been subject to significant advances within
the medical sciences [1]. Efforts towards the development of different transition metals-based drugs
have grown due to the desire to avoid the adverse effects (e.g., neurotoxicity and nephrotoxicity) and
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the resistance displayed by platinum-based drugs [2,3]. Among transition metals, vanadium and
copper stand out since they both have shown more than one therapeutic use and have proven to
be the basis of powerful metallodrugs [4]. Copper-based compounds have similar DNA damaging
properties as platinum-based ones. They exhibit interesting anticancer properties, and contrary to
other transition metal-based compounds, they can effectively be handled by the body, reducing
unwanted side effects [5–7]. Transition metal complexes can interact with DNA in several ways,
including intercalation, groove binding, and external electrostatic binding [8]. Molecular shape and
conformation appear to be the most important aspects to determine the effectiveness of DNA binding,
to the degree that even subtle conformation changes can impact the compound’s pharmacological
properties. Previous studies have shown that the square planar geometry exhibited by some metal
centers, coupled with certain aromatic diimines acting as bidentate ligands, provides an optimal
structure to interact with many biological molecules. Thus, this potentially makes them suitable as
antitumoral and antiviral drugs [9]. The square plane geometry exhibited by both platinum and
copper-based compounds seems to be ideal for DNA interaction and subsequent damage. However,
in the case of copper-based compounds, the action mechanism also includes protease inhibition and
the generation of reactive oxygen species (ROS) [10]. Additionally, the pharmacological properties and
action mechanism of several copper (II) complexes that contain in their molecular structure planar
moieties such as 1,10-phenanthroline and amino acids on cisplatin-resistant cancer (MDA-MB-231) and
noncancer cells (MCF10A) have shown positive results solely against cancer cells [11]. Casiopeínas®,
for instance, is a family of copper-based molecules whose molecular structure is optimal to interact with
genetic material due to the presence of the planar moieties 1,10-phenanthroline or 2,2′-bipyridine and
their derivatives, and it renders a metal center with a slightly distorted squared pyramidal structure.
The mechanism of action of these compounds can involve diverse interference pathways in the cell
cycle, turning them into powerful cytotoxic agents [12–16]. However, despite the encouraging in vitro
results of copper-based therapeutics, there has been a limited transition to preclinical in vivo studies
due in part to poor solubilities. The clinical trials of Casiopeínas® in Mexico is a step forward in the
transition metal-based drugs field [17].

On the other hand, multiple therapeutic actions of vanadium have already been recognized,
and its medicinal properties are currently the focus of considerable research around the world. Whereas
the antidiabetic properties of vanadium are well known [18], its anticancer properties, which include
the activation/inhibition of cancer mechanisms, have not been thoroughly investigated [19]. Due to its
DNA binding and degradation capacities, vanadium-based compounds have shown novel anticancer
properties [20–22]. Interestingly, there are similar metabolic pathways used by both diabetes and
some kinds of cancer of which vanadium’s behavior can take advantage [18,19,23]. Several studies of
different types of vanadium-containing compounds displaying antineoplastic and cytotoxic effects
identify its DNA cleavage and oxidation capabilities, as well as the ROS generated by the Fenton-like
reactions during the intracellular reduction of V5+ to V4+ as the responsible factors for their antitumoral
properties [24]. Thus, the redox behavior and the rich chemistry of vanadium-based compounds can
be used to design new metallodrugs [25,26].

In the last two decades, some structures about the interactions of [V4O12]4− with metal-organic
complexes have been reported. Searching in the CCDC database, 76 structures containing [V4O12]4−

in different bridging modes or as a free anion were found. In 34 of them, the cyclotetravanadate
anion bridges transition metals, and 10 of them are bridging Cu(II) cations (their codes are AGAGAR,
VISNIV, VIWOEY, VIWOEY1, YENSUG, YENSUG01, and YENTOB). The typical organic ligand in
these Cu complexes is 1,10-phenanthroline, together with bis-(2-pyridyl)-amine and recently with
Lysine and Ornithine [27–32]. The last compounds [Cu(phen)(Lys)-µ2-V4O12-Cu(phen)(Lys)] and
[Cu(phen)(Orn)-µ2-V4O12-Cu(phen)(Orn)], by the use of molecular docking studies, have shown
to intercalate in DNA test fragments, thus opening the possibility of the development of potential
heterobimetallic metallodrugs [32].
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Considering that there were an estimated 18.1 million new cancer cases and 9.6 million cancer
deaths in 2018 as a global health burden, it is relevant to find low cost and safe alternatives to
combat cancer [33]. While the binding of metal ions with organic binders has proven useful for
therapeutic purposes [34], in bimetallic compounds, the presence of the second metal introduces an
additional potential active site. Therefore, the importance of synthesizing compounds with two highly
important metal centers could produce drugs with dual anticancer properties. Here, we present a Cu/V
heterobimetallic compound containing two pharmacological relevant transition metals. The structure
comprises two types of copper sites, both containing pentacoordinate copper similar to Casiopeína
II-Gly [35]. Two of them are bridged by a cyclotetravanadate moiety, generating an hexanuclear anion,
which is neutralized by two cations of the formula [Cu(phen)(Gly)H2O] that have already shown
anticancer activity. Therefore, the new compound possesses both structural and biological relevance.

2. Materials and Methods

Ammonium metavanadate, 1,10-phenanthroline monohydrochloride, and glycine
monohydrochloride were purchased from Sigma-Aldrich (Toluca, Mexico). KOH was purchased from
Fermont, and CuCl2·2H2O was purchased from Química Dinámica S. A. de C. V. All manipulations were
carried out at room temperature with no special solvent and reagent purification. Elemental analysis
(EA) was carried out on a Perkin Elmer 2400 Series II CHNO/O Analyzer. The electronic spectrum
of the complex was determined by UV-Vis spectroscopy with a Varian Cary 50 spectrophotometer
with a xenon lamp and using a quartz cuvette of a 1 cm path length. The infrared spectrum was
obtained in KBr pellets in a range from 400 to 4000 cm−1 by using an IR Digilab, Mod. Scmitar
FTIR spectrophotometer. Raman spectra were obtained at room temperature in a backscattering
configuration using the 633 nm line of a He-Ne laser as an excitation source by using a LabRAM
HR-Olympus Micro Raman system. The 51V-NMR spectrum was recorded at 131.5 MHz with a Bruker
AVANCE III 500 MHz spectrometer using deuterated water (D2O) and phosphate-buffered saline (PBS).
Chemical shifts were referred to VOCl3 as an external standard. Cyclic voltammetry experiments were
performed in a three-electrode cell, with the platinum disk as the working electrode, the platinum
wire as counter electrode, and Ag/AgCl/saturated KCl as a reference electrode. The electrolyte
medium was a pH 7.4 phosphate buffer (0.1 M); it was deaerated before every cyclic voltammetry with
nitrogen stream for 10 min, and this nitrogen stream was kept over the solution during experiments.
Cyclic voltammetry was controlled with a DY2000 Series Multichannel Potentiostat (Digi-Ivy, Inc.).
The complex concentration was 1.5 × 10−4 M, and E. coli plasmid DNA concentration was estimated
to be between 5.5 × 10−10 to 1.8 × 10−9 M. The single-crystal structure analysis was carried out on
an Agilent-Gemini diffractometer with a CCD Atlas detector with Cu radiation (λ = 1.54184 Å).
Cell parameters were determined and refined using Crysalis PRO software [36]. Data reduction
and absorption correction (analytical) were applied to the same software. The structure was solved
by SHELXD and refined with SHELXTL (SHELX 2018/3) [37], utilizing OLEX2 [38]. No hydrogen
atoms were refined anisotropically by full-matrix least-squares techniques. All hydrogens were placed
geometrically and constrained to ride on their parent with Uiso(H) = 1.2Ueq and a C–H distance
of 0.97 Å for methylene hydrogen atoms, 0.93 Å for aromatic hydrogen atoms, 0.89 Å for amino
hydrogen atoms (N–H), and Uiso(H) = 1.5Ueq (O–H) for water hydrogen atoms with a 0.87 Å distance.
The crystal structures were studied with Mercury CSD (release 4.0), which was also used to produce a
crystallographic artwork [39].

2.1. Synthesis and Crystallization

The compound was prepared by a general synthesis method in which an aqueous solution was
prepared with 1.0 mmol of 1,10-phenanthroline monohydrochloride (0.198 g) in 30 mL of distilled
water with stirring and moderate heat. Once dissolved, 1.0 mmol of glycine (0.075 g) was added while
stirring, followed by the addition of 1.0 mmol of CuCl2·2H2O (0.170 g). The mixture was allowed to
cool to room temperature, and the pH was adjusted to 9.5 by adding some drops of a KOH solution
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(10%). An aqueous solution of NH4VO3 (0.116g, 1.0 mmol in 15 mL of H2O) was then added dropwise.
Finally, the reaction mixture was filtered and left at room temperature for three days, obtaining deep
blue prismatic crystals that were separated from any impurity and with sufficient quality to be used in
the X-ray diffraction equipment. The following were obtained by elemental analysis (calcd.): C: 35.30
(35.71); N: 9.37 (8.93); H: 4.68 (3.8).

2.2. Theoretical Methodology

The molecular structure and electronic properties of the compound were computed from theoretical
calculations based on the density functional theory (DFT) [40]. Since the compound exhibits two
types of copper sites, it is possible that the ground state and their low-lying excited states do not
follow a classic behavior. Relative and interaction energies of the different electronic states were
computed by applying counterpoise correction [41,42] using single-point calculations. Subsequently,
full optimization of the triplet electronic state of the compound was obtained using the global hybrid
functional M06-2X [43], including 54% of Hartree-Fock (HF) exchange. Ultrafine integration grids, tight
convergence criteria, and symmetry of the Ci point group were used. The stationary points (global
minima) were identified by performing frequency calculations. The triple-ξ and split-valence basis set
Def2TZVP of Ahlrichs et al. [44,45] was used for C, H, O, and N atoms. A basis set LANL2TZ(f), which
is suitable for the first, second, and third transition atomic series, was used [46–48]. The same effective
core potential (ECP) was used for the V and Cu atoms. Implicit solvation was used with conductor-like
polarizable continuum model (CPCM) [49] with water as the solvent. Additionally, a natural population
analysis (NPA) [50,51] as well as IR and Raman spectra analyses were performed at the same theory
level. Calculations were performed with the Gaussian16 program [52], and visualization of the
results was carried out with the Gaussian View 6.0.16 program [53]. The Hirshfeld surface and the
2D-fingerprint plot were generated using CrystalExplorer 17.5 [54], obtained from the X-ray structure.

3. Results

The compound crystallizes at 294 K with 10 water molecules. The formula, as determined by X-ray
diffraction is [Cu(phen)(Gly)(H2O)]2[Cu(phen)(Gly)-µ2-V4O12-Cu(phen)(Gly)]·10H2O. The condensed
formula is C56 H72 Cu4 N12 O32 V4. From now on, the compound will be named Compound 1.

3.1. Structure Description

Crystal data, data collection, and structure refinement details are summarized in Table 1. Fractional
atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å) and geometric
parameters (Å, ◦) for Compound 1 are presented in Tables S1 and S2 respectively in the supplementary
material section. The crystal structure of Compound 1 shows three components; one of them is a
dicopper unit with the cyclotetravanadate anion acting as a bridge between two [Cu(phen)(Gly)]+
moieties, formed by two slightly distorted squared pyramidal complexes with (τ5 = 0.20) [55], which
are bound to two opposite oxygen atoms from the [V4O12]4− cluster, laid in the apical positions, which
from now on is referred to as [Cu1]. As depicted in Figure 1. This unit is showing a −2 total charge.
The second component is acting as a counterion [Cu2]. It consists of two slightly distorted squared
pyramidal complexes [Cu(phen)(Gly)(H2O)]+ with (τ5 = 0.06), where a coordinated water molecule is
in the apical position. The third component is made by ten crystallization water molecules divided
into two sets of five-member chains, which through hydrogen bonds construct a 3D supramolecular
architecture of the compound. All metal-oxygen and metal-nitrogen distances are presented in Table 2.
The packing in the unit cell is presented in Figure S1 in supplementary materials. The water molecules
corresponding to O13 were located and included in the final refinement by considering two sites
for each case (occupations = 0.79 and 0.21). The [V4O12]4− anion lies on an inversion center with
four tetrahedral VO4 units, each sharing two vertices, forming an eight-membered ring. Figure S2
shows the moiety containing the cyclotetravanadate ion acting as a bridge. The crystal packing is
stabilized by face-to-face π–π interactions of the 1,10-phenanthroline aromatic rings in an alternated



Crystals 2020, 10, 492 5 of 20

layer along the c-axis, as seen in Figure 2. Distances from each phenanthroline centroids are 3.588, 3.692,
and 3.802 Å, indicating the interlayer space. The Cu1–Cu2 distance is 5.730 (5) Å, as shown in Figure S3,
and the Cu1–Cu1 distance is 11.019 (5) Å, which is not shown. Intermolecular hydrogen bonds
play a fundamental role in the supramolecular structure of the compound, as shown in Figures 3–5.
Twenty-four hydrogen bonds hold together a tridimensional array of [Cu1][Cu2] units (Table 3).

It is essential to point out that the water molecules play an important role in the stability of
the complex, not only because of the intramolecular hydrogen bonds but also in the supramolecular
structure build from intermolecular ones, as shown in Figures 3–5. These interactions are responsible
for the low solubility of Compound 1.

The CCDC number assigned for the compound is 1996484. This data can be obtained free of charge
at http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44-1223-336-033; e-mail address: deposit@ccdc.cam.ac.uk).

Table 1. Selected crystal data and details of the structure determination for Compound 1.

Empirical Formula C56 H72 Cu4 N12 O32 V4

Formula weight 1883.18

Temperature/K 293(2)

Crystal system Triclinic

Space group P−1

a/Å
b/Å
c/Å

11.9249(4)
13.2626(4)
13.5191(4)

α/◦

β/◦

γ/◦

109.108(3)
95.685(3)

113.173(3)

Volume/Å3 1792.27(10)

Z 1

δcalc g/cm3 1.745

µmm−1 6.292

F(000) 956.0

Crystal size/mm3 0.303 × 0.14 × 0.052

Radiation Cu Kα (λ = 1.54184)

2Θ range for data collection/◦ 7.172 to 154.71

Index ranges −15 ≤ h ≤ 14, −16 ≤ k ≤ 16, −16 ≤ l ≤ 17

Reflections collected 38143

Independent reflections 7587 [Rint = 0.0568, Rsigma = 0.0496]

Data/restraints/parameters 7587/0/514

Goodness-of-fit on F2 1.046

Final R indexes [I > 2σ (I)] R1 = 0.0380, wR2 = 0.0884

Final R indexes [all data] R1 = 0.0470, wR2 = 0.0948

Largest diff. peak/hole / e Å−3 0.46/−0.36

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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Table 2. Representative distances of Compound 1.

Atom-Atom Length/Å Theoretical/Å

Cu(1)-O(15) 1.9441(18) 1.9343

Cu(1)-N(2) 2.0127(19) 2.0304

Cu(1)-O(1) 2.2371(17) 2.2260

Cu(1)-N(1) 2.022(2) 2.0431

Cu(1)-N(3) 1.991(2) 2.0271

Cu(2)-N(5) 2.0178(19) 2.0212

Cu(2)-N(4) 1.9990(18) 2.0341

Cu(2)-O(7) 1.931(2) 1.9483

Cu(2)-N(6) 1.990(2) 2.0111

Cu(2)-O(9) 2.270(2) 2.3667

V(1)-O(4) 1.8067(16) 1.7929

V(1)-O(2) 1.8002(17) 1.7922

V(1)-O(1) 1.6665(15) 1.6507

V(1)-O(3) 1.6266(19) 1.6064

V(2)-O(4) 1.8166(15) 1.8268

V(2)-O(2) 1.8055(17) 1.8088

V(2)-O(5) 1.634(2) 1.6184

V(2)-O(6) 1.6448(19) 1.6109

Table 3. Hydrogen bond distances and angles for Compound 1 [Å and ◦].

D—H···A D—H H···A D···A D—H···A

O9—H9B···O1 0.85 1.93 2.778 (3) 177

N3—H3A···O3 0.89 2.30 2.986 (3) 134

N3—H3A···O13A 0.89 2.31 3.050 (6) 140

N3—H3B···O14 0.89 2.24 3.056 (4) 153

N3—H3B···O13B 0.89 2.58 2.99 (2) 109

N6—H6A···O14i 0.89 2.44 3.281 (4) 158

N6—H6B···O4 0.89 2.09 2.979 (3) 172

O9—H9A···O15ii 0.86 2.34 3.028 (3) 137

O9—H9A···O16ii 0.86 2.15 2.977 (3) 161

O9—H9B···O1 0.85 1.93 2.778 (3) 177

O11—H11A···O12iii 0.97 1.89 2.808 (4) 157

O11—H11B···O16 0.94 1.90 2.813 (3) 164

O12—H12A···O6ii 0.85 2.04 2.876 (3) 166

O12—H12B···O6iv 0.85 1.99 2.833 (3) 176

O14—H14A···O8Aii 0.85 1.84 2.602 (9) 149

O14—H14A···O8Bii 0.85 1.84 2.670 (19) 167

O14—H14B···O10Av 0.85 1.95 2.705 (11) 147

O14—H14B···O10Bv 0.85 1.92 2.663 (15) 145

O10A—H10B···O5vi 0.85 1.97 2.781 (8) 160

O10B—H10C···O11vii 0.85 2.03 2.761 (19) 144

O10B—H10D···O5vi 0.85 1.92 2.755 (16) 166

O13A—H13A···O3 0.85 2.50 2.982 (4) 117

O13A—H13A···O5vi 0.85 2.35 3.094 (5) 147

O13A—H13B···O14v 0.85 1.96 2.751 (5) 155

Symmetry codes: (i) −x+2, −y+1, −z+1; (ii) x+1, y+1, z; (iii) −x+2, −y, −z+1; (iv) x−1, y−1, z; (v) −x+2, −y+1, −z+2;
(vi) x−1, y, z; (vii) x−1, y, z.
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3.2. Experimental IR and RAMAN Spectra

The infrared spectrum of Compound 1 is shown in the section of theoretical IR. The spectrum
shows a complex set of bands with peaks at 949 cm−1 and 924 cm−1, which originated in the υs(VO-term)
slightly coupled with Cu atom. The bands at 900, 876, 858 cm−1, are attributed to theυa(VO-term). These
5 bands make a comb-like signature because each VO vibrates differently, since the neighbor oxygen
atoms surrounding the vanadium ions are involved in different types of bonds [27,56]. Moreover,
the bridging V-O-V bonds vibrate in the ~800 and 600 cm−1 region as symmetric and antisymmetric
stretching modes. The bands at 764, 724, and 635 cm−1 are attributed to (VO-bridging). The bands at
738 and 432 cm−1 are typical vibrations of coordinated phenantroline. However, the last one could be
due to Cu-N or Cu-O vibrations of the coordinated aminoacidate ions that could be in the same range.

The experimental Raman spectrum of Compound 1 is shown in the section of theoretical Raman.
The band at 950 cm−1 is due to the υs(VO-term), and the band at 710 cm−1 is attributed to the
υs(VO-bridging) breathing modes. Finally, the one at 433 cm−1 could be assigned to the υs (Cu-N,
Cu-O) of the coordinated aminoacidate or Cu-N of the coordinated phenantroline [57].

3.3. 51V Nuclear Magnetic Resonance Spectroscopy

The 51V NMR spectrum of Compound 1 was measured in PBS/D2O at 25 ◦C, showing the
classic 51V resonance signal assigned to cyclotetravanadate at −571 ppm. However, a new signal at
−558 ppm, which is consistent with the anion H2VO4

−, was observed [58]. This suggests that the
compound has been fragmented while redissolving it, generating an equilibrium between units of
[Cu(phen)(Gly)(H2O)]+ neutralized by H2VO4

− anions, [Cu(phen)(Gly)(H2O)]H2VO4, and the intact
molecule. The H2VO4

− ions could act as a monodentate or bidentate ligand, analogous to phosphate
ions [59]. The spectrum is shown in Figure 6.
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3.4. Visible Spectroscopy

The UV-Vis spectrum of Compound 1 is presented in Figure S4; the sample was made at a
concentration of 0.35 mM, and it was dissolved in a phosphate-buffered saline (PBS) solution at pH 7.4.
The sample showed an absorption band at 644 nm, with an absorbance of 0.083. Therefore, the molar
extinction coefficient is ε = 69 Lmol−1cm−1 per Cu atom. These values can be observed in the spectral
window from 400 to 800 nm, which is typical of d–d transitions of Cu (II) complexes [60,61].

3.5. Cyclic Voltammetry

Cyclic voltammetry of the individual precursor salts NH4VO3 and CuCl2, at a 1.0 mM concentration,
was performed to assign redox peaks of Compound 1. This did not show any peaks that could be
attributed to vanadium redox processes as compared to the voltammetry results reported by Çakir
and Biçer [62], as seen in Figure S5. On the other hand, the CuCl2 in solution shows an irreversible
reduction peak at 0.17 V that can be related to the reduction of Cu (II) to Cu (0) [63], as seen in Figure S6.
Glycine and 1,10-phenantroline were not electroactive within the same potential window. However,
the cyclic voltammetry of Compound 1 shows the redox quasi-reversible couple at −0.23 V and 0.050 V
for the Cu (II)/Cu(I) redox pair [15] and consequently its formal potential is E1/2 = −0.085 V (see
Figure 7). The voltammogram also showed the irreversible reduction peak from copper in solution
at 0.17 V. After the addition of DNA, peaks from the redox Cu (II)/Cu(I) couple undergo a notorious
decrease in current intensity, attributed to a decrease in mass transfer coefficient due to Compound 1
being bonded to DNA [64,65], evidencing a strong interaction between them. Moreover, a slight shift
towards a more positive reduction potential from −0.23 V to −0.22 V is observed for the reduction
peak and also for the oxidation peak, which in DNA presence is at 0.038 V. Furthermore, a slight shift
towards more negative potentials for the Cu (II)/Cu(I) redox pair formal potential, E1/2 = −0.095 V,
is now observed. The positive potential shift on the reductive peak has been reported as evidence for
DNA intercalation [66]. In contrast, the negative potential shift on E1/2 has been reported as evidence
for a molecule’s electrostatic binding to the negatively charged deoxyribose-phosphate backbone
of DNA [67]. Therefore, the DNA interactions shown by Compound 1 are both intercalation and
electrostatic binding.
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Crystals 2020, 10, 492 11 of 20

3.6. Theoretical Results

The presence of two types of copper atoms in Compound 1 could suggest possible spin–spin
interactions and a slight antiferromagnetic behavior. However, pathways using hydrogen bonds or
π–π interactions could be responsible for interesting magnetic behavior. Thus, the presence of different
spin states was investigated.

Our results show that the triplet state is more stable than the singlet and pentet states through
single-point calculations and interaction energies with the counterpoise corrections, as can be seen in
Table 4. The optimized molecular structure of Compound 1 is obtained in its most stable state as a
triplet. It is observed that the structure of spin-unrestricted M06-2X/Def2TZVP-LANL2TZ(f)/ECP =

LANL2TZ(f) calculations is in reasonable agreement with the crystallographic values (see Table 2).

Table 4. Relative electronic energies (∆E) and interaction energies (Eint) (in kcal mol−1) for singlet,
triplet, and pentet lowest electronic states of Compound 1.

Electronic State ∆E (kcal mol−1) Eint (kcal mol−1)

Singlet 15.3 −365.41

Triplet 0.00 −410.72

Pentet 0.10 −405.20

The molecular electrostatic potential (MEP) of Compound 1 is shown in Figure 8. The isosurface
shows the total electronic density mapped with the electrostatic potential using an isovalue of 0.004 a.u.
The color code indicates that the red regions have a negative charge concentration, while the blue
regions indicate a positive charge. Regions from yellow to green indicate intermediate values. From the
isosurface in Figure 8, it can be seen that the zones with the highest charge density are located on the
tetravanadate ion and the glycinate −COO group. In contrast, the zones with a positive charge are
located in the regions of the phenanthroline molecules. The noncovalent interactions Cu· · ·O(3)-V and
Cu· · ·O(9) are found in intermediate electron density zones.
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The population analysis used for evaluating the electron density of the molecular system can be
based on the wave function through a natural population analysis (NPA). To obtain the natural charges
for each atom, the NPA uses natural atomic orbitals (NAOs) and natural bond orbitals with maximum
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electron density to localize the electrons in each atom, and therefore the dependence on the basis set
is reduced. The most positive or most negative NPA charges are then indicators of the distribution
of the electronic density in the molecule and the availability of attracting or donating electrons for
the formation of covalent or noncovalent bonds. Consequently, the spin density derived from NPA
calculations can be used to explain the electronic distribution in the molecular systems. Table 5 shows
the natural charges of the atoms that participate in the interactions between the cyclotetravanadate ion
and the organic counterions of Gly and phenanthroline coordinated with Cu.

Table 5. Selected relevant noncovalent interactions, Mayer bond order (BMetal· · ·NoMetal), NPA spin
density (NPAMetal· · ·NoMetal) and free valence index of the metal atoms (FVIMetal) in Compound 1 at
the M06-2X/Def2TZVP-LANL2TZ(f) level of theory using the ECP = LANL2TZ(f) for V and Cu in the
CPCM model and water solvent.

Interactions BMetal· · ·NoMetal NPAMetal· · ·NoMetal FVIMetal (au)

Cu(1) · · ·O(15) 0.341 1.073· · · −0.806 0.076

Cu(1) · · ·N(3) 0.282 1.073· · · −0.974 0.076

Cu(1) · · ·N(1) 0.244 1.073· · · −0.548 0.076

Cu(1) · · ·N(2) 0.243 1.073· · · −0.546 0.076

Cu(1) · · ·O(1) 0.201 1.073· · · −0.635 0.076

V(1) · · ·O(1) 1.661 1.884· · · −0.636 2.15

Cu(2) · · ·O(7) 0.332 1.091· · · −0.800 0.085

Cu(2) · · ·N(4) 0.241 1.091· · · −0.552 0.085

Cu(2) · · ·N(5) 0.238 1.091· · · −0.551 0.085

Cu(2) · · ·N(6) 0.295 1.091· · · −0.945 0.085

Cu(2) · · ·O(9) 0.178 1.091· · · −0.935 0.085

From these results, it can be seen that the metal-ligand bond orders for the O(15) and N(3) atoms
in Gly molecules, which are coordinated with Cu(1), are 0.341−0.282. In a similar and symmetrical way
to the N(1) and N(2) atoms of phenantroline, the bond orders are 0.243−0.244. In addition, the bond
order of the O(1) and O(9) atoms are 0.201 and 0.178, respectively, in an apical position on the squared
pyramidal geometry. This is preserved both in the organic molecules coordinated with Cu(1) and
in the molecules coordinated with Cu(2). On the other hand, in the values of the natural charges
(NPA), it can be seen that N(3) and N(6) of Gly have a negative charge higher (−0.974 and −0.945,
respectively) than N(1) and N(2) of phen (in a range from −0.546 to −0.552). Moreover, O(9) of H2O
(−0.935), which coordinates with Cu(2), has a more negative charge than the O(1) of cyclotetravanadate
(−0.636) that coordinates with Cu(1). These results show that the contributions of the atoms of Cu, N,
and O indicate significant noncovalent interactions to metal-ligand bonding and that it will be similar
in both coordinated groups with Cu(1) and Cu(2).

The Hirshfeld surface of Compound 1, as shown in Figure 9A, presents information about the
intermolecular interactions involved. The Hirshfeld surface was mapped with the normalized contact
distance, dnorm. It is observed that the red spots on the Hirshfeld surface are due to close intermolecular
interactions of mainly O· · ·H, H· · ·H, and H· · ·O. Strong hydrogen bonds (i.e., 1.915, 2.056 and 2.17 Å)
are observed between the cluster of water molecules with oxygens of ion [V4O12]4−. These interactions
are involved in the formation of the monodimensional supramolecular structure presented in Figure 3.
The 2D representation of the intermolecular interactions is presented in the fingerprint plot in Figure 9B.
In this case, di indicates the distance from the surface to the nearest nucleus inside the surface, and de

is the distance from the surface to the nearest nucleus outside the surface. The contribution that
is most significant is from interactions H· · ·H (34.0%), which come from the result of noncovalent
interactions of H atoms of phen and Gly with H atoms of phen, Gly, and H2O external to Hirshfeld
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surface. The contribution O· · ·H (17.3%) is due to the interactions of hydrogen bonds between H
atoms of H2O with O atoms of the cyclotetravanadate anion, acting as an acceptor. In addition, the
interactions of O atoms of Gly with H2O adjacent contribute to O· · ·H interactions. The interactions
H· · ·O (15.7%) are the result of noncovalent interactions of H atoms of phen with adjacent O atoms
of Gly or H2O in the crystal packing. Other interactions with minor contributions are C· · ·C (11.0%),
C· · ·H (7.2%), and H· · ·C (6.0%).Crystals 2020, 10, x FOR PEER REVIEW 13 of 20 
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The theoretical IR and Raman spectra of Compound 1 containing cyclotetravanadate clusters
exhibit some characteristics signals in the 1000−400 cm−1 region, depending not only on the nature
of the counterions or the formation of hydrogen bonds, but also on that of the coordination of the
cyclotetravanadate moiety. Therefore, we performed a simulation of theoretical IR and Raman spectra
based on the DFT of Compound 1 in order to have a theoretical basis for the right assignment of the
V=O and V-O-V vibration modes in both spectroscopies.

In Figure 10, the IR spectrum of Compound 1 is shown. The main bands are assigned to the
bending (C-H) of phen at 553 cm−1, bridging (V-O) at 578–595 cm−1, and 747–760 cm−1. Moreover,
in this region, bridging modes (V-O) coupled with bending modes (C-H) of phen and Gly counterions
are observed. In the region of 907–987 cm−1, the terminal stretching modes (V-O) are found.
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Figure 11 shows the experimental and theoretical Raman spectrum of Compound 1. In this case,
the main absorption bands are assigned to the bending mode (C-H) of phen at 576 cm−1, the bending
mode (C-H) of Gly at 712 cm−1, and the cyclotetravanadate bridging modes (V-O) in the region of
760–782 cm−1, slightly coupled with bending modes (CH) of phen and Gly. At 813 cm−1, a well-defined
band of cyclotetravanadate bridging (V-O) is observed. In the region 908–990 cm−1, the stretching
terminal modes (V-O) are clearly observed.
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4. Discussion

Over the past two decades, there have been extensive studies about DNA interaction with
transition metal complexes aimed at developing spectroscopic or electrochemical DNA probes,
chemical nucleases, and biomedical reagents. Transition metal complexes can easily interact with
DNA through intercalation, groove binding, and external electrostatic binding [3]. Many useful
applications of these complexes require that the complex bind to DNA through an intercalative mode
with the ligand intercalating into the adjacent base pairs of the DNA molecule. This behavior is
frequently found in copper (II) complexes. The square pyramidal structure characteristic of this
type of compounds interacts with DNA, and this renders them as alternatives to platinum-based
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anticancer drugs with the advantage that copper is better tolerated and can be more easily handled
than other transition metals. Much attention has been paid to complexes containing symmetric
aromatic ligands, such as 1,10-phenanthroline and 2,2′-bipyridyl, as well as the way they interact with
DNA [3,68–70]. This interest began when Kwik et al. (1980) first synthesized and characterized a
series of ternary complexes, including [Cu(phen)L]·nH2O, [Cu(bipy)L]·nH2O, [Cu(phen)LX]·nH2O and
[Cu(bipy)LX]·nH2O [71]. Since then, several studies have shown that the geometry exhibited by the
metal center, coupled with planar bidentate ligands, contains an optimal structure to interact with many
biological molecules and has antitumoral and antiviral properties. Copper (II) complexes containing
1,10-phenanthroline can also function as chemical nucleases. Sigman et al. (1979) demonstrated that
[Cu(phen)2]+ complexes inhibit DNA or RNA polymerase activities and can induce the scission of DNA
strands in the presence of H2O2 or thiols [72]. The mechanism occurs by a Cu (II)/Cu (I) redox reaction
that catalyzes the formation of reactive oxygen species (ROS). The structure of this type of complexes
consists of a five-coordinate copper (II) center displaying a distorted square pyramidal geometry. These
types of complexes exhibit an efficient DNA cleavage activity at micromolar concentrations in the
presence of ascorbate with hydroxyl radicals as the active species [73]. The compound is a different
presentation of the well-known compound crystallized initially as nitrate salt. A similar compound
was crystallized containing chloride ion instead of water in the apical position of the squared pyramidal
geometry. The molecular structure of Compound 1 is highly reminiscent of Casiopeínas® (CAS),
which are a series of copper-based drugs developed by Ruiz-Azuara and coworkers [74,75]. CAS are
mixed chelate copper (II) complexes with a general condensed formula [Cu(N–N)(A–A)]NO3, where
N–N represents neutral diimine donors, either phenantroline or bipyridine derivatives, and A–A
stands for uninegative N–O or O–O donors, either aminoacidates or acetylacetonate [76,77]. As shown
above, DNA is the primary target molecule for most anticancer and antiviral therapies. Therefore,
the goal has been to develop planar organic compounds that can bind to DNA by the intercalation of
aromatic heterocyclic rings like the phenanthroline/bipyridine between the DNA base pairs. Copper
complexes incorporating Schiff bases, amino acids, peptides, azoles, terpyridines, or polypyridyls as
ligands as well as dinuclear copper complexes and copper complexes incorporating natural products
or bioactive ligands showing metallonuclease activity have been reviewed [78]. Recently, a series of
ternary copper (II)-L-dipeptide-neocuproine complexes have shown cytotoxicity against cancer cells,
including MDA-MB-231, the triple-negative breast cancer [79].

In a recent contribution from our group, the molecular docking information obtained with two
similar structures suggests that the heterobimetallic compounds provide a potential alternative to
platinum anticancer drugs, bringing two antitumor metal agents together in a useful geometry [32].
The case of Compound 1 in a solution will release the compound named Casiopeina® VII-Gly, which
is structurally similar to Casiopenia® II-Gly, one of the most studied compounds of this type that has
shown promising results in preclinical studies and is currently in phase 1 clinical trials in Mexico [80].
Moreover, the cyclic voltammetry experiments suggest the interaction of Compound 1 with DNA
due to electrostatic attraction and intercalation. Not only does the compound have the structural
characteristics of Cu-based metallodrugs, but it also has the vanadium moiety that allows for a possible
bimodal way of action, as pointed out by recent reports of vanadium compounds useful in pancreatic
cancer and malignant melanoma [81,82].

5. Conclusions

A heterobimetallic V/Cu complex with the cyclotetravanadate anion acting as a bridge was
synthesized and characterized by elemental analysis; visible, FTIR, and Raman spectroscopies; 51V
NMR analyses; cyclic voltammetry; as well as X-ray diffraction. The complex was also characterized
by theoretical methods using DFT methodology. The theoretical calculation was of great value to
understand the experimental results. The IR and Raman theoretical spectra calculations are less
complicated than the experimentally measured spectra, mainly due to the complex set of hydrogen
bonds in the solid state. However, the calculations allowed for a more detailed assignation of the most
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relevant vibrational motions of the compounds. Cyclic voltammetry suggests interaction with DNA
through intercalation and electrostatic interactions. The complex, also known as Casiopeína VII-gly,
has shown nuclease activity in a variety of cancer cells. In this case, the compound was crystallized
as the cyclotetravanadate, with the peculiarity of [V4O12]4− being bound to two copper ions and
being neutralized with another two [Cu(phen)(Gly)(H2O)]+ moieties. The compound is structurally
interesting because of two types of copper atoms and 24 hydrogen bonds, which are responsible for a
3D supramolecular structure. It also shows an interesting monodimensional array also mediated by
hydrogen bonds and π–π interactions. These exciting features deserve further studies of magnetic
behavior, which are now in progress. Another interesting characteristic is that all the components have
revealed to be able to interact with DNA molecules and act in vivo as metallonucleases. They also
represent a new member of a recent family of heterobimetallic potential metallodrugs [83].

On the other hand, vanadate and oligovanadates also have the potential to act as anticancer
drugs, as shown recently for pancreatic cancer and malignant melanoma [84–86]. In our case,
the cyclotetravanadate ion may serve as a source of (H2VO4)−, (V4O12)4−, and (V10O28)6− ions,
depending on the concentration and pH of the cell compartments where they could be released. Thus,
we provide a new potential pro-metallodrug whose components may act in conjunction, releasing all
their constituents in vivo and which may be tested in a variety of cancer models.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/6/492/s1,
Figure S1: Packing of the unit cell of Compound 1. Figure S2: Ball and stick representation of the Cyclo-tetravanadate
dicopper moiety of Compound 1. Figure S3: Copper-Copper distance Cu1—Cu2. Figure S4: The visible spectrum
of Compound 1 in PBS. Figure S5: Cyclic voltammetry of NH4VO3 in phosphate buffer solution at pH 7.4, scan
rate 0.5 V/s. Figure S6: Cyclic voltammetry of CuCl2 in phosphate buffer solution at pH 7.4, scan rate 0.1 V/s.
TABLE S1: Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) for
Compound 1. Table S2: Geometric parameters (Å, ◦) for Compound 1.
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