
Vol.:(0123456789)

JBIC Journal of Biological Inorganic Chemistry 
https://doi.org/10.1007/s00775-023-02035-9

ORIGINAL PAPER

Effects of the tetravanadate [V4O12]4− anion on the structural, 
magnetic, and biological properties of copper/phenanthroline 
complexes

Eduardo Sánchez‑Lara1   · Roberto Favela1 · Kitze Tzian1 · Brian Monroy‑Torres1 · Adriana Romo‑Pérez1 · 
María Teresa Ramírez‑Apan1 · Marcos Flores‑Alamo2 · Antonio Rodríguez‑Diéguez3   · Javier Cepeda4   · 
Ivan Castillo1 

Received: 21 June 2023 / Accepted: 30 October 2023 
© The Author(s) 2024

Abstract
The aim to access linked tetravanadate [V4O12]4− anion with mixed copper(II) complexes, using α-amino acids and 
phenanthroline-derived ligands, resulted in the formation of four copper(II) complexes [Cu(dmb)(Gly)(OH2)]2[Cu(dmb)
(Gly)]2[V4O12]·9H2O (1) [Cu(dmb)(Lys)]2[V4O12]·8H2O (2), [Cu(dmp)2][V4O12]·C2H5OH·11H2O (3), and [Cu(dmp)(Gly)
Cl]·2H2O (4), where dmb = 4,4′-dimethioxy-2,2′-bipyridine; Gly = glycine; Lys = lysine; and dmp = 2,9-dimethyl-1,10-phen-
anthroline. The [V4O12]4− anion is functionalized with mixed copper(II) units in 1 and 2; while in 3, it acts as a counterion 
of two [Cu(dmp)]2+ units. Compound 4 crystallized as a unit that did not incorporate the vanadium cluster. All compounds 
present magnetic couplings arising from Cu⋯O/Cu⋯Cu bridges. Stability studies of water-soluble 3 and 4 by UV–Vis 
spectroscopy in cell culture medium confirmed the robustness of 3, while 4 appears to undergo ligand scrambling over time, 
resulting partially in the stable species [Cu(dmp)2]+ that was also identified by electrospray ionization mass spectrometry at 
m/z = 479. The in vitro cytotoxicity activity of 3 and 4 was determined in six cancer cell lines; the healthy cell line COS-7 was 
also included for comparative purposes. MCF-7 cells were more sensitive to compound 3 with an IC50 value of 12 ± 1.2 nmol. 
The tested compounds did not show lipid peroxidation in the TBARS assay, ruling out a mechanism of action via reactive 
oxygen species formation. Both compounds inhibited cell migration at 5 µM in wound-healing assays using MCF-7, PC-3, 
and SKLU-1 cell lines, opening a new window to study the anti-metastatic effect of mixed vanadium–copper(II) systems.
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Introduction

Polyoxometalate chemistry is considered unique due to its 
unmatched versatility of properties and the wide variety of 
species that can self-assemble under specific experimental 
conditions. This is evidenced in recent reviews on this sub-
ject [1–5]. One approach that has significantly expanded the 
properties of these oligomeric species is their functionaliza-
tion with organic or inorganic entities, making it possible 
to combine several properties in a single molecule [6–10]. 
These tailored complexes are protagonists in address-
ing contemporary problems with social impact regarding 
health, environment, energy, and information technologies 
[8]. Regarding human health, there has been significant 
research on the biological activity of polyoxometalates 
[11, 12]. Vanadium-based systems, including the cyclic 
[V4O12]4− tetramer, have attracted particular attention due 
to their interaction with specific protein molecules and their 
biomedical applications, such as anticancer, antidiabetic, 
antiviral, and antibacterial activity, making them promising 
candidates for bioinorganic drugs [13, 14].

Additionally, functionalization with coordination enti-
ties has facilitated the incorporation of polyoxometalates 
(POMs) into magnetic materials, especially considering 

that the metal ions that form the constitutional units of 
polyoxometalates (i.e., V(V), Mo(VI), and W(VI)) often 
present an electronic configuration of diamagnetic nature 
[15–17]. Thus, decorating these species with coordination 
or organometallic grafts impacts their magnetic properties, 
allowing magnetic exchange processes and other electronic 
features to be tuned by modifying these scaffolds.

One of the essential synthetic factors when designing 
polyoxometalates is the pH value, which is a crucial fac-
tor involved in polyoxometalate nuclearity and its subse-
quent stability with counterions or other complexes [18, 
19]. Another important factor in modifying the nuclearity 
of the POMs is the addition of heteroatoms [20], which is 
beyond the scope of this work. Concerning pH, tungsten 
and molybdenum-based POMs are stable on a predomi-
nantly acidic scale [21–23]. Polyoxovanadate chemistry 
is much more versatile, and oligomeric vanadium(V) spe-
cies with different nuclearity can be found in a wide pH 
range, as confirmed by speciation studies (Fig. 1) [24–27]. 
Two of the most stable oligomeric vanadium species that 
have received particular attention are the decavanadate 
and tetravanadate anions. While the species derived from 
the [V10O28]6− anion are stable at acidic pH, the cyclo-
[V4O12]4− anion is predominant at basic pH [28–31]. Their 
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anionic nature allows solid-state stabilization using coun-
terions from the starting materials in or intentionally add-
ing bulky cations [32–34]. Another strategy is exploiting 
their anionic nature and employing cationic metal com-
plexes to stabilize these clusters [35–38].

The present work focuses on the latter point by extending 
previous studies that examined the role of the tetravanadate 
anion as an inorganic ligand bridging copper(II) coordi-
nation units [38]. It was observed that the short Cu⋯Cu 
intermolecular interactions play an essential role in the 
magnetic properties, since the distances between these 
Cu2+ ions within the molecule is ca. 10 Å; furthermore, 
the magnetic behavior was quite different even though the 
components were very similar in the reported complexes. 
An open question that remains unanswered is the exact role 
of the [V4O12]4− system in the magnetic behavior when it 
acts either as bridging or isolated counterion. In the present 
work, the versatility of the tetravanadate’s behavior is evi-
denced in the structural variations obtained, allowing us to 
study the last point in more detail.

A common feature in compounds that include the func-
tionalization of the central [V4O12]4− core with metal units 
is their low solubility, limiting their solution studies [39, 
40]. This is related to the strong packing forces in the solid 
state favored by hydrophobic interactions of the components 
(observed for 1 and 2). The isolation of the [V4O12]4− anion 
as a free species in 3 improved its solubility likely due to 
ease of solvation in polar solvents. Similarly, compound 4 
that does not incorporate the polyoxovanadate anion has 
good solubility in water and methanol. Therefore, these two 
complexes were further studied in solution. This allowed 
us to evaluate their proliferative activity at different con-
centrations, and their potential as cell migration inhibitors 
employing the wound-healing assay in specific human tissue 
cancer cell lines. The role of copper(I/II) compounds with 

the capacity to inhibit cell proliferation has been known for 
years [41–43], especially those that contain planar heterocy-
clic motifs in their structure, such as phenanthroline deriva-
tives, which presumably induce their therapeutic effects by 
DNA cleavage through an oxidative mechanism [44, 45].

Some examples of mixed copper(II) complexes featuring 
a heterocycle ligand and an α-amino acid exist, showing that 
they inhibit cell proliferation and produce dose-dependent 
cell death by apoptosis [46]. However, their low solubility in 
DMSO, a solvent unsuitable for parenteral administration at 
concentrations above 0.05% per day, and high toxicity have 
precluded their advancement as potential drugs for human 
use [47, 48]. As noted, complexes 3 and 4 are soluble in vari-
ous organic solvents, including water for complex 4, which 
is crucial in performing the preliminary biological studies 
we present and discuss below.

In this context, two of the three new tetravanadate-
based compounds reported here with empirical formulae 
[Cu(dmb)(Gly)(OH2)]2[Cu(dmb)(Gly)]2[V4O12]·9H2O (1) 
[Cu(dmb)(Lys)]2[V4O12]·8H2O (2) (dmb = 4,4′-dimethoxy-
2,2′-bipyridine, Gly = glycine, Lys = lysine) present 
the [V4O12]4− anion in bis-monodentate bridging fash-
ion, while in the third one with formula [Cu(dmp)2]
[V4O12]·C2H5OH·11H2O (3) (dmp = 2,9-dimethyl-
1,10-phenanthroline) it acts as isolated counterion. In addi-
tion, we used a fourth mixed copper complex as a compara-
tive model, which crystallized without the tetravanadate 
anion, i.e., [Cu(dmp)(Gly)Cl]·2H2O (4), allowing us to com-
pare the solid-state effect of the polyoxovanadate ion on the 
structural and magnetic properties of the reported systems.

Globally, this work presents a series of complexes that 
show two faces, little explored, of the tetravanadate anion. 
On the one hand, its role as a bridging ligand and, on the 
other, as a counterion. To thoroughly study this dual behav-
ior, we have analyzed the structural, magnetic, and biologi-
cal properties of the materials presented. Biological studies 
are focused on the cytotoxic, cell migration, and prooxidant 
activity of water-soluble compounds 3 and 4. These can 
serve as models to understand some biochemical processes 
exerted by copper and vanadium ions in different biological 
contexts. Experimental details for obtaining all these com-
plexes are described below and summarized in Fig. 2.

Experimental

General

All chemicals are of the highest commercially available 
purity and were used as received. Elemental analyses 
were obtained with a Thermo Scientific elemental ana-
lyzer Flash 2000 at a temperature of 950 °C using an XP6 
Mettler Toledo microbalance; methionine from Thermo 

Fig. 1   pH dependence of the nuclearity of the vanadium(V) oligo-
meric species. Figure reproduced with permission from Ref. [23].  
Copyright 2020. Royal Society of Chemistry. The inset shows the 
tetravanadate [V4O12]4− anion in a combined polyhedral and ball-and-
stick representation
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Scientific with certification number 237031 was used as 
standard. Mass spectra were obtained on a JEOL GC Mate 
II (Electron Impact) or a Bruker Esquire 600 (Electro-
spray Ionization/APCI-TI). EPR spectra were obtained 
with a Jeol JES-TE300 equipment. Electron Paramagnetic 
Resonance (EPR) spectra were recorded using an X-band 
JES-TE300 SRE Spectrometer, operated at a modulation 
frequency of 100 kHz with a cylindrical cavity in TE001 
mode, and the spectra were acquired using the ES-IPRIT/
TE program. The adjustment of the magnetic field was 
carried out using a JEOL ES-FC5 precision gaussmeter. 
Samples were analyzed in solid state at 77 K for 1, 2, 
and 3 and in a methanol solution at 77 K for 4 using quartz 
flat EPR cuvettes (synthetic quartz, Wilmad Glass Com-
pany) with a path length of 0.2 mm. AniSimu/FA Version 
2.4.0 software was used for EPR simulation, and best fits 
are reported. The supplementary files included the experi-
mental and simulated EPR spectra. Magnetic susceptibility 
measurements were carried out on polycrystalline samples 
of the complexes with a Quantum Design SQUID MPMS-
7T susceptometer at an applied magnetic field of 1000 G. 
The susceptibility data were corrected for the diamagnet-
ism estimated from Pascal’s Tables [49], the temperature-
independent paramagnetism, and the magnetization of the 
sample holder.

Preparation of complexes

Compound 1 was prepared by addition of 1.0 mmol of 
4,4′-dimethoxy-2,2′-bipyridine (dmb, 0.216 g) to an aqueous 
solution of glycine hydrochloride (0.18 g, 1.0 mmol in 20 
mL H2O/EtOH, 1:1 v/v) with stirring and heating to promote 
dissolution of dmb. Once the ligands have dissolved, the 
solution was cooled to room temperature. CuCl2·2H2O (0.17 
g, 1.0 mmol) was then added while stirring. The pH was 
adjusted to 9 with the dropwise addition of NaOH (10%), 
giving a dark blue solution, indicating the formation of the 
desired copper complexes. Subsequently, NaVO3 (0.12 g, 
1.0 mmol), previously dissolved in 10 mL H2O, was added 
to the blue solutions, favoring the immediate formation of 
a blue precipitate, which was collected by filtration. From 
the filtered solutions, blue crystals were obtained in a cou-
ple of days by slow evaporation. Compound 2 was obtained 
following the same synthetic procedure, replacing L-lysine 
hydrochloride (0. 18 g, 1.0 mmol) instead of glycine. 1: 
Yield (based on vanadium): 0.115 g, 23%. Anal. Calc. for 
C56H86Cu4N12O39V4: C, 33.47; N, 8.37; H, 4.31%. Found: 
C, 33.05; N, 7.79; H, 4.19%; 2: Yield (based on vanadium): 
0.125 g, 35.6%. Anal. Calc. for C36H66Cu2N8O29V4: C, 
30.76; N, 7.97; H, 4.73%. Found: C, 30.47; N, 7.90; H, 
4.71%.

Fig. 2   Synthetic scheme for preparation of compound 1–4. For more details about the synthesis, see the text
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Compound 3 was obtained by a similar method, using 1.0 
mmol of 2,9-dimethyl-1,10-phenanthroline (dmp, 0.216 g) 
added to an aqueous solution of glycine hydrochloride (0.18 
g, 1.0 mmol in 20 mL H2O/EtOH, 1:1 v/v) with stirring and 
heating. CuCl2·2H2O (0.17 g 1.0 mmol) was added, and the 
pH adjusted to 9. To this basic solution, NaVO3 (0.12 g, 
1.0 mmol in 15 mL H2O) was slowly added; no precipitate 
was formed. The solution was filtered to remove any trace 
of insoluble byproducts and left standing for slow evapora-
tion. Red needle-shaped crystals were obtained after a few 
days. Yield (based on vanadium): 0.195 g, 55.7%. Anal. 
Calc. for C58H76Cu2N8O18V2: C, 49.68; N, 7.99; H, 5.46%. 
Found: C, 50.99; N, 8.20; H, 5.31%.

For compound 4, the pH of the solution was adjusted to 
6 with 10% NaOH before the addition of NaVO3 (0.12 g, 
1.0 mmol). Adding the vanadium salt promoted the forma-
tion of a green precipitate, which was collected by filtration. 
Blue crystals started to deposit after 1 week. Yield (based on 
copper): 0.168 g, 41.73%. Anal. Calc. for C16H20CuClN3O4: 
C, 46.05; N, 10.07; H, 4.83%. Found: C, 46.22; N, 10.08; 
H, 4.57%.

The synthesis of these systems was performed under mild 
conditions using H2O/EtOH as solvent mixture to facilitate 
dissolution of the heterocyclic ligands; this is relevant since 
most of the reported systems with [V4O12]4− have been 
obtained only under solvothermal conditions [50, 51]. More-
over, most crystalline systems identified using the Cam-
bridge Crystallographic Database present complexes with 
homoleptic ligands. In the case of 1 and 2 that present poor 
solubility, crystals were obtained almost in situ by adding 
the vanadium precursor salt (NaVO3) to the basic solutions 
of the complexes, indicating the high stability provided by 
tetravanadate to the cationic Cu(II) units. High-quality single 
crystals with suitable size crystallize from the blue mother 
solutions within a few days. In the case of 3, crystallization 
was slower, and due to the poor quality of the crystals, it was 
necessary to recrystallize them from a H2O/EtOH mixture. 
Interestingly, although the compound is soluble in ethanol, 
methanol, and acetonitrile, it is necessary to add water to 
favor and improve the crystallization process. Finally, com-
pound 4 was synthesized similarly to 1–3, except that the pH 
of the mixed complex was slightly acidic. Its preparation was 
optimized without the addition of the vanadium salt.

Crystal structure determination

Suitable single crystals of 1–4 were mounted on a glass 
fiber and the crystallographic data were collected with an 
Oxford Diffraction Gemini "A" diffractometer with a CCD 
area detector, with λMoKα = 0.71073 Å at 130 K. Unit cell 
parameters were determined with a set of three runs of 
15 frames (1° in w). The double-pass method of scanning 
was used to exclude any noise. The collected frames were 

integrated using an orientation matrix determined from the 
narrow frame scans. CrysAlisPro and CrysAlisRED soft-
ware packages [52] were used for data collection and inte-
gration. Analysis of the integrated data did not reveal any 
decay. Collected data were corrected for absorption effects 
by an analytical, numeric absorption correction [53] using 
a multifaceted crystal model based on expressions upon 
the Laue symmetry with equivalent reflections. Structure 
solution and refinement were carried out with the programs 
SHELXS-2014 [54] and SHELXL-2014, respectively [55]. 
WinGX v2021 [56] and Mercury CSD 4.0 software [57] 
were used to prepare material for publication.

Full-matrix least-squares refinement was carried out 
by minimizing (Fo2–Fc2)2. All nonhydrogen atoms were 
refined anisotropically. H atoms of the water (O–H) and 
amine (N–H) groups were located in a difference map and 
refined isotropically with Uiso(H) of 1.5 Ueq and 1.2 Ueq 
for H–O and N–H, respectively. Hydrogen atoms attached 
to carbon atoms were placed in geometrically idealized 
positions and refined as riding on their parent atoms, with 
C–H = 0.95–0.99 Å with Uiso (H) = 1.2Ueq(C) for aromatic 
and methylene groups, and Uiso (H) = 1.5 Ueq(C) for the 
methyl group. For compound 2, the atoms C11, O13, O14 
and C11B, O13B, O14B are disordered over two sites with 
occupancies of 0.51:0.49; V3, O6, O7, O8, O10, O11 and 
V3B, O6B, O7B, O8B, O10B, O11B are disordered over 
two sites with occupancies of 0.60:0.40. Crystal data and 
experimental details of the structure determination are listed 
in Table 1. Crystallographic data have been deposited at the 
Cambridge Crystallographic Data Center as supplementary 
material CCDC: 2248349–2248352. Copies of the data 
can be obtained free of charge on application to CCDC, 12 
Union Road, Cambridge CB2 1EZ, UK. E-mail: deposit@
ccdc.cam.ac.uk.

Computational details

Ab initio calculations were performed with the ORCA 
software suite (version ORCA 5.0.2) [58–60] to esti-
mate magnetic parameters on X-ray models of the mono-
meric complexes cut from compounds 1–4. All calcula-
tions were performed at the DFT level of theory with the 
hybrid B3LYP functional [61]. The models were completed 
by adding hydrogen atoms on those oxygen atoms of the 
[V4O12]4− anion and optimizing their positions. Calculations 
with state-average complete active space self-consistent field 
(SA-CASSCF) method were performed incorporating the 
five d-orbitals and seven electrons (CAS(9,5) setup). Five 
doublet states were used to calculate these Cu(II)-based 
compounds. The scalar relativistic effect was considered 
using the zeroth‐order regular approximation (ZORA) 
method, for which the ZORA‐def2‐TZVPP basis set for the 
metal atoms and ZORA‐def2‐TZVP basis set for non-metal 
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atoms were accordingly chosen [62–65]. NEVPT2 calcula-
tions were performed on SA-CASSCF converged wave func-
tions to account for dynamic correlation [66]. Spin Hamilto-
nian parameters were also calculated from these converged 
results using Single_Aniso and Poly_Aniso codes as imple-
mented in ORCA [67, 68]. On another level, the standard 
broken-symmetry (BS) DFT procedure using the FlipSpin 
feature of ORCA was followed to estimate the coupling con-
stant value for all main superexchange pathways on dimeric 
models taken from X-ray coordinates.

UV–Vis absorption spectroscopy

UV–Vis spectra of 3 and 4 in ethanol, water, and cell culture 
medium DMEM-F12 supplemented with 10% Fetal Bovine 
Serum (FBS) were measured using a Cary 100-Agilent spec-
trophotometer using a quartz cuvette thermostated at 300 K. 
The spectra were recorded between 200 and 800 nm at t = 0 
min, 24 h, 48 h, 72 h, 96 h, and 168 h. Solutions of com-
pounds 3 and 4 were prepared at a concentration of 50 ppm.

Cell culture

Human cancer cell lines from different origins, including 
colon adenocarcinoma HCT-15, myelogenous leukemia 
K562, mammary adenocarcinoma MCF-7, prostate adeno-
carcinoma PC-3, lung adenocarcinoma SK-LU-1, glioblas-
toma U-251 were supplied by National Cancer Institute 

(USA), and the Cancer Institute of Mexico donated one 
healthy monkey kidney cell line COS-7. Cells were cul-
tured in RPMI-1640 medium (Gibco®) supplemented with 
fetal bovine serum (10% v/v), nonessential Amino Acids 
(1% v/v), and penicillin streptomycin solution (1% v/v) 
(Corning®). Cells were maintained at 37 °C in a humidified 
atmosphere with 5% CO2.

Cytotoxic activity

Cytotoxicity of 3 and 4 was tested against COS-7, HCT-15, 
K562 MCF-7, PC-3, SK-LU-1, and U-251 cell lines by the 
sulforhodamine B (SRB) assay. Cells were seeded in a 96-well 
plate and incubated with compounds for 48 h, after cell mon-
olayers were fixed by adding cold trichloroacetic acid (50% 
wt/v) to each well directly to the medium supernatant and 
incubated for 1 h at 4 °C, after that time the plates were gently 
washed with water and dried at room temperature. To cell dye, 
100 μL of SRB (0.4% wt/v) was added to each well, left at 
room temperature for 30 min, and then washed with acetic acid 
(1% v/v) to remove the unbound dye and dried at room condi-
tions. Protein-bound was solubilized by adding 100 μL tris 
base solution (10 mM) and shaking on an orbital shaker for 10 
min. The absorbance was obtained at 515 nm in a microplate 
reader (SYNERGY HT, BioTek). The dose–response curve 
was plotted for each most active compound and the IC50 was 
estimated from linear regression. The results express the mean 

Table 1   Crystallographic data and structural refinement details for 1–4 

1 2 3 4

Chemical formula C112H172Cu8N24O78V8 C58H76Cu2N8O18V2 C58H76Cu2N8O18V2 C16H20CuClN3O4

FW 4018.57 1402.25 1402.22 417.34
T(K) 130 130 130 130
λ (Å) 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group P1 P1 P1 P2

1
∕n

a (Å) 13.4073(5) 10.5096(5) 13.5951(5) 6.9366(5)
b (Å) 16.0172(6) 11.4461(5) 15.5897(13) 22.8465(10)
c (Å) 20.5849(6) 12.6380(4) 17.2372(4) 11.0420(18)
α (°) 89.109(3) 103.244(3) 111.935(7) 90
β (°) 72.735(3) 113.573(4) 108.462(5) 104.956(11)°
γ (°) 68.370(4) 90.052(4) 99.342(5) 90
V (Å3) 3902.1(3) 1349.03(11) 3044.3(4) 1690.6(3)
Z 1 1 2 4
Dcalc. (mg/m3) 1.710 1.733 1.530 1.640
Reflections collected 76,992 13,714 37,598 8249
Independent reflections 14,239 [R(int) = 0.0568] 2945 [R(int) = 0.0761] 2945 [R(int) = 0.0507] 3973 [R(int) = 0.0314]
GOF on F2 1.076 1.045 1.106 1.198
Final R indices [I > 2sigma(I)] 0.0672 0.0620 0.0546 0.0346
wR2 (all data) 0.2046 0.1377 0.1524 0.1010
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IC50 ± SEM obtained from three independent experiments per-
formed at 48 h.

Lipid peroxidation experiments

Animals

Adult male Wistar rats (200–250 g) were provided by the 
Instituto de Fisiología Celular, UNAM. Adult male Wistar 
rats were approved by the Animal Care and Use Committee 
(NOM-062-ZOO-1999). They were maintained at 25 °C on a 
12/12-h light–dark cycle with free access to food and water.

Rat brain homogenate preparation

The animal euthanasia was carried out avoiding unneces-
sary pain. Rats were euthanized with CO2. The cerebral tis-
sue (whole brain) was rapidly dissected and homogenized 
in phosphate buffered saline (PBS) solution (0.2 g KCl, 0.2 
g KH2PO4, 8 g NaCl and 2.16 g NaHPO4·7H2O L−1, pH 
adjusted to 7.4), as reported elsewhere to produce a 1/10 
(w/v) homogenate [69]. Then, the homogenate was centri-
fuged for 10 min at 1100g (ca. 3400 r.p.m.) to yield a pellet 
that was discarded.

Protein content in brain supernatant solutions

The protein content in brain supernatant solutions was meas-
ured using the Folin and Ciocalteu’s phenol reagent [70] and 
adjusted to 2.66 mg protein mL−1 with PBS solution.

Induced lipid peroxidation

All experiments were conducted in ice bath. Superna-
tant solution (375 µL, 2.66 mg protein mL_1) were added 
together with 50 µL of 20 µM EDTA and 50 µL of PBS 
solution to microtubes. The brain contains high levels of 
Fe that induce lipid peroxidation (LP) by its own right [71]. 
Adding EDTA to all samples served the purpose of chelat-
ing iron originally present in the brain homogenates. Then, 
25 µL aliquots of compounds in 50% methanol were added 
to microtubes. Final concentrations of test compounds are 
reported in supporting material (Fig. S20). Final concen-
tration of protein and EDTA were 2 mg mL−1 and 2 µM, 
respectively. Then, the mixture was incubated at 37 °C for 
3 h in a Lab Line Titer Plate Shaker Model 4265 at 1.5 con-
stant shaking speed.

Thiobarbituric acid reactive substances (TBARS) 
quantification

A modified method described elsewhere for TBARS 
quantification was used [72]. The method is based on the 

reaction of malondialdehyde (MDA), a product of LP [73], 
and other TBARS (substances formed in the course of the 
reaction that reacting with TBA give an adduct whose 
spectrum is identical with that obtained from MDA stand-
ard [74] with TBA in a 1:2 M ratio on heating to give a 
red adduct whose concentration is related to the extent of 
LP [74]. A 1% (w/v) TBA solution in 0.05 N NaOH was 
prepared and mixed with 30% (w/v) TCA in 1:1 propor-
tion. A half-mL aliquot of the TBA reagent was added to 
each microtube. The tubes were cooled on ice for 10 min, 
centrifuged at 13400 g for 5 min, and finally heated at 
95 °C for 30 min. The tubes were allowed to reach ambi-
ent temperature. Two-hundred microliters aliquots of the 
supernatant solution were separated for analysis. The 
content of TBARS in the suspensions was determined by 
optical density at λ = 540 nm using a Bio-Tek Synergy HT 
Microplate Reader. The concentrations of TBARS were 
calculated by interpolation from an experimental stand-
ard curve determined for tetramethoxypropane (TMP) 
as described elsewhere [75]. All data were represented 
as mean ± standard error. One-way ANOVA followed by 
Dunnett’s test for comparisons against control were con-
ducted for data analyses.

Wound healing assay

To check the effect of 3 and 4 on cancer cell migration, 
wound-healing assay was performed in MCF-7, PC-3, 
and SK-LU-1 cell lines. The cells were seeded in 24-well 
plates at a density of 2 × 105, 1 × 105, and 2.1 × 105 cells 
per well, respectively, and then cultured for 48 h (38 °C 
and 5% CO2) to reach 90–100% confluence. An artificial 
space was generated in the cell monolayer using a 200 μL 
micropipette tip. Floating cells were removed by washing 
with PBS. Subsequently, the cells were cultured with a new 
medium supplemented in the absence and presence of the 
copper complexes at a concentration of 5 μM, using mitox-
antrone (MTX) as a positive control at 0.5 μM. Images 
were captured by an inverted microscope (DIAPHOT 300 
Nikon®, Japan) with a digital camera (AmScope MD500) 
at 0, 24, and 48 h of treatment. Wound areas were obtained 
using ImageJ software's polygon selection and 'Measure' 
tool. The relative migration rate (%) was calculated using 
the following equation:

Experiments were carried out in triplicate, and a two-
way ANOVA obtained significance with Tukey’s multiple 
comparisons tests.

Relative migration ratio (%)

=
(wound area 0 h − wound area 24 or 48 h)

wound area 0 h
× 100.
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Results and discussion

Synthesis strategy

Self-assembly of polyoxovanadates relies on the pH 
as one of the most critical parameters to consider dur-
ing the synthetic process [19, 34, 76]. For 1–3, the pH 
chosen was basic (~ 9) to obtain the cyclic tetravanadate 
[V4O12]4− anion, which is stable at pH > 8. At neutral 
or acidic pH values, the predominant polyoxovanadate 
is the orange-colored decavanadate [V10O28]6− cluster 
[23, 24, 77, 78]. However, considering the nature of the 
ligands used in this work, it is more feasible to stabilize 
[V4O12]4− to avoid protonation of the amino acid co-
ligands. 4,4′-dimethoxy-2,2′-bipyridine (dmb) was used in 
the synthesis of 1 and 2, while 2,9-dimethyl-1,10-phenan-
throline (dmp) was employed for 3. These neutral ligands 
stabilize copper(II) complexes in a wide pH range forming 
stable 5-membered chelate rings [79, 80]. The essential 
amino acids used in this work to form the mixed com-
plexes are glycine and lysine, which behave differently 
at basic pH due to their acid–base properties, a feature 
exploited in this work.

In this context, the isoelectric point (IP) of glycine is 
5.96 [81], so at basic pH the α-carboxylic group is depro-
tonated (COOH → COO−) and can be accessible to the 
Cu2+ ion, contributing with a negative charge to the com-
plex as a glycinate, as indeed occurs in 1. Despite working 
at a strongly basic pH value (around 9), we did not observe 
the formation of homoleptic copper glycinate [CuII(Gly)2], 
revealing that the use of dmb as co-ligand is also a key fac-
tor for the design of the mixed complex [Cu(dmb)(Gly)]+ 
(see Fig. 2). Lysine has an IP of 10.53 [82], making it an 
ideal bidentate ligand for metal ions at basic pH because 
the amino acid exists as a zwitterion; in other words, the 
α-carboxylic group is deprotonated—accessible to Cu2+ 
ion—and the amino group of the side chain is protonated. 
In this configuration, the molecule does not contribute 
with any charge to the coordination moiety, affording 
[Cu(dmb)(Lys)]2+. Thus, the basic pH facilitated the for-
mation of the tetravanadate [V4O12]4− cluster from the pre-
cursor NaVO3, and simultaneously the formation of the 
copper(II) chelates in 1–3.

Replacement of dmb with dmp to get the mixed 
copper(II) complexes with glycine or lysine leads instead 
to 3, where the tetravanadate [V4O12]4− anion behaves 
as a non-coordinating counterion of two homoleptic 
[Cu(dmp)2]2+ units (Fig. 2). Efforts to get the mixed-ligand 
complexes with the corresponding amino acids at basic pH 
were unsuccessful, indicating that dmp enforces forma-
tion of homoleptic copper(II) entities [83, 84]. The bulky 
methyl groups in ortho position to the nitrogen atoms of 

dmp likely prevent coordination of the metal center to the 
[V4O12]4− anion observed in 1 and 2, promoting the stabil-
ity of the complex salt.

Considering these results, we conducted the reaction at a 
slightly acidic pH (around 6), expecting that other vanadium 
oligomeric species, such as the [V10O28]6− anion, would be 
formed in the presence of dmp, thus affording variation of 
polyoxovanadate cluster. Instead, this approach favored the 
formation of blue single crystals that revealed a structure 
corresponding to a mixed-ligand copper complex containing 
no vanadium-containing counterion upon analysis. Further-
more, the complex obtained (4) allowed us to compare its 
properties with those of tetravanadate-containing systems.

Crystal structure description

Compound 1 crystallized in the triclinic space group P1 
(Table 1) with three copper(II) complexes in the asymmetric 
unit, i.e., two complex cations [Cu(dmbp)(Gly)(H2O)]+ with 
a similar structural pattern and a heterobimetallic Cu-V coor-
dination compound {[Cu(dmb)(Gly)]2[V4O12]}2− (Fig. 3). 
This arrangement can be rationalized from detailed analysis 
of its structural features.

In the cations present in the asymmetric unit, the gly-
cinate anion stabilizes the Cu(II) ions (Cu1A and Cu1B) 
with a negative charge via the deprotonated COO− group. 
In contrast, the dmb molecules are coordinated in a neutral 
fashion to the same metal ion. These two ligands occupy 
the basal plane of the square pyramidal (SPY) environment 
around Cu1A and Cu1B, whereas a tetravanadate oxygen 
atom occupies the apical position. A detailed environmen-
tal analysis using continuous shape measurements (CShMs) 
with the SHAPE program [85] confirms the low distortion 
concerning the reference polyhedron (SSPY = 0.984 and 
0.981, see Table S1). Therefore, the two Cu(II) complexes 
linked to the tetravanadate [V4O12]4− cluster stabilize this 
group with a positive charge each, forming the anionic 
entity {[Cu(dmbp)(Gly)]2[V4O12]}2−. Interestingly, this unit 
is electrostatically stabilized in the lattice by two discrete 
copper complexes [Cu(dmbp)(Gly)(H2O)]+, generating the 
complete neutral asymmetric unit. A set of solvent water 
molecules placed in general positions complete the molecu-
lar formula of 1, {[Cu(dmbp)(Gly)]2[V4O12][Cu(dmbp)(Gly)
(H2O)]2}·10H2O.

In both Cu1C and Cu1D, the metal ions are bound to 
the chelating dmb ligand, the glycinato anion through the 
α-amino and carboxylate functional groups, and to one 
coordinating water molecule. In Cu1D, where the square 
pyramidal base is defined by N1D/N2D/N3D/O1D atoms, 
the copper ion is displaced 0.136 Å out of the mean plane 
formed by these basal atoms, with bond lengths in the 
range of 1.960(4)–2.010(5) Å. For the Cu1C unit, the cop-
per–ligand distances lie in the range of 1.968(5)–2.010(5) 
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Å and Cu1C is situated slightly above the N1C/N2C/N3C/
O1C plane with a distance of 0.078 Å. In both complexes, 
a coordinating water molecule defines the apical position 
with Cu–Ow distances of 2.311(5) and 2.281(5) Å for Cu1C 
and Cu1D, respectively. Table S2 summarizes the distances 
around copper(II) ions for all compounds.

A detailed analysis with SHAPE program (Table S1) 
reveals that probably due to the longer Cu–Ow distance, 
the environment around Cu1C is best described as a vacant 
octahedron (vOC) in terms of its less distortion concerning 
that reference polyhedron (SvOC = 1.121 vs. SSPY = 1.193). 
At the same time, Cu1D better fits a square pyramid (SPY) 
environment (SSPY = 0.889). The square pyramidal coordina-
tion environments have an angular structural parameter (τ5) 
of 0.061 for Cu1C and 0.081 for Cu1D, reflecting a limited 
distortion toward the trigonal–bipyramidal geometry [86]. 
In short, and as shown in the inset of Fig. 3, these cationic 
complexes have very similar structural details.

The heterometallic molecule comprises the linkage 
to the [V4O12]4− ion with the paramagnetic [Cu(dmbp)
(Gly)]+ units to yield [Cu(dmbp)(Gly)]2[V4O12]. The 
polyoxovanadate comprises four vertex-sharing tetrahe-
dral {VO4} units, generating a cyclic motif with a chair-
type conformation [34, 87]. The vanadium atoms and the 
bridging oxygen form a square-like {V4O4} ring, as rep-
resented in the inset of Fig. 1. Comparison of [Cu(dmbp)
(Gly)]2[V4O12] with the universe of known inorganic 
crystal structures is most easily performed by reading the 
CIF into Mercury and executing the CSD System/Mogul 
Geometry Check [88, 89]. In this case, the bond distances, 
angles, and all of the torsion angles of the tetravanadate 

were not unusual (enough hits), indicating that they fall 
within the customarily expected ranges. On the other hand, 
the O atoms from the bridging [V4O12]4− unit define the 
apical positions of the [Cu(dmbp)(Gly)]+ entities with 
Cu1A–O2 and Cu1B–O8 distances of 2.267(4) and 
2.269(4) Å, respectively.

In the crystal structure, the [Cu(dmbp)(Gly)]2[V4O12] 
complexes are packed such that intermolecular interactions 
are favored between the metal ions and the O atoms from 
adjacent COO− groups with Cu1A⋯O2B and Cu1B⋯O2A 
distances of 3.080 and 3.175 Å, respectively (Fig. S1). These 
contacts are common when the Jahn–Teller effect prevents 
octahedral symmetry, avoiding the formation of coordina-
tion polymer structures but allowing contacts between the 
carboxylate oxygen donor and the metal centers [34]. These 
interactions occur between symmetry-related complexes 
stacked along the a-axis and bring about infinite supramo-
lecular {[Cu(dmbp)(Gly)]2[V4O12]}n chains that can give 
rise to magnetic interactions: relatively short Cu1A⋯Cu1B 
distances of ca. 5.10 Å are established along the pathway 
derived from this packing scheme (Fig. S1, inset).

Solid-state characterization of 2 (Fig.  4) provides 
insight into the structural differences that arise when a dif-
ferent amino acid is used, keeping the dmb ligand intact. 
Lysine has two acid–base (titratable) groups [82], and its 
zwitterionic nature results in significant structural effects. 
Compound 2 crystallizes in the enantiomorphic P1 space 
group (Table 1). As in 1, the asymmetric unit matches 
its molecular formula, which consists of [Cu(dmb)
(Lys)]2[V4O12]·8.5H2O, where the [V4O12]4− anion serves 
as a bridge between two [Cu(dmb)(Lys)]2+ coordination 

Fig. 3   Asymmetric unit of 1 
with displacement ellipsoids 
for non-H atoms at 50% prob-
ability level. The inset shows 
the overlay between Cu1B and 
Cu1D entities
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units. The two crystallographically independent copper(II) 
ions balance the charge of the vanadium system.

In this crystal structure, copper(II) ions bound to poly-
oxovanadate exhibit a distorted square pyramidal geometry 
as confirmed by CShMs, with SSPY = 0.892 and 1.447 for 
Cu1 and Cu2 (Table S1), with the N donors of dmp and 
the N and O atoms of the α-amino acid coordinated in the 
basal plane. A tetravanadate O atom defines the apical 
position of both metal ions (Fig. 4). The basal distances 
differ slightly from 1, ranging from 1.926(15) to 2.001(8) 
for Cu1, and 1.947(7) to 2.007(9) Å for Cu2 (Table S2). 
Moreover, the distortion around the copper ions is more 
pronounced than in 1 due to a structural effect of the side 
chain of the lysine molecule and to the occupational disor-
der of the COO− group around Cu1. Regarding the apical 
positions, the Cu–O distances are 2.306(8) Å for Cu1–O12 
and 2.223(13) Å for Cu2–O6. Again, the copper ions inter-
act with the O atoms from the carboxylate group of an 
adjacent molecule in the crystal lattice, which can poten-
tially contribute to the magnetic behavior.

The molecules of [Cu(dmbp)(Lys)]2[V4O12] are further 
held through π–π stacking interactions between the aro-
matic rings of dmb, forming layers parallel to the bc plane. 
The centroid–centroid distances between these systems are 
3.460 Å for N1/N6 and 3.497 Å for N2/N5. This arrange-
ment gives rise to two intermolecular Cu⋯O interactions 
with distances of 3.178 Å and 3.449 Å for Cu1⋯O18 and 
Cu2⋯O14, respectively (see expanded view of Fig. S2). 
In this scheme, the Cu1⋯Cu2 separation is 5.180 Å, of the 
same order as that observed in 1 in such a way that similar 
magnetic behavior may be expected.

Compound 3 crystallizes in the triclinic space group 
P1 , with a high content of crystallization water molecules. 
Unlike 1 and 2, where [V4O12]4− acts as a monodentate 
ligand, in 3 it acts as a counterion to balance the positive 
charge of two symmetrically non-equivalent copper(II) 
homoleptic [Cu(dmp)2]2+ complexes (Fig. 5). According to 
the geometry index τ4 introduced by Yang et al. [90] as an 
extension of the τ5 parameter, values of 0.65 and 0.67 are 
obtained for Cu1 and Cu2, respectively—for a perfect tet-
rahedral geometry τ4 equals 1.00; while for an ideal square 
planar geometry, it corresponds to 0—indicating that the 
coordination environment around the copper ions consists 
of a distorted tetrahedral geometry. CShMs confirm this 
(Table S3), with the closest reference polyhedron for the 
metal centers being a tetrahedron (Td), although both are 
highly distorted (STd = 6.480 and 6.678, respectively, for 
Cu1 and Cu2).

The geometric constraints imposed by the methyl sub-
stituents of the neocuproine backbone prevent the planar 
geometry. In particular, the dihedral angles between the 
planes defined by the copper center and each set of nitro-
gen atoms of the neocuproine ligands are 71.95(11)° for 
Cu1 and 75.00(12)° for Cu2. These values differ from the 
dihedral angles of 58.45° and 62.38° measured for the 
previously reported complexes [CuII(dmp)2](ClO4)2 and 
[CuII(dmp)2](BF4)2, respectively [91, 92]. On the other 
hand, the Cu–N distances fall in the range of 2.032(3) 
Å–2.050(3) Å for Cu1 and 2.047(3) Å–2.062(3) Å for 
Cu2 (Table S2), which are comparable to those observed 
for [CuII(dmp)2][CF3CO2], [CuII(dmp)2][BF4]2 and 
[CuII(dmp)2][ClO4]2 [93].

Fig. 4   Crystal structure of 2 
with displacement ellipsoids for 
non-H atoms at 50% probability 
level. Water molecules are omit-
ted for clarity
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The dicationic [Cu(dmp)2]2+ has been crystallized with a 
series of counterions; however, according to a CSD search 
for substructures containing this cation, there are only three 
reported compounds forming salts with this complex cation, 
having been co-crystallized with the anions ClO4

−, BF4
−, 

and CF3CO2
− [91–93]. Six more structures contain a solvent 

molecule (i.e., MeCN, H2O, or MeOH) incorporated into the 
coordination sphere of pentacoordinate complexes [83, 94, 
95]. In contrast, there are 58 structures with the [Cu(dmp)2]+ 
monocation, indicating that the neocuproine ligand stabi-
lizes copper in a low oxidation state [83, 96–99]. In the case 
of 3, this reduction may be hampered by the high stability 
conferred by the [V4O12]4− anion to the [Cu(dmp)2]2+ units.

Crystal packing results in symmetrically non-equivalent 
[Cu(dmp)2]2+ stacked and interacting through π–π contacts 
between two central rings of the neocuproine ligands with 
equal distances of 3.679 Å (Fig. S3). In this arrangement, 
the intermolecular Cu1⋯Cu2 distance is 6.76(7) Å, which 
may be considered very large to allow a strong magnetic 
interaction.

Finally, compound 4 crystallizes in the monoclinic space 
group P21∕n with four complexes in the unit cell. Accord-
ing to the value of τ5 = 0.13 [86] calculated for 5-coordinate 
structures, the geometry around copper(II) best fits a dis-
torted square-based pyramid in which the metal ion is coor-
dinated to the nitrogen atoms of dmp, and N,O-donor sets of 
the glycinate anion in basal positions, while a chloride ion 
completes the apical position (Fig. 6). CShMs support the 
previous conclusion by showing the least distortion concern-
ing SPY (SSPY = 1.904; Table S1). The Cu–N and Cu–O dis-
tances are in the range of 2.014(2)–2.271(2) and 1.9530(19), 

respectively, while the Cu–Cl distance is elongated with a 
distance of 2.309(7) Å.

It is quite possible that the glycinate ion's coordination 
mode and the chloride ion's presence in the inner coordi-
nation sphere confer stability to 4, preventing the incor-
poration of the [V4O12]4-/[V10O28]6− species into the crys-
tal lattice. Reviewing the supramolecular structure with 
the graph-set [100] menu available in Mercury, the presence 
of chains between two complexes with an intermolecular 
N–H⋯O distance of 2.83 Å that extends along the crystal-
lographic c-axis is evident. The dmp molecules are packed 
through π–π interactions with a centroid–centroid distance 
of 3.561 Å between two symmetry-related [Cu(dmp)(Gly)
Cl] systems (Fig. 6, inset). The Cu⋯Cu distances are longer 
than in the previous compounds due to the presence of voids 
filled by lattice water molecules, which push away the com-
plex molecules. In this sense, the shortest Cu⋯Cu distance 
is 8.66 Å, making any magnetic interaction unlikely.

Vibrational spectroscopy

The vibrational spectra of complexes 1–4 are shown in 
Fig. S4. Generally, the bands in the high-frequency region 
(3400‒2900 cm−1) are not metal-sensitive since they origi-
nate in the heterocyclic or aromatic ring of the organic 
backbones. Therefore, the IR spectra description focuses on 
the low-frequency region, where ν(M‒N) and other metal-
sensitive vibrations appear [101]. Thus, we can observe 
certain similarities in the spectra of 1–3 from 1000 to 400 
cm−1 that correspond to intense ν(V–O) vibrations of the 
cyclo-[V4O12]4− anion with overlapping ligand vibrations in 

Fig. 5   Part of the crystal structure of 3 with displacement ellipsoids for non-H atoms at 50% probability level. Water molecules are omitted for 
clarity
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the same frequency region [102]. Likewise, the IR spectra 
of 1 and 2 are very similar in the region of 1600‒1200 cm−1 
since the heterocyclic ligand is the same for both complexes; 
this is also the case for the asymmetric and symmetric vibra-
tions of the COO‒ moiety from the corresponding amino 
acids.

The coordination mode of carboxylates can be inferred 
from the separation of the bands placed at different fre-
quencies (i.e., Δν = COas‒COs) relative to those of the free 
carboxylate ion [101]. In this context, the glycinate ion in 
1 exhibits νas(COO‒) and νs(COO‒) at 1607 cm−1 and 1390 
cm−1, respectively (Δν = 217), while the lysinate donor in 
2 displays these vibrations at 1605 cm−1 and 1395 cm−1, 
respectively (Δν = 210). These values correlate with a 
monodentate coordination fashion by the carboxylate group, 
which agrees with the X-ray diffraction data for both com-
plexes. On the other hand, the 1660–990 cm−1 frequency 
region in 3 is quite different from that of compounds 1 and 
2 due to the neocuproine presence and the missing amino 
acid [103, 104]. This spectral region is mainly associated 
with the stretching vibrations of dmp ν(C=C) and ν(C=N) 
around 1500–1400 cm−1 and with the bending vibrations of 
the δ(C‒H) in the region of 1400–1000 cm−1.

Naturally, for 4 we did not observe the intense stretching 
and bending vibrations typical for oligomeric vanadium(V) 
species. However, besides serving as a model to differenti-
ate the vanadate vibrations from the ligands forming the 

complexes in the low-frequency region, we can also visually 
compare the organic scaffolds vibrations of this compound 
with the compounds 1–3 in the 1600–1000 cm−1 region and 
draw some conclusions. IR spectroscopy is insufficient to 
distinguish the tetravanadate binding mode in the free spe-
cies, undoubtedly a consequence of the high rigidity of the 
anion and packing effects.

EPR spectroscopy

The g⊥ and g‖ values observed in the EPR analysis of 1–4 are 
within the expected ranges considering their coordination 
environments (Table 2) [29, 105, 106]. Compound 1 shows 
an EPR spectrum with axial symmetry, which is expected for 
copper(II) species with a square-based pyramidal geometry 
(Fig. S5a), where g‖ > g⊥ and a dx

2
─y

2 ground state. How-
ever, an important feature observed is the absence of the 
hyperfine interaction of the metal ion (A). This behavior can 
be attributed to possible dipole–dipole interactions between 
the molecules in the solid state and the spin relaxation rate 
[106–108]. This results in a broadened signal without the 
typical hyperfine splitting. Considering the short Cu⋯Cu 
intermolecular interactions observed in the crystal packing 
of 1, the geometrical parameter (G) was calculated to deter-
mine the exchange interaction between these metal centers 
through the following equation:

Fig. 6   Crystal structure of 4 
with displacement ellipsoids for 
non-H atoms at 50% probabil-
ity level. The inset shows the 
packing of the molecules in the 
lattice, highlighting the stacking 
between the heterocyclic ligands 
(magenta dashed lines) and the 
NH⋯O hydrogen bonds (orange 
dashed lines)
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Exchange coupling influences the line shape of the EPR 

spectra. Values of G > 4.0 indicate negligible interaction, 
while values < 4.0 correspond to exchange coupling [109]. 
For 1, the G value is 3.38, indicating that an exchange inter-
action occurs, contributing to broadening in the EPR signal. 
Although 2 shows an isotropic signal, the simulated EPR 
spectrum indicates an axial symmetry with an estimated 
value of g‖ similar to the experimental value observed for 
4 (Table 2, Fig. S5b). Meanwhile, compound 3 presents an 
EPR spectrum with a low absorption intensity and a dif-
ferent behavior to those observed for 1 and 2 (Fig. S5c). 
These may be due to a decrease in the spin population due to 
metal-centered redox processes promoted by dmp, and anti-
ferromagnetic interactions (see magnetic properties section) 
between the copper complexes, decreasing the magnetic 
moment between two paramagnetic centers, thus impacting 
the intensity of the EPR spectra [108].

Finally, as noted in Fig. S5d, the EPR spectrum of 4 
shows the typical shape for an axial symmetry with a vis-
ible hyperfine interaction in g‖, between the unpaired elec-
tron and the magnetic nucleus of the Cu(II) ion. Although 
coupling to the S = 1 nitrogen atoms appears to be present 
in the perpendicular region, determination of the AN value 
was precluded by its complex shape. It is important to note 
that 4 crystallized in the absence of the [V4O12]4− system, 
so it can be assumed that the presence of the tetravanadate 
affects the total magnetic moment of the paramagnetic cent-
ers by decreasing the splitting pattern and signal intensity. 
This behavior was observed in copper(II) complexes with 
similar structural features [29].

Magnetic properties

The magnetic properties of these copper(II) complexes were 
studied by measuring their variable-temperature dc suscep-
tibility (in the 300–1.8 K range) and isothermal magnetiza-
tion curves of polycrystalline samples. At room tempera-
ture, all compounds show higher values of the χMT product 
(0.461, 0.450, 0.486, and 0.547 cm3 mol−1 K, respectively, 
for compounds 1, 2, 3, and 4) than the value estimated for 

G =
(

g∥ − 2.0023
)

∕
(

g
⊥
− 2.0023

)

. an uncoupled Cu(II) ion with g = 2.01 (0.375 cm3 mol−1 K), 
meaning that the latter the gyromagnetic parameters are 
substantially higher, especially for compound 4. For com-
parative purposes, the χMT versus T curves are plotted per 
copper(II) ion, i.e., using their chemical formulae with only 
one copper(II) atom (Fig. 7). Upon cooling the samples, 
the χMT product remains almost unchanged as expected for 
these complexes consisting of isolated entities, with only 
a slight increase (for 1 and 2) or decrease (for 3 and 4), in 
good agreement with the aforementioned weak interactions 
expected from their crystal structures.

Starting with compounds 1 and 2, the increase observed 
in the χMT product below 30 K up to 1.915 and 0.921 cm3 
mol−1 K for 1 and 2 (considering that compound 1 con-
tains four crystallographically independent Cu(II) centers, 
whereas 2 contains only two), is indicative of weak but dom-
inant ferromagnetic exchange interactions. Such behavior in 
these compounds is reinforced by the magnetization curves 
recorded at low temperatures (Figs. S6, S7), which describe 
a rapid increase of the magnetization in the 0–3 T range for 
both compounds, whereas saturation is almost achieved at 6 
T and 2 K, reaching values of 4.38 and 2.14 NμB. Therefore, 
since compound 2 possesses twice the number of Cu(II) ions 

Table 2   Experimental and 
simulated data from EPR 
spectra of 1–4 at 77 K

*The superhyperfine interaction values that could not be determined due to their complexity

Compound Experimental data Simulated data

g⊥ A⊥ g‖ A‖ G g⊥ A⊥ g‖ A‖

1 Solid state 2.06 – 2.21 – 3.38 2.05 – 2.23 –
2 Solid state 2.09 – – – – 2.07 – 2.27 –
3 Solid state 2.11 – – – – 2.10 – 2.27 13.10
4 Methanol solution 2.05 * 2.27 16.59 4.68 2.05 * 2.27 16.59

Fig. 7   Magnetic susceptibility curves for compounds 1–4 in the range 
of 1.8–300 K
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per formula unit, the magnetization curves may be consid-
ered practically identical.

Similar ferromagnetic behavior observed in both com-
pounds is not surprising considering the presence of carbox-
ylate-bridged {Cu2} dimers. All the bridges possess carbox-
ylate groups with anti(equatorial)-syn(axial) coordination 
modes (with one of the carboxylate oxygen atoms occupying 
the equatorial plane of the SPY and the other semicoordi-
nated to the apical position), at Cu(II)⋯Cu(II) distances of 
5.1–5.2 Å. The unpaired electron is located in the equato-
rial plane (dx

2
─y

2 or dxy orbitals) as corroborated by CAS-
SCF-NEVPT2 calculations performed over all the crystal-
lographically isolated SPY environments of compounds 1 
and 2 (vide infra). Under such scheme, the poor overlap 
between the magnetic orbitals of adjacent Cu(II) ions of the 
dimers that governs the antiferromagnetic component of the 
exchange interaction is expected to result in dominant fer-
romagnetic coupling [110]. Previous compounds containing 
such Cu‒O‒C‒O‒Cu bridges have shown weak ferromag-
netic behavior [111–113].

To estimate the exchange coupling of these compounds, 
the variable-temperature and magnetization curves were 
simultaneously fitted through the PHI program [114], con-
sidering all the equivalent superexchange pathways existing 
in each compound (double bridges between Cu1A⋯Cu1B 
and Cu1C⋯Cu1D in compound 1 and the superexchange 
Cu1⋯Cu2 bridge in 2). The best fits were achieved with the 
set of parameters shown in Table 3 (see Figs. S2, S3). Note 
that isotropic g values could only be fitted to avoid overpara-
metrization. Compound 1 presents more significant anisot-
ropy and ferromagnetic coupling than 2, which is probably 
a consequence of the shorter Cu⋯Cu distance and greater 
overlap of the magnetic orbitals (Cu1A⋯Cu1B in 1 is 5.10 
Å and Cu1⋯Cu2 separation in 2 is 5.180 Å).

In the case of compounds 3 and 4, the low-temperature 
drop of the χMT product suggests their antiferromagnetic 
character. Such behavior is much more pronounced for 3, 
where the product decreases suddenly from 1.0 at 30 K to 
0.65 cm3 mol−1 K at 2 K (considering two Cu(II) ions per 

formula unit). The M(H) curves also reflect the antifer-
romagnetic ordering on the more gradual increase of the 
magnetization according to the increasing field compared 
to previous compounds. In good agreement, a higher value 
of the coupling constant is estimated for the combined 
fitting of χMT(T) and M(H) plots with PHI for 3 relative 
to 4 (Table 3 and Figs. S8, S9). Moreover, the Cu(II) ions 
in 3 appear to possess high magnetic anisotropy given the 
significant value obtained for the giso parameter, which 
may be derived from the highly distorted coordination 
environment of the two symmetrically independent ions.

We performed a series of computational calculations 
using various theoretical approaches to corroborate the 
previous results further. CASSCF-NEVPT2 calculations 
were conducted over models of all monomeric complexes 
grown upon the symmetrically independent Cu(II) ions 
of the compounds (4 fragments based on Cu1A, Cu1B, 
Cu1C, and Cu1D in 1; 2 fragments based on Cu1 and Cu2 
for both 2 and 3; and one fragment for Cu1 in 4, Figs. 
S10–S16). Although the value of the g parameter is over-
estimated in all cases, especially for 3, it describes all the 
systems adequately. Moreover, two different computational 
strategies were performed to estimate the value and nature 
of the coupling constant of the exchange interactions in 
the structures.

First, the broken-symmetry approach implemented in 
ORCA, using appropriate models to reproduce the more 
probable superexchange pathways described for each crys-
tal structure was employed. As summarized in Table 3, 
the calculated data reproduce fairly well the nature of the 
exchange interaction and its magnitude in most cases, 
although the method underestimates the highest inter-
action found in 3 as it has been previously observed for 
similar Cu(II) complexes [115]. As observed in the spin-
density surfaces for the superexchange pathways of 1 and 
2 (Fig. S17a, b), it has the shape of a dx

2
-y

2 orbital, in 
good agreement with the expected location of the unpaired 
electron density. Moreover, the spin could be transferred 
through the semicoordinated carboxylate oxygen atoms of 
the Gly/Lys ligands.

Concerning the antiferromagnetic interaction in 3, 
the spin-density extends over the N-containing rings of 
neighboring dmp ligands that participate in π–π stacking 
(Fig. S17c), so that the exchange interaction may proceed 
through such interaction as supported by other Cu(II)-
based complexes [116, 117]. Finally, the weak antiferro-
magnetic interaction in 4 can also be explained by the 
long Cu⋯Cl contacts occurring between adjacent com-
plexes in view of the spin-density phase shared by both 
atoms (Fig. S17d). These exchange interactions have also 
been studied by the PolyAniso software implemented in 
ORCA (see results in Table 3 and employed models in 
Figs. S13–S15). These results confirm the experimentally 

Table 3   Best-fitting and computational results obtained from the 
analysis of magnetic data of all compounds

Compound Experimental 
fitting

Computational data

giso J (cm−1) CASSCF-NEVPT2 
(giso)/polyaniso J 
(cm−1)

BS com-
puted J 
(cm−1)

1 2.17(3) 0.11/0.07 2.22/0.36 0.11/0.19
2 2.18(2) 0.03 2.23/0.07 0.03
3 2.32(5)  − 0.75 2.44/− 0.12  − 0.53
4 2.20(3)  − 0.09 2.27  − 0.07
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observed nature of the magnetic interactions among neigh-
boring Cu(II) complexes, although the magnitudes are not 
as accurate as those calculated by the broken-symmetry 
approach.

Stability studies

Copper(II) complexes can be labile and exchange ligands 
under solution to more thermodynamically stable species 
[118]. Therefore, the inner coordination sphere observed 
in the solid state may not be present in the solution, where 
the complexes exert their biological actions [119]. To ana-
lyze the stability of complexes 3 and 4, we have performed 
UV–Vis studies over time in the DMEM-F12 culture 
medium supplemented with 10% fetal bovine serum (FBS) 
used in the cytotoxicity profiles. The UV–Vis spectra of 
3 and 4 show two peaks in the UV region with maximum 
intensities at 260 and 310 nm, which are assigned to the 
dmp ligand (Fig. S18) [84, 120]. For both compounds, we 
observed an absorption band centered at 450 nm, assigned 
to the metal-binding charge transfer of the reduced species 
[Cu(dmp)]+; this absorption band has been used elsewhere 
to monitor the formation of dmp-copper systems. This 
result could indicate the formation of [Cu(dmp)2]+ from 4 
in the culture medium.

To support this hypothesis, we performed electrospray 
ionization mass spectrometry (ESI/MS) on fresh and aged 
samples over 2 months at room temperature (Fig. S19). 
For complex 3, we identified the fragment correspond-
ing to the homoleptic species [Cu(dmp)2]+ in both the 
fresh and aged samples at m/z = 479.5, indicating that 
the dmp-copper system is sufficiently stable over time. 
ESI/MS of compound 4, both fresh and aged samples, 
showed the presence of the [Cu(dmp)(Gly)]+ fragment at 
m/z = 345.1 and m/z = 345.3, respectively. However, we 
also observed two peaks in the fresh sample correspond-
ing to the [Cu(dmp)2]+ at m/z = 479.1 and [Cu(dmp)2Cl]+ 
at m/z = 514.0, indicating the formation of dmp-Cu(I) 
adducts and the formation of [Cu(dmp)2]+ by speciation 
of 4. The difference in cytotoxicity of both systems (see 

below) indicates that at the biological level, both com-
pounds act differently, which can be explained by the pres-
ence of tetravanadate in 3.

In vitro antiproliferative screening of 3 and 4

The first study to explore the in vitro cytotoxic activity of 
water-soluble 3 and 4 was performed at 1 µM in a panel of 
six human cancer lines, i.e., glia (U-251), prostate (PC-3), 
leukemia (K562), colon (HTC-15), breast (MCF-7), lung 
(SKLU-1), and a comparative non-cancerous monkey kidney 
line or COS-7. As shown in Table 4, at this concentration, 
high cytotoxic activity for both complexes was observed 
against all cancer lines, with poor selectivity relative to the 
COS-7 healthy cell line with 100% inhibition. Consider-
ing this, a ten-fold reduction in concentration was tested. 
Tetravanadate-containing 3 presented high cytotoxicity in 
all cell lines evaluated at this concentration (0.1 µM). In 
contrast, a decrease in cytotoxicity for 4 against lines U251, 
PC-3, K562, and HCT-15 was observed, while the MCF-7 
line presented an inhibition percentage of 98%. At this con-
centration, the complex without vanadate inhibited cell pro-
liferation by 53% in the non-cancerous line. Considering 
the activity of 4 at 0.1 µM concentration, a third assay was 
performed at a 0.05 µM for both systems.

At this concentration, we observed noteworthy results in 
the cytotoxic profile of both compounds. For 3, with 43% 
inhibition of cell growth in the COS-7 line, we observed 
inhibition of cancer lines K562 and MCF-7 greater than 
90%. Moreover, inhibition reached 80% against the malig-
nant glioblastoma tumor (U251, Table 4). For 4, the best 
result was inhibition of the K562 line at 78%, while that of 
the MCF-7 line reached 69%. Concerning the non-cancerous 
line, this compound exhibited an inhibitory effect of 35%, 
even lower than 3. We can argue that compounds 3 and 4 
showed cytotoxic activity against MCF-7 and K562, allow-
ing us to perform in vivo biological studies in these cancer 
cell lines. The cytotoxicity of the compounds was demon-
strated in a study carried out on human gingival fibroblasts 
(HGF) at concentrations of 1 and 2 µM, confirming that the 

Table 4   % growth inhibitor of 
compounds 3 and 4 against six 
human cancer lines at different 
concentrations

NA non-active

Compound Concen-
tration 
(µM)

U251 PC-3 K562 HCT-15 MCF-7 SKLU-1 COS-7

3 1 100 100 74.92 100 100 100 100
4 1 100 100 86.73 100 100 96.98 100
3 0.1 100 100 76.73 100 100 100 79.01
4 0.1 76.97 77.49 67.79 72.96 98.16 NA 53.53
3 0.05 80.0 ± 3.2 79.2 ± 3.2 95.5 ± 4.3 63.4 ± 3.6 93.1 ± 3.1 73.9 ± 1.8 43.6 ± 3.9
4 0.05 63.9 ± 4.3 62.7 ± 4.4 78.4 ± 4.4 53.4 ± 4.8 69.2 ± 4.7 34.7 ± 4.4 35.1 ± 2.2
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combination with the [V4O12]4− system presents a higher 
percentage of inhibition in this primary culture (Table S4). 
Upon determining the IC50 values, it was found that the most 
active compound was 3 with an IC50 value of 12 ± 1.2 nmol 
against MCF-7, as shown in Table S5.

Vanadium(V) species trigger several physiological effects 
that depend on their degree of nuclearity, e.g., the simple 
tetrahedral anion [VO4]3− is a known inhibitor of phosphate-
dependent enzymes [25, 121, 122]. This activity is related to 
its role as an antidiabetic agent by inhibiting protein tyros-
ine phosphatase-1B—an enzyme involved in the positive 
regulation of some signaling pathways in cancer—allow-
ing tyrosine phosphorylation at insulin receptors IRS-1 and 
IRS-2, and hence glucose internalization [123–125]. The 
dimeric [V2O7]2− species is also recognized to block ATP-
dependent K+ channels. On the other hand, [V4O12]4− that 
must be at a higher concentration at the cellular level than 
the previous species, has an active role in the formation of 
reactive oxygen species (ROS) through Fenton-type reac-
tions or by bioreduction of vanadate mediated by glutathione 
(GSH), which is related to inhibition of growth and cell 
death [126–128]. These mechanisms of action can presum-
ably work separately or cooperatively, in a manner that is 
associated to the cytotoxicity of vanadium.

We decided to examine this last hypothesis by evaluat-
ing the prooxidant activity of both compounds and, thus, 
explain the difference in cytotoxicity as a response to the 
potential role of vanadium species in ROS formation. To 
this end, a study of the lipid lipoperoxidation induced by 
compounds 3 and 4 was tested by measuring Thiobarbituric 
Acid Reactive Substances (TBARS) in rat brain homogenate 
treated at 1, 10, and 100 µM concentrations. Fig. S20 shows 
no significant increase in lipid peroxidation was detected in 
cells treated with compound 3 at 100 µM compared with the 
control group. At the same time, compound 4 lacking vana-
dium also showed no significant change in the concentration 
of TBARS, suggesting that these systems' oxidative activity 
is not directly related to cytotoxicity. We cannot rule out that 
a plausible pathway is the inhibition of one of the biological 
targets mentioned above.

Wound healing assay

Under homeostatic conditions, cell migration is a physi-
ological property of human cells. However, it becomes a 
hallmark of cancer under processes linked to invasion and 
metastasis [129]. Considering the cytotoxic activity of the 
tested compounds, we decided to investigate their effect 
on cell migration in three cancer lines, namely, MCF-7, 
PC-3, and SKLU-1, using a wound-healing assay [130]. 
In pursuing this goal, a concentration of 5 µM was used 
for compounds 3 and 4, considering the difference in the 
number of cells per well and close to 90% confluence. Thus, 

a negative control group without any treatment and three 
positive control groups were established, i.e., two groups 
under treatment with copper(II) compounds and one group 
under treatment with mitoxantrone (MTX), a drug used in 
antineoplastic therapy [131].

Figure 8 shows that the untreated control cancer cells 
migrate rapidly in a time-dependent fashion due to meta-
static properties. In contrast, the cells under treatment of 3 
and 4 did not migrate at such a high rate, leaving the wound 
significantly open in almost all cases, indicating that the 
compounds studied may have an anti-metastatic effect by 
inhibiting cell migration, as already observed for other 
copper(II) complexes [132]. However, for SKLU-1, there is 
no significant difference in any treatment at 24 h concerning 
the negative control, leading us to suspect that the effect is 
time-dependent for this cell line (Table S6). Globally, vana-
dium-containing 3 presented a more significant inhibition 
in wound closure at 48 h of treatment, presenting a relative 
migration ratio of 35.2, 37.2, and 21.4% for MCF-7, PC-3, 
and SKLU-1, respectively, compared to 4, which showed a 
relative migration ratio close to 50% for MCF-7 and PC-3 
lines, and 24.1% for SKLU-1 (Table S6). The effect of the 
compounds was comparable in some treatments with the 
positive control group using MTX.

Concluding remarks

In this work, we explored the modification of the polyoxo-
vanadate [V4O12]4− system by introducing copper(II) coor-
dination units to enrich the properties of the compounds 
and obtain multifunctional materials. Overall, the results 
presented deserve some general comments.

First, the synthesis strategy was based on the control of 
pH, one of the most critical parameters to consider within 
the chemistry of polyoxovanadates. Compounds 1–3, in 
which tetravanadate is present as ligand or counterion, 
crystallized at basic pH (around 9), i.e., within the stability 
region of the [V4O12]4− system. The structural diversity of 
1 and 2 was also influenced by the change of the amino acid 
and the behavior of these molecules at basic pH. For exam-
ple, while the glycine acted as a glycinate ion introducing a 
negative charge to the copper units, the lysine molecule crys-
tallized as a zwitterion; this particularity of the amino acids 
impacted the structure of these two systems. Complex 3 was 
obtained as a salt where the [V4O12]4− anion works as a free 
species stabilized by two cationic [Cu(dmp)2]2+ systems. 
Direct coordination with tetravanadate was not achieved due 
to the high stability of the tetrahedral [Cu(dmp)2]2+ units, 
which prevented, by steric effects, the incorporation of the 
vanadium oligomer into the coordination sphere. Com-
pound 4 resulted from the variation of pH (from 9 to 6), 
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and although NaVO3 was used in the reaction, the [Cu(dmp)
(Gly)Cl] species was stabilized. The absence of oligomeric 
vanadium species in 4 was evident in the IR spectrum, which 
did not show the typical intense V‒O bands placed in the 
1000–450 cm−1 range observed for 1–3.

EPR confirmed the paramagnetic nature of all com-
pounds; however, 3 presented a low signal absorption due to 
the dmp ligand, which has been established as a redox-active 
ligand platform. Structural analysis of the complexes at the 

intermolecular level identified short Cu⋯Cu interactions in 
all cases and Cu⋯O interactions in those compounds with 
COO− groups acting as bridges between the copper(II) frag-
ments. The magnetic susceptibility values were indicative 
of weak coupling produced by these interactions. In 1 and 
2, where [V4O12]4− separates the copper(II) units, magnetic 
interactions result from bridges mediated by the carboxy-
late systems from amino acids giving rise to ferromagnetic 
exchange interactions. In contrast, the significant Cu…Cu 

Fig. 8     Compounds 3 and 4 inhibit the migration of MCF-7 (a, b), 
PC-3 (c, d), and SKLU-1 (e, f) cell lines detected by the wound-heal-
ing assay. Showed images were captured at 0 min, 24h, and 48h, rela-

tive migration ratio (%) was calculated. The data were expressed as 
mean ± SEM and ** p < 0.05 (2way ANOVA)
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distances in 3 result in antiferromagnetic behavior where 
stacking interactions between the aromatic groups of dmp 
are involved. Although carboxylate groups are present in 
4, they are found to form H-bonds with the –NH groups of 
neighboring molecules so that the weak antiferromagnetic 
behavior arises from Cu⋯Cl contacts.

Biological studies were only accessible for 3 and 4 due to 
their solubility. Cytotoxicity studies showed high activity for 
both compounds, with the best results at 0.05 µM. 3 showed 
an inhibition above 90% for the K562 and MCF-7 lines (vs. 
43% for the healthy cell line COS-7). For 4, the best result 
was achieved in the K562 line with 78% inhibition (35% 
for the non-cancerous line). Regarding cell migration stud-
ies quantified in the wound-healing assay, both compounds 
inhibit the characteristic proliferative activity of cancer cells. 
Stability studies of water-soluble 3 and 4 by UV–Vis spec-
troscopy in cell culture medium confirmed the robustness of 
3, while 4 appears to undergo ligand scrambling over time, 
resulting partially in the stable species [Cu(dmp)2]+ that was 
also identified by electrospray ionization mass spectrometry 
at m/z = 479. A critical perspective in this sense would be 
to study in detail the formation of monomeric or oligomeric 
vanadium species for the co-crystallized system with the 
[V4O12]4− anion, which is known to have various biological 
effects at the cellular level.
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