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6 ABSTRACT: Bis(acetylacetonato)oxidovanadium(IV), [VIVO(acac)2], is one
7 of the most widely studied VIV complexes with remarkable biological activities.
8 However, the interaction of [VIVO(acac)2] with the serum and cytosol relevant
9 bioligands (bLs) has not been systematically investigated. Here, we present an
10 integrated study of the ternary systems VIVO2+/acac/bL (where bL is lactate,
11 citrate, oxalate, histidine, cysteine, aspartate, diphosphate, ATP, and reduced
12 glutathione) by pH-potentiometry, electrospray ionization-mass spectrometry
13 (ESI-MS), electron paramagnetic resonance (EPR), UV−vis, and circular
14 dichroism (CD). Stability constants were determined for VIVO−acac and
15 VIVO−acac−bL complexes, showing that significant amounts of mixed-ligand
16 species form in most of the ternary systems, whose distribution is strongly pH-
17 and bL-dependent. EPR measurements allowed obtaining insights into the
18 binding modes of bLs. Mass, UV−vis, and CD spectra confirmed the existence
19 of the proposed ternary species in solution. The thermodynamic data were used to model the speciation of [VIVO(acac)2] in the
20 blood serum, in erythrocytes, and cancer cell cytosol, showing that when V-concentration is larger than 10−20 μM,
21 [VIVO(acac)(citrato)]2−, [VIVO(acac)(P2O7)]3−, and, secondarily, [VIVO(acac)(histidinato)] and [VIVO(acac)(aspartato)]−
22 become relevant species. The findings, besides clarifying the solution chemistry of [VIVO(acac)2] in biologically relevant
23 environments, also highlight the likely role of mixed-ligand VIVO(acac)(bL) complexes in its transport, accumulation, and
24 pharmacological activity.

1. INTRODUCTION
25 Vanadium compounds have been reported to exhibit several
26 biological effects and a wide range of pharmacological
27 properties. They have been proposed for the treatment of
28 many diseases,1 and now some of their most promising
29 applications in medicine are their use in the therapy of patients
30 suffering from type 2 diabetes mellitus1h,2 and as anti-
31 cancer,1c,f,h,3 antibacterial,1l,4 or antiparasitic5 agents.
32 Among the compounds with antidiabetic and anticancer
33 prospective use, bis(acetylacetonato)oxidovanadium(IV),
34 [VIVO(acac)2] (1) is worth being mentioned. In the solid
35 state, it consists of discrete molecules with an almost square

s1 36 pyramidal geometry (Scheme 1).6 In the presence of a
37 monodentate ligand L, such as dioxane or methanol, it
38 transforms into trans-[VIVO(acac)2(L)],

7 while pyridine,
39 substituted pyridines, quinoline, and isoquinoline may give
40 both cis- or trans-octahedral isomers (Scheme 1).7−9

41 [VIVO(acac)2] is a quite stable VIVO-species
10 and has been

42 employed as a precursor in the synthesis of many vanadium
43 complexes where one11 or both5c,12 acac− ligands are replaced.
44 Moreover, it has been used as a catalyst in reactions to obtain
45 many types of organic compounds.13
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Scheme 1. Structural Formulae of [VIVO(acac)2] (1). In
[VIVO(acac)2(L)] Complexes, the Donor Atom of Ligand L
May Bind Cis or Trans to the O-Oxido; If the Binding Is Cis
(or Equatorial), One of the acac− Ligands Will Then Have
One of Its O-Atoms Bound Trans to the O-Oxido Ligand,
While an Equatorial Position Will be Occupied by Ligand L;
If the Binding Is Trans (or Axial), a Ligand L Can Bind in
Axial Position Trans to the V�O Group
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46 [VIVO(acac)2], and various vanadium-containing species
47 deriving from it, may exhibit several biological effects, namely
48 insulin-enhancing and anticancer properties. It also impacts the
49 cardiac mitochondrial function.14 Notably, 1 was reported to
50 ameliorate hyperglycemia in streptozotocin-induced diabetic
51 rats (STZ-rats) more efficiently than VIVOSO4

15 and to
52 possess a greater capacity to enhance insulin receptor (IR)
53 kinase activity in cells than many other VIVO-chelate
54 complexes.10a 1 was also shown to have antiproliferative
55 effects,10a,16 in particular in human pancreatic cancer cell line
56 AsPC-1 where it induces a G2/M cell cycle arrest through the
57 elevation of reactive oxygen species (ROS) levels. Recently, it
58 was reported that 1 can induce mitotic catastrophe and
59 methuotic cell death in glioblastoma cells, an aggressive form
60 of cancer with limited types of clinical treatment; [VIVO-
61 (acac)2] markedly inhibits the growth of glioblastoma cells in
62 both in vitro and in vivo models, showing, with an IC50 of 4−6
63 μM, a greater activity than the standard treatment with
64 temozolomide.17 Notably, 1 shows low cytotoxicity on normal
65 cells, such as primary neural cells, astrocytes, and BV2
66 microglia cells with selective indices in the range 9.7−
67 106.0.17 Moreover, it was demonstrated by Makinen and
68 Mustafi and their groups, through positron emission
69 tomography imaging and X-ray fluorescence microscopy, that
70 [VIVO(acac)2] preferentially accumulates in human breast
71 carcinoma or murine colon cancer cells than in normal cells.18

72 These results indicate that V-based compounds may have a
73 potential application as both antidiabetic and anticancer agents
74 to prevent or treat patients suffering from both diseases.16,19

75 Another remarkable property of [VIVO(acac)2] is its high
76 activity in degrading plasmid DNA in the absence of any
77 activating agents, air, and photoirradiation.20 The nature of the
78 pH buffer is relevant for the nuclease activity, and in
79 phosphate-buffered medium, single-strand cleavage is clear
80 for concentrations of 1 as low as 1.2 μM. Moreover, in the
81 presence of activators, the cleavage is still much more
82 effective.20

83 Depending on experimental conditions, such as pH and
84 temperature, and on the presence and strength of other
85 ligands, complexes of labile metal ions undergo changes when
86 dissolved in water-containing media, namely hydrolysis and
87 ligand exchange. Vanadium compounds have been discussed in
88 this context and may additionally be involved in redox
89 reactions, VIII, VIV, and VV being the most common oxidation
90 states.7,21 The biotransformation of species with composition
91 VIVO(L)2 largely affects the pharmacological efficacy by
92 determining the absorption in the gastrointestinal tract, the
93 transport in the blood, the uptake by the target cells, and�
94 overall�the availability of the pharmacologically active
95 species.22 Depending on the thermodynamic stability,
96 particularly under physiological conditions, the interaction
97 with blood and cellular bioligands (bLs) and proteins can take
98 place with the formation of mixed-ligand species VIVO−acac−
99 bL/protein or the complete replacement of acac− by bL or
100 proteins.7,23 Such types of interactions seem to play a key role
101 in the transport and mechanism of action of pharmacologically
102 active V-compounds (VCs) and have been investigated by
103 several groups.24,25 The possibility that [VIVO(acac)2] remains
104 intact or form mixed-ligand species in the bloodstream and in
105 the cellular environment could be indicated by the dose-
106 dependent capacity to lower plasma glucose in diabetic
107 laboratory animals, and by long lifetime in the blood, which
108 allows one to find a correlation of its pharmacological action

109with vanadium content in blood and cells.10a,26 Moreover, the
110neutral form of 1 could underlie its relatively high cell
111accumulation, much greater than that of [VIVO(ma)2], with ma
112= maltolato and vanadate(V).27

113Some authors stated that [VIVO(acac)2] binds ligands in the
114trans position,28 and others that the coordination to the VIV
115occurs only equatorially, while other publications report either
116cis- or trans-binding depending on the ligand added (Scheme
1171).29 In some cases, the axial interaction (e.g., H-bonding)
118with the O-oxido ligand of another molecule was also
119proposed.30 This is an important aspect because the geometry
120assumed in solution affects the way it may bind to biological
121molecules, e.g., a protein.7,31 The binding mode of the ligands
122to cis and trans isomers of VIVO(acac)2 is prevalently governed
123by steric issues,9 with the formation of the adducts occurring
124without loss of stability compared to 1.
125It has been demonstrated that VIVO−acac complexes bind to
126serum proteins, namely human apo-transferrin (apo-HTf)
127forming [VIVO(acac)2(apo-HTf)] and/or [VIVO(acac)(apo-
128HTf)] adducts.32 If VIVO−acac species are uptaken by cells, it
129is also relevant to evaluate its potential to bind to molecules
130present inside them. Even though it has been emphasized that
1311 is a stable entity,10c,24e,33 it is a weak Lewis acid and, upon
132dissolution in solutions containing potential ligands, the
133vanadium center may coordinate a donor ligand in the vacant
134site, forming [VIVO(acac)2(L)] complexes, and this process
135(eq 1) has been studied by several methods.10b,28,29,34

[ ] + [ ]VV O(acac) L V O(acac) (L)IV
2

IV
2 136(1)

137There are many studies confirming the formation of mixed-
138ligand complexes with composition [VIVO(acac)2(L)] or
139[VIVO(acac)(L−L)], where L is a monodentate and L−L are
140bi- or tridentate ligands. Furthermore, the formation of
141complexes such as [VIVO(acac)(L1, L2)] or [VIVO(acac)(L1,
142L2, L3)], where L1, L2, and L3 are donor atoms from proteins is
143plausible and, indeed, the formation of VIVO−acac−apo-HTf
144adducts or VIVO−acac−Lyz/Ub (Lyz = lysozyme, Ub =
145ubiquitin), was demonstrated through spectrometric, spectro-
146scopic, and computational techniques.32,35

147Until now, however, the interaction of [VIVO(acac)2] with
148the most important small bioligands of blood and cells was not
149studied and no data on the possible formation of mixed-ligand
150species were reported, unlike other potential V-based drugs
151such as [VIVO(pic)2(H2O)],

36 [VIVO(ma)2],
37 and [VIVO-

152(dhp)2],
38 where pic = picolinate, ma = maltolate, and dhp =

1531,2-dimethyl-3-hydroxy-4(1H)pyridinonate, whose behavior
154has been discussed in some reviews.39,40 In light of what was
155discussed in the literature for pic, ma, and dhp, these mixed
156complexes could be important to explain the transport to the
157target organs and the mechanism of action of [VIVO(acac)2].
158In this work, the ternary systems VIVO2+/acac/bL, where bL is
159a serum or cellular bioligand (lactate (lact), citrate (citr),
160oxalate (ox), histidine (His), cysteine (Cys), aspartate (Asp),
161diphosphate, adenosine triphosphate (ATP), and reduced
162glutathione (GSH)), were studied through the combined
163application of potentiometric (pH-titrations), spectrometric
164(electrospray ionization-mass spectrometry (ESI-MS)), and
165spectroscopic techniques (electron paramagnetic resonance
166(EPR), UV−vis spectroscopy and circular dichroism (CD));
167these techniques providing valuable information on the
168coordination mode of the ligands around VIVO2+ ions.31,41−43

169The bioligands were selected both for their high concentration
170in the blood serum or cytosol and for their binding strength, as
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171 they are capable of replacing one or both acac− anions, forming
172 mixed-ligand VIVO−acac−bL or the corresponding binary
173 VIVO−bL complexes. The selected bLs are also known to have
174 relevant roles in the metabolism of cells.44 Therefore, the
175 concentration of some of them significantly increases in the
176 cytosol of cancer cells when compared with normal ones (e.g.,
177 lactate, oxalate, aspartate, cysteine, diphosphate, ATP, and
178 glutathione), while for others a decrease is observed (citrate
179 and histidine).
180 The data obtained may help to disclose the distribution of
181 VIVO−acac species among bioligands of blood and cellular
182 environment.

2. EXPERIMENTAL SECTION

2.1. Chemicals
183 VIVOSO4·3H2O, acetylacetone, [VIVO(acac)2], lactic acid, citric acid,
184 oxalic acid, L-aspartic acid, L-histidine, L-cysteine, diphosphoric acid,
185 adenosine triphosphate, reduced glutathione, 1-methylimidazole
186 (MeIm), and ammonium carbonate were all Sigma-Aldrich products
187 and were used without further purification. VIVO2+ solutions were
188 prepared according to literature procedures.45 For some of these
189 compounds, their common abbreviations are employed. In the
190 following text, when required to specify their protonation state, we
191 will adapt the abbreviations. For example, Hlact is used to indicate
192 lactic acid in its neutral form, similarly H3citr instead of citr, H2ox
193 instead of ox, H2Asp instead of Asp, H2Cys instead of Cys, and so on.

2.2. EPR Measurements
194 The solutions for EPR experiments were prepared dissolving a
195 weighted amount of VIVOSO4·3H2O, acac, and the bioligands in
196 ultrapure water (obtained through the purification system Millipore
197 Milli-Q Academic), to obtain metal-ion concentrations of, e.g., 2.0 ×
198 10−3 M and different ligand-to-metal molar ratios (L/M). Argon was
199 bubbled through the solutions to ensure the absence of oxygen and
200 avoid the oxidation of VIV. Immediately after the preparation of the
201 solutions, samples were frozen at 120 K with liquid nitrogen and EPR
202 spectra recorded at different pH values.
203 EPR spectra were recorded at 120 K with an X-band (9.4 GHz)
204 Bruker EMX spectrometer equipped with an HP 53150A microwave
205 frequency counter with this instrumental setting: microwave
206 frequency, 9.40−9.41 GHz, microwave power, 20 mW, time constant,
207 81.92 ms, modulation frequency, 100 kHz, modulation amplitude, 0.4
208 mT, resolution, 4096 points. When the signal-to noise-ratio was small
209 due to the low VIVO2+ concentration, signal averaging was used; this
210 process involves the repeated acquisition of N spectra, which results in
211 an increase of the signal-to-noise ratio of a factor √N.46 The
212 hyperfine coupling constants along the z axis, Az, for VIVO complexes
213 are negative, so in the text the absolute values are reported (|Az|). For
214 some systems, the experimental values of |Az| (|Az|exptl) were compared
215 with those estimated with the “additivity relationship” (|Az|estmtd),
216 which relates |Az| to the number and type of the equatorial ligands,
217 assigning them a specific contribution. This empirical rule has been
218 proved and accepted in a large number of articles.47 Usually, the
219 experimental values of |Az| fall in the range of ±3 × 10−4 cm−1 with
220 respect to those estimated with the “additivity relationship”.47a,b The
221 contribution of the various donors was taken from refs 47b,c,48.

2.3. ESI-MS Measurements
222 The solutions were prepared dissolving VIVOSO4·3H2O and acac, or
223 directly [VIVO(acac)2], in ultrapure water (LC−MS grade, Sigma-
224 Aldrich) in order to obtain metal concentrations in the range 0.5−1.0
225 × 10−3 M and a L/M ratio of 1:1 or 2:1. In these solutions, the
226 bioligand bL was added to obtain different VIVO2+:acac/bL molar
227 ratios. The pH was adjusted by adding a diluted solution of
228 (NH4)2CO3 and argon was bubbled through the solutions to ensure
229 the absence of O2, avoiding the oxidation of VIVO2+ ions, and the
230 removal of any CO2 formed from ammonium carbonate. An aliquot of
231 each of the final solutions was diluted to have a final total vanadium

232concentration (cV) of 5.0 × 10−6 M, the pH set to the desired value,
233and the ESI-MS spectra were recorded.
234Mass spectra in positive-ion (ESI-MS(+)) and negative-ion (ESI-
235MS(−)) modes were obtained on a Q Exactive Plus Hybrid
236Quadrupole-Orbitrap (Thermo Fisher Scientific) mass spectrometer.
237The solutions were infused at a flow rate of 5.00 μL/min into the ESI
238chamber immediately after their preparation. The spectra were
239recorded in the m/z range 50−750 at a resolution of 140,000. The
240experimental conditions used for the ESI-MS(+) measurements were
241as follows: spray voltage 2300 V, capillary temperature 250 °C, sheath
242gas 5−10 (arbitrary units), auxiliary gas 3 (arbitrary units), sweep gas
2430 (arbitrary units), and probe heater temperature 50 °C. For the ESI-
244MS(−) measurements, the conditions were as follows: spray voltage
245−1900 V, capillary temperature 250 °C, sheath gas 20 (arbitrary
246units), auxiliary gas 5 (arbitrary units), sweep gas 0 (arbitrary units),
247and probe heater temperature 14 °C. MS/MS experiments were
248performed using NCE setting in the range 10−40 (arbitrary units);
249ion fragments were detected at a resolution of 17,500. The spectra
250were analyzed by using Thermo Xcalibur 3.0.63 software (Thermo
251Fisher Scientific).

2.4. Circular Dichroism and Visible Absorption Spectra
252Measurements
253Circular dichroism and visible absorption spectra were recorded as a
254function of pH and metal-to-bioligand molar ratio from stock
255solutions of [VIVO(acac)2] and of bioligands. The stock solution of
256[VIVO(acac)2] contained 12.5% (v/v) MeOH to facilitate its
257dissolution and prevent the oxidation of VIV to VV. The pH was
258varied adding diluted solutions of HCl and NaOH, and the explored
259pH range was 4−11, depending on the bioligand. The vanadium
260concentration (cV) was between 2 and 4 mM and VIVO/bLs were 1:0,
2611:0.5, 1:1, 1:2, 1:4, 1:6, or 1:12. The isotropic visible absorption
262spectra were normally recorded in 1.0 cm quartz cells between 400
263and 900 nm with a PerkinElmer Lambda 35 UV−vis spectropho-
264tometer, while the circular dichroism spectra were obtained in either
2651.0 or 2.0 cm quartz cells, normally in the 400−800 nm wavelength
266range, with a JASCO 720 spectropolarimeter, with the photo-
267multiplier suitable for the 400−900 nm range. Note that while the
268VIVO-species absorb radiation of the visible range of the spectrum, the
269chiral ligands involved in this study do not absorb. Therefore, it is the
270chirality of the ligand atoms that is somewhat transmitted to the VIV
271atom, and the CD bands observed correspond to what is designated
272by induced CD spectra. Unless otherwise stated, by CD spectra we
273mean a representation of Δε values vs λ, where Δε corresponds to
274(differential absorption/b × cV), where b is the optical path of the
275quartz cell and cV is the total concentration of the chosen species, in
276this study the added VIVO-compound. While for the isotropic visible
277absorption spectra, all species absorbing at the particular wavelengths
278measured contribute (according to their concentration and ε values),
279for the CD spectra, this is true only for chiral species.41 Therefore,
280when present in solution, VIVO-complexes such as [VIVO(acac)2],
281[VIVO(acac)(H2O)2]+, and [VIVO(H2O)5]2+, correspond to Δε = 0
282and do not contribute to the measured CD spectra.

2.5. Potentiometric Measurements
283Protonation constants of the ligands and stability constants of their
284VIVO-complexes were determined by pH-potentiometric titrations on
28515.00 mL of samples at 25.0 ± 0.1 °C and at a constant ionic strength
286of 0.20 M (KCl). The VIVO2+ concentration was in the range 0.9−2.2
287× 10−3 M. In the case of VIVO2+/acac and VIVO2+/Asp systems 1:1,
2881:2, and 1:4 molar ratios were explored, while for the ternary systems
289VIVO2+/L/lact, VIVO2+/L/citr, VIVO2+/L/His, VIVO2+/L/Asp,
290VIVO2+/L/H4P2O7, and VIVO2+/L/ATP 1:1:1, 1:2:1, 1:1:2, and
2911:2:2 molar ratios were used. All titrations were performed over the
292pH range 2.0−11.0, or until precipitation occurred with a carbonate-
293free KOH of known concentration (ca. 0.2 M) under a purified argon
294atmosphere. A Mettler Toledo T50 titrator equipped with a combined
295glass electrode (type 6.0234.100) was used for the pH-metric
296measurements. The electrode system was calibrated according to
297Irving et al.,49 and therefore the pH-metric readings were converted
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298 into hydrogen-ion concentrations. The water ionization constant,
299 pKw, was 13.76 ± 0.01 under the conditions used. A 10 min waiting
300 time was employed during the titrations to reach steady pH readings.
301 If this time was not enough to obtain pH equilibrium, the data points
302 were omitted in the calculations. The reproducibility of the points
303 included in the evaluation was within 0.005 pH unit in the whole pH
304 range measured. The number of experimental points used in the
305 calculations was about 200−300. The stability of the ternary
306 complexes, reported as the logarithm of the overall formation
307 constant βpqrs = [(VO)p(acac)q(bL)rHs]/[VO]p[acac]q[bL]r[H]s�
308 where VO stands for the VIVO2+ ion and acac and bL are the
309 deprotonated forms of acetylacetone and bioligands (lact−, citr3−,
310 His−, Asp2−, P2O74−, and ATP4−)�was calculated with the aid of the
311 PSEQUAD program.50 The stability constants for the binary species
312 formed in the VIVO2+/lact, VIVO2+/citr, VIVO2+/His, VIVO2+/Asp,
313 VIVO2+/H4P2O7, and VIVO2+/ATP systems were taken from the
314 literature51 and used as fixed values to estimate those of the ternary
315 complexes. The notation H−1 indicates proton dissociation of groups
316 which do not deprotonate in the absence of VIVO2+ coordination
317 (−OH group of lactate and citrate), or hydroxido ligands. The
318 uncertainties (3σ values) of the stability constants are given in
319 parentheses. During the calculations the following hydroxido
320 complexes of VIVO2+ were assumed as follows: [VIVO(OH)]+
321 (logβ100−1 = −5.94), [(VIVO)2(OH)2]2+ (logβ200−2 = −6.95), with
322 stability constants calculated from the data of Henry et al.52 and
323 corrected for the different ionic strengths by use of the Davies
324 equat ion ,53 [VIVO(OH)3]− ( logβ 1 0 0− 3 = −18.0) and
325 [(VIVO)2(OH)5]− (logβ200−5 = −23.5).10b,54
326 The distribution curves and calculated speciation in the blood
327 serum, RBC cytosol, and cancer cells were generated using the suite of
328 programs Aq_Solutions.55

3. RESULTS AND DISCUSSION

3.1. Binary System VIVO2+/Acac
329 [VIVO(acac)2] (1) is one of the most remarkable and stable
330 oxidovanadium(IV) complexes known,10a,15b with a wide
331 spectrum of biological activity. In the solid state, it presents
332 an almost regular square pyramidal geometry (Scheme 1).6b,10a

333 The reported stability constants in aqueous solution for the
334 formation of VIVO(acac)+ and VIVO(acac)2 are logβ1 = 8.73
335 and logβ2 = 16.27, respectively.10c EPR spectroscopy allowed
336 one to characterize the 1:1 and 1:2 species with gz = 1.940, |Az|
337 = 174.5 × 10−4 cm−1 (VIVO(acac)+) and gz = 1.946, |Az| =
338 166.7 × 10−4 cm−1 (VIVO(acac)2).

28b

339In this study, the characterization of the systems VIVO2+/
340acac was re-examined by pH-metric titrations and ESI-MS
341 t1spectrometry (Table 1). pH titrations indicate that three
342species are formed: [VIVO(acac)]+, [VIVO(acac)2], and
343[(VIVO)2(acac)2(OH)2]. The stability constants of [VIVO-
344(acac)(H2O)2]+ and [VIVO(acac)2] are comparable with those
345reported in the literature,10c and the formation of
346[(VIVO)2(acac)2(OH)2] (indicated with [(VIVO)2(acac)2H−2]
347by potentiometry) accounts for the deprotonation observed,
348and the decrease of the EPR signal observed at pH > 6. The
349formation of [(VIVO)2(acac)2(OH)2] can be explained with
350the hydrolysis of [VIVO(acac)(H2O)2]+, which yields a di-μ-
351hydroxido-bridged species due to the reaction 2 [VIVO(acac)-
352(H2O)2]+ ⇄ [(VIVO)2(acac)2(μ-OH)2] + 2H+.56 As many
353o t h e r d i -μ - h yd ro x i do d i nu c l e a r V I VO - sp e c i e s ,
354[(VIVO)2(acac)2(OH)2] shows an antiferromagnetic behavior,
355due to an anti- or a syn-orthogonal arrangement of the V = O
356group with respect to the bridging plane57 and cannot be
357revealed by EPR. The calculated species distribution diagram is
358 f1shown in Figure 1.

Table 1. Proton and VIVO Stability Constants of the Species Formed in the Binary System with Acetylacetone and in the
Ternary Systems with the Bioligands bL

acac− lact−a citr3−b His−c Asp2−d P2O74−
e ATP4−f

Hacac 8.81(1)
HbL 3.70(4) 5.55(1) 9.13(1) 9.64(1) 8.25(1) 6.45(1)
H2bL − 9.85(1) 15.19(1) 13.29(1) 14.13(1) 10.35(1)
H3bL − 12.80(1) 16.87(1) 15.12(2) 15.79(1) −
[VIVO(acac)(H2O)2]+ 8.73(1)
[VIVO(acac)2] 16.05(3)
[(VIVO)2(acac)2H−2]

g 9.47(10)
VIVO(acac)(H2bL) − 22.36(4) − − 26.4(2) −
VIVO(acac)(HbL) − 19.74(3) − 20.91(9) 24.38(4) 18.95(4)
VIVO(acac)(bL) 11.87(4) 16.66(3) 17.80(4) 16.46(9) 18.70(9) 14.00(7)
number of points 313 338 290 231 301 238
fitting (mL) 1.9 × 10−2 1.3 × 10−2 2.5 × 10−2 1.2 × 10−2 2.1 × 10−2 1.2 × 10−2

maximum pH 6.5 9.0 9.5 8.0 9.0 7.0
aHlact is the neutral form. bH3Citr is the neutral form.

cHHis is the neutral form. dH2Asp is the neutral form.
eH4P2O7 is the neutral form.

fH4ATP
is the neutral form. gThe notation H−2 indicates the dissociation of two groups which do not deprotonate in the absence of VIVO2+ coordination.
The formation of this species can be explained with the hydrolysis of [VIVO(acac)(H2O)2]+, which gives a di-μ-hydroxido-bridged complex,
[(VIVO)2(acac)2(OH)2]. In the rest of the text, the formula [(VIVO)2(acac)2(OH)2] is used for clarity.

Figure 1. Concentration distribution curves of the VIVO-species
formed as a function of pH in the VIVO2+/acac system with molar
ratio 1:2 and cV = 2.0 × 10−3 M.
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359 In the ESI-MS(+) spectrum of [VIVO(acac)2], the following
360 species were identified: [VIVO(acac)2 + H]+ (m/z = 266.0355)
361 and [VIVO(acac)2 + Na]+(m/z = 288.0175) in the positive ion
362 mode and [VIVO(acac)2−H]− (m/z = 264.0212, with low
363 intensity) in the negative ion mode. The spectrum in the
364 positive mode is shown in Figure S1 of the Supporting
365 Information. The comparison between the experimental and
366 calculated isotopic pattern for the peak of [VIVO(acac)2+Na]+
367 ion is shown as an example in Figure S2 of the Supporting
368 Information. In the negative mode spectrum, the signal of
369 vanadate ion [H2VVO4]− at m/z 116.9388 was also detected;
370 this could be a product of the oxidation of hydrolytic V-species
371 present in solution and/or formed during the ESI-MS
372 experiment. The relevant species derived from ligands, free
373 metal ions, and binary VIVO-complexes identified by ESI-MS
374 spectrometry are listed in Table S1 of the Supporting
375 Information.

3.2. Ternary System VIVO2+/Acac/lact

376 The potentiometric titrations of the ternary system VIVO2+/
377 acac/lact indicates the formation of one mixed-ligand species
378 between pH 3 and 6 with composition [VIVO(acac)(lact)] that
379 reaches ca. 40% of total V at mM concentration range. The
380 species distribution diagram of the formed species is reported

f2 381 in Figure 2. No evidence of formation of [VIVO(acac)-
382 (lactH−1)]−, with the deprotonation of alcoholic OH group, is
383 obtained.

384 EPR spectra of solutions containing VIVO2+, acac, and lact
385 with a molar ratio 1:1:1 were recorded at different pH values
386 (cV = 2.0 mM). A mixed-ligand species is formed in solution at
387 acidic pH, with a maximum concentration around 4.5,
388 confirming the pH-potentiometric results; its spin Hamiltonian
389 parameters, gz = 1.943 and |Az| = 173.5 × 10−4 cm−1, and its
390 composition is [VIVO(acac)(lact)] (II in Figure S3 of the
391 Supporting Information). At pH 7.4, [VIVO(acac)2] (III) is the
392 major species and [VIVO(lactH−1)2]2− (IV) is a minor complex
393 under these conditions.
394 ESI-MS(+) and ESI-MS(−) spectra of the system VIVO2+/
395 acac/lact with a molar ratio 1:2:2 and 1:1:1 were recorded at
396 pH around 5 (Figure S4 of the Supporting Information) and
397 the following species were identified: [VIVO(acac)(lact)+H]+
398 (m/z = 256.0146), [VIVO(acac)(lact) + Na]+ (m/z =

399277.9968) in the positive ion mode, [VIVO(acac)(lact)−H]−
400(m/z = 254.0002) and [VVO2(lact)−H]− (m/z = 170.9497) in
401the negative ion mode. The spectra do not change significantly
402with the molar ratio. The signals of binary species with lactate,
403[VIVO(lactH−1)2]2−, were not observed. The experimental and
404calculated isotopic pattern for the peak of [VIVO(acac)(lact)−
405H]− in the ESI-MS(−) spectrum are shown in Figure S5 of the
406Supporting Information. The list with the mixed-ligand
407 t2complexes revealed by ESI-MS is reported in Table 2.

408The structure of the possible mixed-ligand species formed by
409the VIVO(acac)+ moiety with lactate, [VIVO(acac)(lact)], is
410 s2represented in Scheme 2A.
411UV−vis absorption and circular dichroism spectra were
412recorded with solutions of [VIVO(acac)2] adding different
413amounts of lactic acid and adjusting the pH at 6.0 with HCl or
414NaOH. The changes in ε values in the visible absorption
415spectra indicate that mixed-ligand complexes are formed at this
416pH, in agreement with potentiometric, EPR, and ESI-MS data
417(Figure S6 of the Supporting Information). The CD spectra
418confirm these results and indicate that at least one VIVO−
419acac−lact species forms at pH = 6.0.

Figure 2. Concentration distribution curves of the species formed as a
function of pH in the system VIVO2+/acac/lact with molar ratio 1:1:1
and cV = 2.0 × 10−3 M. The curve of the mixed-ligand species is
represented in red.

Table 2. Mixed-Ligand Species Identified by ESI-MS
Spectrometry in the Studied Systems

ion composition exptl m/za calcd m/za
error
(ppm)b

[VIVO(acac)(lact) +
H]+

C8H13O6V 256.0148 256.0146 0.6

[VIVO(acac)(lact) +
Na]+

C8H12O6VNa 277.9968 277.9966 0.8

[VIVO(acac)(lact)-
H]−

C8H11O6V 254.0002 254.0001 0.6

[VIVO(acac)(citr) +
3H]+

C11H15O10V 358.0102 358.0099 0.7

[VIVO(acac)(citr) +
2H + Na]+

C11H14O6VNa 379.9923 379.9919 1.1

[VIVO(acac)(citr) +
H]−

C11H13O10V 355.9959 355.9954 1.5

[VIVO(acac)(ox)]− C7H7O7V 253.9638 253.9637 0.6
[VIVO(acac)(His) +
H]+

C11H16O5N3V 321.0527 321.0524 0.7

[VIVO(acac)(His) +
Na]+

C11H15O5N3VNa 343.0346 343.0344 0.6

[VIVO(acac)(His) +
K]+

C11H15O5N3VK 359.0091 359.0088 0.6

[VIVO(acac)(Cys) +
2H]+

C8H14NO5SV 287.0027 287.0027 0.1

[VIVO(acac)(Cys) +
H + Na]+

C8H13NO5SVNa 308.9847 308.9846 0.4

[VIVO(acac)(Cys)]− C8H12NO5SV 284.9884 284.9881 0.8
[VIVO(acac)(Asp) +
2H]+

C9H14O7NV 299.0209 299.0204 1.4

[VIVO(acac)(Asp) +
H + Na]+

C9H13O7NVNa 321.0026 321.0024 0.5

[VIVO(acac)(Asp)]− C9H12O7NV 297.0061 297.0059 0.8
[VIVO(acac)(P2O7)
+ 2H]−

C5H7O10P2V 341.9119 341.9116 1.0

[VIVO(acac)(ATP)
+ H]2−

C15H20O16N5P3V 334.9789 334.9784 1.3

[VIVO(acac)(GSH)
+ 3H]+

C15H24N3O9SV 473.0669 473.0667 0.4

[VIVO(acac)(GSH)
+ 2H + Na]+

C15H24N3O9SVNa 495.0489 495.0487 0.5

aThe experimental and calculated m/z values refer to the
representative peak with monoisotopic mass. bDeviation in ppm
from the calculated values, determined as 106 × [(Exptl m/z − Calcd
m/z)/Calcd m/z].
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3.3. Ternary System VIVO2+/acac/citr
420 The pH-potentiometric measurements allow to detect three
421 different ternary complexes with composition [VIVO(acac)-
422 (H2citr)], [VIVO(acac)(Hcitr)]−, and [VIVO(acac)(citr)]2−
423 (Table 1). The first two species exist with a low concentration
424 in the acidic pH range (2−4), while the latter is the
425 predominant complex between pH 3.5 and 9.0, as indicated
426 by the concentration distribution curves of the formed species

f3 427 (Figure 3).
428 EPR spectra of solutions containing VIVO2+, acac, and citr
429 with a molar ratio 1:1:1 were recorded at different pH values
430 (cV = 2.0 mM). At low pH, the resonances are not well
431 resolved and is probable that a mixture of species exist in
432 solution, including VIVO(Hcitr)/VIVO(citr)− and VIVO(acac)+
433 plus small amounts of VIVO(acac)(H2citr) and VIVO(acac)-

f4 434 (Hcitr)− (Figure 4). At pH 6.5, the formation of a new species,
435 with |Az| = 171.4 × 10−4 cm−1, gz = 1.944, was observed. These
436 parameters suggest that it may be a mixed-ligand species with
437 composition [VIVO(acac)(citr)]2− (III in Figure 4). In fact, |
438 Az|exptl is in good agreement with |Az| estimated with the
439 ‘additivity relationship’ which for an equatorial binding mode
440 [(CO, O−)acac + (COO−, OH)citr] predicts 171.0 × 10−4 cm−1;
441 moreover, the value of |Az|exptl is similar to that measured for

442[VIVO(acac)(lact)], suggesting that the bioligand is deproto-
443nated only at the carboxylic group, while the alcoholic function
444keeps its proton to give a coordination mode (COO−, OH)citr;
445its proposed structure is shown in Scheme 2B. The binding of
446an equatorial alkoxido-O− would imply a significant decrease in
447the |Az| value (|Az|estmtd = 160.7 × 10−4 cm−1), not compatible
448with |Az|exptl. Therefore, in this case, the behavior of citrate
449differs from that displayed by other systems where the OH
450group undergoes deprotonation. At higher pH, the major
451species detected by EPR is [VIVO(acac)2] (V) that coexists in
452solution with the dinuclear complex [(VIVO)2(citrH−1)2]4−

58

453(IV).
454ESI-MS spectra of the aqueous solutions were recorded at
455pH ∼5 and ∼7 with molar ratios of 1:2:2 and 1:1:1 and cV =
4565.0 × 10−6 M. The following ternary species were identified in
457the positive ion mode spectrum: [VIVO(acac)(citr) + 3H]+
458(m/z = 358.0099, Table 2) and [VIVO(acac)(citr)+2H + Na]+
459(m/z = 379.9923, Table 2). In the negative ion mode,

Scheme 2. Proposed Structures of the Most Relevant Mixed-
Ligand Species Formed in the Ternary Systems with Lact,
Citr, Ox, and His: (A) [VIVO(acac)(lact)]; (B)
[VIVO(acac)(citr)]2−; (C) [VIVO(acac)(ox)]−; and (D)
[VIVO(acac)(His)]

Figure 3. Concentration distribution curves of the species formed as a function of pH in the system VIVO2+/acac/citr with molar ratio 1:1:1 and cV
= 2.0 × 10−3 M. The curves of the mixed-ligand species are represented in red.

Figure 4. Anisotropic EPR spectra of solutions containing VIVO2+,
acac, and citr with a molar ratio of 1:1:1 and cV = 2.0 × 10−3 M at
several pH values. The resonances of these species are indicated: aq,
[VIVO(H2O)5]2+; I + II, [VIVO(Hcitr)]/[VIVO(citr)]− + [VIVO-
(acac)]+; III, [VIVO(acac)(citr)]2−; IV, [(VIVO)2(citrH−1)2]4−; and
V, [VIVO(acac)2]. The resonances of the mixed-ligand species
[VIVO(acac)(citr)]2− are also denoted with the dotted line.
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460 [VIVO(acac)(citr)+H]− (m/z = 355.9959, Figure S7 of the
461 Supporting Information) and [(VIVO)2(citr)2]2− (m/z =
462 255.9432) were revealed. The spectra do not change
463 significantly with the molar ratio and pH.
464 Visible absorption spectra were recorded with solutions of
465 [VIVO(acac)2] adding different amounts of citric acid and
466 adjusting the pH at 5.3 with HCl or NaOH solutions. The
467 increase in ε values in the visible absorption spectra (Figure S8
468 of the Supporting Information) indicates the formation of
469 increasing amounts of a mixed-ligand complex in this pH
470 range, confirming potentiometric, EPR, and ESI-MS results.

3.4. Ternary System VIVO2+/Acac/ox

471 EPR spectra of aqueous solutions containing VIVO2+, acac, and
472 ox were recorded at different pH values with a molar ratio
473 1:1:1 (cV = 2.0 mM). The major species present in the pH
474 range 3−7 is cis-[VIVO(ox)2(H2O)]2− (II in Figure S9 of the
475 Supporting Information).59 A small amount of a ternary
476 complex with gz = 1.948 and |Az| = 162.6 × 10−4 cm−1 is
477 formed (III), with one acac− and an ox2− ligand bound in the
478 equatorial plane of the VIVO2+ ion (Scheme 2C).
479 In the ESI-MS spectrum, in the negative ion mode of the
480 system VIVO2+/acac/ox 1:1:1 at pH ∼5.0 with cV = 5.0 × 10−6

481 M, the signal of the mixed-ligand species [VIVO(acac)(ox)]−
482 (m/z = 253.9638, Figure S10 of the Supporting Information)
483 was detected (Table 2). The peaks of the binary complex
484 [VVO2(ox)]− (m/z = 170.91) were also identified, indicating
485 the presence of [VIVO(ox)2(H2O)]2− that undergoes oxidation
486 in solution and/or in-source60 during the acquisition of the
487 spectrum. The same process was observed with the ESI-MS
488 technique for other cis-octahedral VIVO species,61 and it is
489 favored by the structure of cis-VIVO(H2O)2+ moiety which
490 yields the cis-VVO2+ ion without structural rearrangements.

7

3.5. Ternary System VIVO2+/acac/His

491 In the ternary system with [VIVO(acac)2] and His, at
492 millimolar concentrations, the mixed-ligand species [VIVO-
493 (acac)(His)] is the major species in aqueous solution between

f5 494 pH 5 and 9 (Figure 5); in particular, it reaches more than 90%
495 of VIV at physiological pH. Its existence suppresses the
496 formation of the bischelated species [VIVO(acac)2] and
497 [VIVO(His)2] in this pH range.

498The EPR spectra of solutions containing VIVO2+, acac, and
499His were recorded at different pH values with a molar ratio
5001:1:1 and cV = 2.0 mM. After the formation of VIVO(acac)+ (I
501 f6in Figure 6) and VIVO(HxHis), with x = 1−2,51c,62 (II) in the

502acidic pH range, from pH 5 to 9, the signals of the
503[VIVO(acac)(His)] mixed-ligand species were observed (III,
504with gz = 1.954 and |Az| = 162.5 × 10−4 cm−1). In this complex,
505acac− is bidentate, while His− is tridentate with one donor in
506the axial position. The estimated values of |Az|, on the basis of
507the “additivity relationship”, are 165.2 × 10−4 cm−1 for the
508[(CO, O−) + (NH2, COO−, Nimax)] coordination mode, 165.8
509× 10−4 cm−1 for [(CO, O−) + (COO−, Nim, NH2ax)], and
510163.8 × 10−4 cm−1 for [(CO, O−) + (NH2, Nim, COO−ax)].
511Therefore, the last option appears to be the most plausible
512coordination mode (Scheme 2D). The formation of the mixed-
513ligand species is confirmed by the comparison of the spectrum
514recorded in the ternary system with those recorded, at the
515same pH, in the binary systems with acac and His (Figure S11
516of the Supporting Information).
517EPR spectra were recorded at pH 7 varying the [VIVO-
518(acac)2]:His ratio, and they differ from those recorded for the
519solution only containing [VIVO(acac)2] (Figure S12 of the
520Supporting Information).
521ESI-MS spectra in the positive ion mode of the system
522VIVO2+/acac/His with molar ratios of 1:2:2 and 1:1:1 were
523recorded at pH ∼7 (cV = 5.0 × 10−6 M) and are represented in
524 f7Figure 7. The peaks of the mixed-ligand complexes [VIVO-
525(acac)(His)+H]+ (m/z = 321.0527, see Figure S13 of the
526Supporting Information for the simulation of the isotopic
527pattern), [VIVO(acac)(His)+Na]+ (m/z = 343.0346) and
528[VIVO(acac)(His)+K]+ (m/z = 359.0091) were identified
529(Table 2). The spectra do not significantly change with the
530molar ratio. The signals of the bis-chelated complexes with
531histidine were not observed in the mass spectra.
532Several visible absorption and CD spectra were recorded
533with solutions containing [VIVO(acac)2] alone (Figures S14 of
534the Supporting Information), as well as [VIVO(acac)2] and His
535 f8(Figures 8 and S15−S21 of the Supporting Information), at
536several pH values and [VIVO(acac)2]:His molar ratios. Figure 8

Figure 5. Concentration distribution curves of the species formed as a
function of pH in the system VIVO2+/acac/His with molar ratio 1:1:1
and cV = 2.0 × 10−3 M. The curve of the mixed-ligand species is
represented in red.

Figure 6. Anisotropic EPR spectra of solutions containing VIVO2+,
acac, and His with a molar ratio of 1:1:1 and cV = 2.0 × 10−3 M at
several pH values. The resonances of these species are indicated: aq,
[VIVO(H2O)5]2+; I, [VIVO(acac)]+; II, [VIVO(HHis)]+: III, [VIVO-
(acac)(His)]. The resonances of the mixed-ligand species [VIVO-
(acac)(His)] are also denoted with the dotted line.
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537 depicts the spectra measured with a [VIVO(acac)2]:His molar
538 ratio of 1:2 at several pH values. Note that CD bands in the
539 visible range of the spectra can only be seen if a chiral ligand,
540 such as L-histidine, binds to VIVO.51c,62 At pH 4.0, the addition
541 of His to the solution containing [VIVO(acac)2] gives rise to
542 quite weak CD bands, and only for higher molar ratios, the
543 bands become more easily visible (Figure S15B of the
544 Supporting Information). When the pH is increased to 7 and
545 8, the type of CD spectra recorded remain similar, but at these
546 pH values, the use of 2 equiv of His is enough to yield
547 important changes and relatively high |Δε| values (Figure 8),
548 this corresponding to the formation of increasing concen-
549 trations of mixed VIVO−acac−His species. The CD data can
550 be interpreted postulating the formation of mixed-ligand
551 species that start at acidic pH values, and significantly increase
552 their concentration at physiological pH, in agreement with

553EPR data. The visible and CD spectra recorded at fixed pH
554with varying the [VIVO(acac)2]:His molar ratios and at a fixed
555ratio changing the pH, shown in Figures S15−S21 of the
556Supporting Information, globally agree with the data
557corresponding to the species diagram depicted in Figure 5.

3.6. Ternary System VIVO2+/Acac/Cys

558EPR spectra of the system VIVO2+/acac/Cys were recorded at
559different pH values with a molar ratio 1:1:1 (cV = 2 mM). The
560major species observed in solution in the pH range 6.0−8.5
561was [VIVO(acac)2] (II in Figure S22 of the Supporting
562Information), together with [VIVO(Cys)2]2− (IV). This latter
563species exhibits the same spin Hamiltonian parameters (gz =
5641.958, |Az| = 154 × 10−4 cm−1) as the bis-chelated complex of
5653-mercaptopropionic acid with 2 × (COO−, S−) coordina-
566tion.63 According to Costa Pessoa et al., in this species one of

Figure 7. ESI-MS(+) spectrum recorded on the system VIVO2+/acac/His 1:1:1 (ultrapure LC−MS water, pH = 7.45 and cV = 5.0 × 10−6 M). Only
two decimal numbers are reported for clarity.

Figure 8. Spectra of solutions containing [VIVO(acac)2] and His with a [VIVO(acac)2]:His molar ratio of 1:2 at several pH values. The VIV
concentration is ∼2.1 mM, and the spectra correspond to those represented in Figures S15−S19 of the Supporting Information. (A) UV−vis
isotropic absorption spectra and (B) CD spectra, where the approximate positions of the λmax of bands are indicated (for the negative band, the λmax
slightly decreases with increase in pH, the opposite happens with the positive band).

Scheme 3. Proposed Structure of the Mixed-Ligand Species [VIVO(acac)(Cys)]− Formed in the Ternary System VIVO2+/acac/
Cys with Different Coordination Mode of Cys Ligand: (A) Coordination (COO−, S−, NH2

ax); (B) Coordination (NH2, S−,
COO−ax); and (C) Coordination (NH2, COO−, S−ax); According to the EPR Spectroscopy, Only Species A Is Observed in
Aqueous Solution with a Minor Amount
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567 the two amino groups is likely bound in the apical position of
568 the metal ion.64

569 In the pH range 7.0−9.0, the mixed-ligand complex
570 [VIVO(acac)(Cys)]−, with EPR parameters intermediate
571 between [VIVO(acac)2] and [VIVO(Cys)2]2−, is formed in a
572 small amount (III in Figure S22 of the Supporting
573 Information). This is confirmed by the spectra recorded as a
574 function of the ratio [VIVO(acac)2]:Cys that are different from
575 that of [VIVO(acac)2] alone at pH 7, but not at pH 5 (Figures
576 S23 and S24 of the Supporting Information). In principle,
577 three different arrangements of Cys are possible, but it is
578 plausible that the binding mode is identical to that in

s3 579 [VIVO(Cys)2]2−, i.e., (COO−, S−, NH2ax) (Scheme 3A).
64

580 ESI-MS spectra of the system VIVO2+/acac/Cys with a molar
581 ratio 1:2:2 and 1:1:1 were recorded at pH 4.8 and 7.5 (cV = 5.0
582 × 10−6 M) and the following species were identified (Table 2):
583 [VIVO(acac)(Cys)+2H]+ (m/z = 287.0027) and [VIVO(acac)-
584 (Cys) + H + Na]+ (m/z = 308.9847, experimental and
585 calculated isotopic pattern in Figure S25 of the Supporting
586 Information).
587 The addition of Cys to a solution of [VIVO(acac)2] at pH
588 ∼4.06 (Figure S26 of the Supporting Information) up to a
589 [VIVO(acac)2]:Cys molar ratio 1:4 has some effect on the
590 visible absorption spectra, but not on CD spectra, where no
591 bands are recorded; this means that, at this pH, there is no
592 significant formation of species having Cys bound to VIVO2+.
593 Only when the pH value reaches ca. 5.0 (Figure S27 of the
594 Supporting Information), and particularly 6.0 (Figure S28 of
595 the Supporting Information), CD bands of low intensity were
596 observed, indicating a significant increase in the presence of
597 chiral VIVO complexes. At pH 6.0, the intensity of bands is still
598 low. Noteworthy, the CD spectra all cross very close to Δε = 0
599 at ∼492 nm; this finding and the constant ratio of Δε values of
600 the bands at ∼570 and 750 nm suggest that, with the increase
601 in the molar ratio, there is a transformation of nonchiral
602 species to a single chiral species.
603 From pH 6.0 to 8.0, the intensity of the CD bands continue
604 increasing and a change in the pattern of bands is observed,
605 suggesting there is a modification in the type of chiral VIVO
606 complexes present (Figures S29 and S30 of the Supporting
607 Information); notably, the pattern is maintained from pH 7.0
608 to 8.0 and this means that the binding mode remains the same.
609 This species should be [VIVO(acac)(Cys)]−, according to the
610 EPR and ESI-MS data. Finally, at pH 9.5, it is also possible to
611 observe quite significant changes in the visible absorption and
612 CD spectra as Cys is added to [VIVO(acac)2], indicating that a
613 distinct chiral VIVO complex is being formed as Cys is added
614 (Figure S31 of the Supporting Information). In particular, λmax
615 in the CD bands change with the [VIVO(acac)2]:Cys molar
616 ratio: it is ∼730 nm, ∼715 nm, and ∼708 nm for 1:1, 1:2 and
617 1:4 ratios, respectively. On the contrary, the intensity of the
618 CD band with λmax ∼655 nm remains constant for ratios 1:2
619 and 1:4. This is a clear indication of the formation of a distinct
620 chiral species, where one acac− is substituted by a Cys ligand; it
621 should be [VIVO(Cys)2]2−, according to EPR measurements
622 (Figure S25 of the Supporting Information).
623 Therefore, globally the visible absorption and CD spectra,
624 including those of Figures S32−S34 of the Supporting
625 Information, indicate a significant increase of the presence of
626 chiral VIVO complexes as the pH and/or amount of Cys is
627 increased with the formation of [VIVO(acac)(Cys)]− and
628 [VIVO(Cys)2]2−, revealed also with EPR spectroscopy. The
629 minor species present in the pH range 5.0−6.0 that gives rise

630to a somewhat different pattern of CD bands (Figures S27 and
631S28 of the Supporting Information) may correspond to either
632[VIVO(Cys)(HCys)]− 64 or [VIVO(acac)(HCys)] that may
633form in low amounts and are not detected by EPR. Some
634changes are also seen in the visible absorption spectra upon
635addition of Cys. Part of these modifications may correspond to
636a decrease in the relative amounts of hydrolytic VIVO species as
637Cys is added.

3.7. Ternary System VIVO2+/acac/Asp

638The data of pH-potentiometry indicate that, when aspartic acid
639is present in the ternary system with VIVO2+ and acac, two
640mixed-ligand species are formed: [VIVO(acac)(HAsp)] from
641pH 3 to 5 reaching ca. 15% of total V in solution and
642 f9[VIVO(acac)(Asp)]− in the pH range 4−10 (Figure 9).

643EPR spectra of the system VIVO2+/acac/Asp suggest that, in
644the pH range 4.5−6.0, [VIVO(acac)2] (III in Figure S35 of the
645Supporting Information) is formed together with another
646species (II), with EPR parameters, gz = 1.944, |Az| = 173.3 ×
64710−4 cm−1, similar to those measured in the system VIVO2+/
648acac/lact. This result, also considered in relation to the
649potentiometric data, allow us to confirm that this is the mixed-
650ligand complex with composition [VIVO(acac)(HAsp)], where
651aspartate�still protonated at the amino group�binds VIV
652with a (COO−, COO−) donor set. After the deprotonation of
653the −NH3+, [VIVO(acac)(HAsp)] transforms into [VIVO-
654(acac)(Asp)]−, which keeps the coordination mode (COO−,
655COO−) and does not change the spin Hamiltonian
656parameters; it is relevant in solution at least up to pH 8−9.
657ESI-MS spectra of the system VIVO2+/acac/Asp with molar
658ratios 1:2:2 and 1:1:1 were recorded at pH 4.85 with cV = 5.0 ×
65910−6 M (Figure S36 of the Supporting Information) and the
660following mixed-ligand species were identified: [VIVO(acac)-
661(Asp)+2H]+ (m/z = 299.0209, the experimental and calculated
662isotopic pattern are shown in Figure S37 of the Supporting
663Information) and [VIVO(acac)(Asp) + H + Na]+ (m/z =
664321.0026) in the positive mode (see also Table 2). Notably,
665the intensity of the peaks in the mass spectra of the mixed-
666ligand complex with Asp is intermediate between those of the
667ternary species with His and Cys; therefore, even if the ESI-MS
668technique is not appropriate to quantitatively support the
669speciation details, it must be observed that this follows the
670order of percent amount in aqueous solution.

Figure 9. Concentration distribution curves of the species formed as a
function of pH in the system VIVO2+/acac/Asp with molar ratio 1:1:1
and cV = 2.0 × 10−3 M. The curves of the mixed-ligand species are
represented in red.
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671 The visible absorption and CD spectra of the binary system
672 VIVO2+/Asp were reported in the literature.51a The addition of
673 Asp at pH ∼4 had a small effect in the visible absorption
674 spectra and more pronounced effect in CD. A larger excess of
675 Asp (ratio [VIVO(acac)2]:Asp 1:4) ensured already an
676 appreciable CD band intensity (Figure S38 of the Supporting
677 Information). At pH 5 and 6, the changes in both visible

f10 678 absorption and CD spectra are more significant (Figures 10
679 and S39 of the Supporting Information), changes that are
680 similar when the pH was increased up to 7 and 8 (Figures S40
681 and S41 of the Supporting Information). In Figures S42−S44
682 of the Supporting Information, the spectra are presented as a
683 function of pH, keeping the ratio [VIVO(acac)2]:Asp constant.
684 The pattern of CD spectra is similar in all cases. They show
685 two negative bands with λmax < 400 nm and λmax > 790 nm, and
686 two positive bands at 540−560 and 680−730 nm whose
687 intensity is increasing with pH and [VIVO(acac)2]:Asp molar
688 ratios; both positive CD bands also shift their λmax, this being
689 more relevant for those at ca. 680−730 nm.
690 The CD spectra measured in the pH range 4−5 have
691 contributions from [VIVO(HAsp)]+, [VIVO(Asp)], and [VIVO-
692 (HAsp)2],

51a but globally differ from those measured under the
693 same conditions for the binary VIVO2+/Asp system. Therefore,
694 the distinct pattern obtained and the changes with pH and
695 [VIVO(acac)2]:Asp molar ratios can only be explained
696 assuming the formation of [VIVO(acac)(HAsp)], and the
697 progressive formation of [VIVO(acac)(Asp)]− as pH is
698 increased. We may conclude that the recorded circular
699 dichroism spectra, depicted in Figures 10 and S38−S44 of
700 the Supporting Information, are consistent and support the
701 conclusions made from the potentiometric data, as well as EPR
702 and ESI-MS techniques.

3.8. Ternary System VIVO2+/acac/P2O7
4−

703 The diphosphate anion is an appropriate ligand to model the
704 binding to VIVO2+ of the diphosphate or triphosphate moiety
705 of ADP and ATP. Three different mixed-ligand species can be
706 identified by pH-potentiometry in the ternary system, VIVO2+/
707 acac/P2O74−: [VIVO(acac)(H2P2O7)]− , [VIVO(acac)-
708 (HP2O7)]2−, and [VIVO(acac)(P2O7)]3−, the latter two being
709 the predominant ones in the pH range 2.5−5.5 and 5.5−10.5,

710 f11s4respectively (Figure 11). Plausible structures are depicted in
711 s4Scheme 4A,B.

Figure 10. Spectra of solutions containing [VIVO(acac)2] upon additions of Asp at pH = 6.00 ± 0.02 and cV ∼2.0 mM. The VO/L ratios indicated
correspond to [VIVO(acac)2]:Asp molar ratios. (A) Isotropic absorption spectra in the range 450−900 nm and (B) circular dichroism spectra in the
range 400−800 nm. Note that the black CD spectrum was recorded with a solution of [VIVO(acac)2], where no CD bands are expected to exist.

Figure 11. Concentration distribution curves of the species formed as
a function of pH in the system VIVO2+/acac/P2O74− with molar ratio
1:1:1 and cV = 2.0 × 10−3 M. The curves of the mixed-ligand species
are represented in red.

Scheme 4. Plausible Structures of the Mixed-Ligand Species
Formed in the Ternary System with Diphosphate and ATP:
(A) [VIVO(acac)(HP2O7)]2−; (B) [VIVO(acac)(P2O7)]3−;
(C) [VIVO(acac)(HATP)]2−; and (D) [VIVO(acac)(ATP)]3−
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712 EPR spectra of the solutions containing VIVO2+, acac, and
713 P2O74− anion, recorded with a molar ratio 1:1:1 (cV = 2.0
714 mM), confirm the results of the pH-potentiometric titrations
715 (Figure S45 of the Supporting Information). A first mixed-
716 ligand complex is observed between pH 4.0 and 5.5 with gz =
717 1.941 and |Az| = 173.2 × 10−4 cm−1 (I). From pH 5 to 9, the
718 signals of the mixed-ligand species [VIVO(acac)(P2O7)]3− were
719 also detected (II). Its spin Hamiltonian parameters are gz =
720 1.943 and |Az| = 171.6 × 10−4 cm−1. In these complexes, acac−

721 is bidentate, while P2O74− forms a six-membered chelate ring.
722 It must be added that, in the range pH 4−6, the trinuclear
723 species [(VIVO)3(P2O7)3]6− is revealed in the EPR spectra by
724 the series of absorptions indicated by III with a low |Az| and by
725 the broad central band, due to the exchange and dipolar
726 interaction of the neighboring paramagnetic VIVO2+ ions;65 this
727 is in agreement with concentration distribution curves (Figure
728 11) and previous results in the literature.51e

729 The mass spectra in the negative-ion mode of the system
730 VIVO2+/acac/P2O74− 1:1:5 were recorded at pH 9.0 and the
731 peak related to the mixed-ligand species ([VIVO(acac)-
732 (P2O7)+2H]−) was observed at m/z = 341.9119 (the
733 simulation of the isotopic pattern is shown in Figure S46 of
734 the Supporting Information), confirming the results obtained
735 with pH-potentiometry and EPR spectroscopy.

3.9. Ternary System VIVO2+/Acac/ATP
736 The ternary complexes identified by pH-potentiometry in the
737 ternary system VIVO2+/acac/ATP are [VIVO(acac)(HATP)]2−
738 and [VIVO(acac)(ATP)]3−, being predominant in the range

f12 739 3.0−7.5 (Figure 12). The coordination of ATP in these species
740 takes place with phosphate oxygen donors (Scheme 4C,D).
741 EPR spectra of the system VIVO2+/acac/ATP were recorded
742 at different pH values with a molar ratio 1:1:5 (cV = 2.0 mM).
743 In fact, relatively high ATP/VIVO2+ ratios were necessary to
744 observe a clear EPR signal compared with the previously
745 analyzed ligands. In the pH range 3−6, three species were

f13 746 observed: [VIVO(ATP)]2− (I in Figure 13) with gz = 1.930, |Az|
747 = 181.0 × 10−4 cm−1 and [VIVO(ATP)2]6− (II) with gz =
748 1.934, |Az| = 178.2 × 10−4 cm−1, where ATP binds VIVO with
749 the phosphate groups forming a six-membered chelate ring.
750 The resonances of [VIVO(acac)(HATP)]2− appear as a
751 shoulder of the signals of the previous species (III). Above
752 pH 6, a species with spin Hamiltonian parameters similar to
753 III, gz = 1.942, |Az| = 172.7 × 10−4 cm−1, is detected. It is

754indicated with IV in Figure 13 and can be explained with the
755deprotonation of the diphosphate moiety, without changing
756the donor set of the ligand. At pH > 9, two other species were
757revealed in small amounts (V and VI), which should
758correspond to the bis-chelated complexes of ATP and 2 ×
759(OH, O−) and 2 × (O−, O−) bindings of the sugar ring, their
760composition being [VIVO(ATPH−1)2]8− (V) and [VIVO-
761(ATPH−2)2]10− (VI); these species are relevant at very basic
762pH values.51d

763It must be observed that potentiometry does not provide
764useful support to the EPR (and CD, see below) findings above
765pH ∼ 8−9, because a significant rearrangement of the binding
766mode at the metal center occurs parallel with progressive
767hydrolysis, which causes very slow processes.
768Mass spectra were recorded at pH 8.5 and VIVO2+
769concentration 5.0 × 10−6 M, using a molar ratio VIVO2+/
770acac/ATP 1:1:10. The following species were identified in the
771negative mode: [VIVO(acac)(ATP)+H]2− (m/z = 334.9789),
772[VIVO(ATP)]2− (m/z = 284.9525), and [VIVO(ATP)+H]−

Figure 12. Concentration distribution curves of the species formed as a function of pH in the system VIVO2+/acac/ATP with molar ratio 1:1:1 and
cV = 2.0 × 10−3 M. The curves of the mixed-ligand species are represented in red.

Figure 13. Anisotropic EPR spectra of solutions containing VIVO2+,
acac, and ATP with a molar ratio of 1:1:5 and cV = 2.0 × 10−3 M at
several pH values. I, [VIVO(ATP)]2−; II, [VIVO(ATP)2]6−; III,
[VIVO(acac)(HATP)]2−; IV, [VIVO(acac)(ATP)]3−; V, [VIVO-
(ATPH−2)2]8−; and VI, [VIVO(ATPH−4)2]10−. The resonances of
the mixed species [VIVO(acac)(HATP)]2−/[VIVO(acac)(ATP)]3− are
also denoted with dotted lines.
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773 (m/z = 570.9126). The simulation of the isotopic pattern of
774 [VIVO(acac)(ATP)+H]2− is shown in Figure S47 of the
775 Supporting Information.
776 Some relatively small changes are observed in the visible
777 absorption and CD spectra in the pH range 4.0−8.5, while for
778 pH > 8.5, both types of spectra depict significant modifications,

f14 779 more evident in the range of pH 9.5−11.0 (Figure 14), where
780 the most relevant chiral species is [VIVO(ATPH−2)2]10−. The
781 modification of the pattern of the visible absorption and CD
782 spectra in the range ca. 8.5−9.5 discloses a clear change in the

783coordination environment of VIVO, with the progressive
784binding of deprotonated hydroxyl groups of the ribose
785fragment. Besides the change of the pattern of the CD spectra,
786the intensity of the induced CD bands increases significantly at
787pH 9.8 and 11.0, because the donor atoms involved are now
788close to the stereogenic centers of the ATP molecule.

3.10. Ternary System VIVO2+/Acac/GSH

789EPR spectra of the system VIVO2+/acac/GSH with a molar
790ratio 1:1:1 were recorded at different pH values and cV ≈2.0
791mM. A ternary complex was revealed around pH 4 with a

Figure 14. Spectra of solutions containing [VIVO(acac)2] and ATP with a 1:5 molar ratio and cV ∼2.0 mM at several pH values. (A) Isotropic
absorption spectra in the range 400−900 nm and (B) circular dichroism spectra in the range 400−900 nm.

Figure 15. ESI-MS/MS spectrum of the species [VIVO(acac)(GSH) + 3H]+ recorded in the positive ion mode in a m/z range of 473.0 ± 1 on the
system with a VIVO2+:acac/GSH ratio of 1:1:25 (ultrapure LC−MS water, pH = 5.70, cV = 5.0 × 10−6 M). Only two decimal numbers are reported
for clarity.

Figure 16. Visible absorption spectra of solutions containing [VIVO(acac)2] and GSH with molar ratios of 1:5 and 1:12.5 and cV ∼2.0 mM at
several pH values: (A) ratio 1:5, from pH 4 to 7 and (B) ratio 1:12.5, from pH 7 to 11.
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792 composition of [VIVO(acac)(HGSH)]− and binding mode
793 [(CO, O−) + (NH2, COO−)], probably with the −SH still
794 protonated (II in Figure S48 of the Supporting Information).
795 Its spin Hamiltonian parameters are gz = 1.943 and |Az| = 172.4
796 × 10−4 cm−1. A second mixed-ligand compound appears in a
797 small amount around pH 9.5 after the deprotonation of the
798 thiol and amide groups; to this species, the composition
799 [VIVO(acac)(GSHH−1)]3− and the coordination mode [(CO,
800 O−) + (Namide−, S−)] are assigned (VI in Figure S48 of the
801 Supporting Information); its approximate spin Hamiltonian
802 parameters are gz ∼1.954 and |Az| ∼158 × 10−4 cm−1.
803 The mass spectrum of a solution containing VIVO2+, acac,
804 and GSH was recorded at pH 4.80 with a molar ratio of 1:1:25
805 and cV = 5.0 × 10−6 M. Similarly to the system with ATP and
806 in line with what was reported in the literature,66 the binding
807 of GSH to VIVO2+ requires a large excess of GSH; so the mass
808 spectra, as well as CD and visible absorption spectra were
809 measured under such experimental conditions. The following
810 mixed-ligand species were identified: [VIVO(acac)-
811 (GSH)+3H]+ (m/z = 473.0669) and [VIVO(acac)(GSH) +
812 2H + Na]+ (m/z = 495.0489 with a very low intensity). The
813 experimental and calculated isotopic patterns for [VIVO(acac)-
814 (GSH)+3H]+ were compared in Figure S49 of the Supporting
815 Information. The stoichiometry of the mixed-ligand species
816 was confirmed with the fragmentation pattern, the MS/MS

f15 817 spectrum is shown in Figure 15. The peaks at m/z = 373.0147
818 and m/z = 391.0252, derived from the fragmentation process,
819 correspond to [VIVO(GSH) + 2H]+ and [VIVO(GSH)(H2O)
820 + 2H]+.
821 The visible absorption spectra, recorded with [VIVO-
822 (acac)2]:GSH molar ratios of either 1:5 or of 1:12.5, differ
823 from those obtained under similar experimental conditions in

f16 824 the binary VIVO2+/GSH system (Figure 16).66 As pH changes
825 from 4 to 7, some relevant modifications were observed. First,
826 the ε values at ca. 810 nm increase up to pH = 7, and the
827 addition of more GSH causes a decrease of ε. Moreover, the
828 addition of a base yields a further decrease in the value of ε,
829 particularly for pH 9.8 and 11. The band at ca. 575 nm is much
830 less affected. Also, a change in the solution’s coloration (from
831 greenish blue to yellow) indicates a change in the species
832 present therein. Noteworthy, the visible spectra up to pH ∼9.5
833 do not suggest the extensive hydrolysis of the VIVO complexes
834 formed, as occurs in the absence of acac,66 this further
835 suggesting that an acac− ligand is bound to VIVO2+ and that
836 mixed-ligand species are present in solution at least until pH
837 10.
838 The CD spectra measured for this system using identical
839 molar ratios (Figure S50 of the Supporting Information) are of
840 very weak in intensity, the signal-to-noise ratio is low and the
841 spectra are very noisy. In the pH range 4−7, the Δε values are
842 close to zero or very small, even if it should be noted that at
843 pH = 5 there is a barely noticeable negative Δε band in the
844 range 500−600 nm. The λmax of the bands differ from those
845 obtained under similar experimental conditions in the VIVO2+/
846 GSH system,66 indicating that a distinct species forms in
847 solution, with acac− and GSH bound to VIV; this confirms the
848 results obtained with EPR and ESI-MS techniques, which
849 suggested the formation of the [VIVO(acac)(HGSH)]− mixed-
850 ligand complex in this pH range.
851 At pH = 7, comparing the data with the molar ratios
852 [VIVO(acac)2]:GSH 1:5 and 12.5, the Δε values at ca. 650−
853 800 nm increase, but the weak band at ca. 500−600 nm is not
854 much affected. The maximum Δε values are observed at pH =

8558.5, while at pH = 11 Δε is close to zero. The fact that only
856weak intensity CD spectra were recorded in this system may
857indicate that the amount of the ternary species is low when the
858ratio [VIVO(acac)2]:GSH is 1:5−1:12.5 (it must be considered
859that EPR and ESI-MS measurements were carried out using a
8601:25 ratio) and/or that the binding of vanadium to GSH,
861under these conditions, is established at sites far from the
862molecule’s stereogenic centers.

3.11. Speciation of [VIVO(acac)2] in the Blood Serum

863After a vanadium-based drug is administered by intravenous/
864intraperitoneal injections,18b,67 it enters the bloodstream. This
865route ensures that the administered compound�[VIVO-
866(acac)2] in the present work�reaches the bloodstream in its
867original form and allows a direct investigation of its
868interactions with serum components and biologically relevant
869ligands. Until now, it wass not clear the fraction which remains
870in the serum and the part taken up by the erythrocytes. In the
871literature, it is reported that ca. 90% of V of blood is associated
872with the serum fraction, with V present almost exclusively in
873the oxidation states + IV and + V,1a,68 but some authors
874suggested that the percent amount in the red blood cells could
875not be negligible and reach, for some compounds, to
876percentages higher than 50%.24f,61b Other studies reported
877the possibility of reduction of VIV to VIII in blood, and
878formation of the very stable adduct (VIII)2(HTf) with human
879serum transferrin.25e,69

880In the blood serum, vanadium compounds can interact with
881bLs, such as citrate, lactate, oxalate, phosphates, amino acids,
882etc., and proteins, like HTf and human serum albumin
883(HSA).59,61a,70 Therefore, the form with which VIV reaches the
884target organs depends on the affinity for each bL and their
885concentrations. The major bLs of the serum are lactate (lact;
8861.51 mM), citrate (citr; 99.0 μM), oxalate (ox; 9.20 μM), and
887histidine (His; 77.0 μM).71 Model calculations using the
888thermodynamic stability constants of the species revealed in
889the systems containing VIVO2+, acac, and bL/proteins were
890performed to establish the chemical form of VIVO2+ in the
891concentration range 1 nM-1 mM.
892Concerning the V concentration in the blood serum, it must
893be considered that for healthy humans it is in the range 1−20
894nM.1c,72 In studies with STZ-induced diabetic rats, it was
895reported that upon administration by intraperitoneal injections
896of [VIVO(ma)2] (bis(maltolato)oxidovanadium(IV) or
897BMOV) or VIVOSO4, the levels of V could reach millimolar
898concentrations,73 while in other studies, upon oral treatments
899with V-based drugs, such as BMOV or bis(ethylmaltolato)-
900oxidovanadium(IV) (BEOV), the determined V concentra-
901tions were 1−10 μM in humans74 and 40−60 μM in rats.75

902Therefore, the vanadium levels achieved in the blood serum
903depend on the form of administration of the VC tested. Based
904on clinical studies with humans, we believe that for chronic
905administration serum concentrations will typically be signifi-
906cantly below 1 mM and consider V concentrations in the range
90710−20 μM as reasonable. However, we present speciation
908diagrams up to 1 mM concentration, in order to account for
909the possibility that higher vanadium levels�for example,
910immediately after administration�may be reached in the
911blood serum (and in RBCs or cell cancer cytosol, see below) is
912also covered. The results for the potential drug [VIVO(acac)2]
913 f17are displayed in Figure 17.
914Observing Figure 17, it is clear that for V concentrations
915above ∼ 30 μM, several V species may form, including mixed-
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916 ligand VIVO−acac−bL. This may suggest that, in certain
917 conditions, VIVO−acac−bL complexes may be present in the
918 blood serum for some periods of time, before being excreted.
919 For V concentrations around 10 μM or lower, the predominant
920 species are (VIVO)(HTf) and (VIVO)2(HTf), where VIVO2+
921 occupies one or both the binding sites of the N- or C-terminal
922 region of transferrin; the sum of their concentration overcomes
923 90%, with the remaining vanadium(IV) amount present as
924 (VIVO)(HTf)(lact), where the lactato ligand acts as a
925 synergistic anion,77 i.e., behaving similarly to carbonate (Figure
926 17). It has been pointed out that the formation of
927 (VIVO)(HTf) and/or (VIVO)2(HTf) would slow down the
928 oxidation of VIV to VV.61a,78 When V concentration is larger
929 than 10−20 μM, the formation of [VIVO(acac)(citr)]2− and
930 [VIVO(acac)(His)] starts being relevant and progressively
931 increases in the range 50−150 μM. In particular, the
932 percentage of [VIVO(acac)(citr)]2− reaches its maximum
933 value between 100 and 150 μM (∼45%), while that of
934 [VIVO(acac)(His)] around 250 μM (∼25%), although these
935 values are normally considered beyond the possible physio-
936 logical concentrations. [VIVO(acac)2] should become the
937 major species at VIV concentrations higher than 300 μM
938 (Figure 17). So, it is the total V concentration in the serum
939 that determines which species are formed in the blood, and this
940 depends on the form of administration of [VIVO(acac)2].
941 Based on the studies in the literature, if the concentration is
942 below 20 μM, most of V exists (VIVO)(HTf) and
943 (VIVO)2(HTf).

39,40 However, even in these conditions, this
944 does not imply that the original ligand bound to the VIVO2+
945 ion is irrelevant; in fact, the coordinated ligand affects the
946 lipophilicity, charge, stability, membrane permeability, and
947 cellular uptake of the V-based drug, i.e., properties which are
948 not captured by equilibrium speciation alone, influencing
949 several processes that may occur before equilibrium with
950 transferrin is reached, for example cellular uptake and
951 bioavailability.
952 The results here obtained can be used to reinterpret the EPR
953 spectra obtained when blood serum samples are incubated

954with [VIVO(acac)2], discussed in ref 79. The spectra are
955 f18reported in Figure 18. When the blood serum is incubated with

956454.5 μM [VIVO(acac)2] (trace b), the resonances of
957[VIVO(acac)2] (I in traces a and b) are revealed in agreement
958with the prediction of Figure 17. Upon the decrease of the
959[VIVO(acac)2] concentration down to 90.9 and 45.4 μM
960(traces c and d), the spectra were previously interpreted with
961the presence in the serum of (VIVO)(HTf) and/or
962(VIVO)2(HTf) (IV in traces c, d, and f).79 However, in the
963light of the data here obtained, it is possible to assume that
964[VIVO(acac)(citr)]2− may also exist in solution (II in traces b-
965e). In fact, its resonances (shown in Figure 4 and indicated
966with the dotted lines in Figure 18) are compatible with those
967detected in traces b-d, and the simultaneous presence of
968[VIVO(acac)2] and [VIVO(acac)(citr)]2− for VIV 454.5 μM and
969(VIVO)(HTf)/(VIVO)2(HTf) and [VIVO(acac)(citr)]2− for
970VIV in the range 45.4−90.9 μM�predicted also by the
971model in Figure 17�could be postulated.

3.12. Speciation of [VIVO(acac)2] in Erythrocyte Cytosol
972When vanadium species are present in the bloodstream, a non-
973negligible fraction can be internalized by red blood cells
974(RBCs). According to the available literature, vanadium
975distributes between the plasma and erythrocytes, supporting
976studies that highlight the importance of considering, not only
977plasma but also RBCs when evaluating the biological and
978pharmacological behavior of V compounds.7,61b,80 Overall,
979findings from in vivo studies in animals are consistent with in
980vitro experiments in which VCs are introduced into the blood.
981In particular, several reports indicate that, depending on the
982specific complex administered, a substantial fraction of
983vanadium�typically around 50%, and in some cases as high
984as 70−80%�is found in RBCs following incubation in
985blood.24f,g,61b,80 Therefore, if a significant proportion of

Figure 17. Calculated speciation in the blood serum at pH 7.4
considering addition of [VIVO(acac)2] in the concentration range 1
nM−1000 μM. The VIV concentration range below 20 μM is shown
with a gray background, but it should be noted that, upon
administration by intraperitoneal injections of VCs, the V
concentration achieved in the blood serum may be much higher
(see text). The concentration of the blood bioligands was taken from
refs 71 and 76. All the bioligand concentration and stability constants
used to model the speciation are reported in Tables S2 and S3 of the
Supporting Information.

Figure 18. Anisotropic EPR spectra of solutions at pH 7.4 containing:
(a) [VIVO(acac)2] (cV = 1.0 mM); (b) serum incubated with
[VIVO(acac)2] (cV = 454.5 μM); (c) serum incubated with
[VIVO(acac)2] (cV = 90.9 μM); (d) serum incubated with
[VIVO(acac)2] (cV = 45.4 μM); (e) [VIVO(acac)2]:citr with molar
ratio 1:1 (cV = 1 mM); and (f) VIVO2+:apo-HTf with molar ratio 2:1
(cV = 500 μM). I, [VIVO(acac)2]; II, [VIVO(acac)(citr)]2−; III,
[(VIVO)2(citrH−1)2]4−; and IV, (VIVO)(HTf)/(VIVO)2(HTf). The
MI = 5/2, 7/2 resonances of the mixed-ligand species [VIVO(acac)-
(citr)]2− are also denoted with the dotted lines. All the spectra were
obtained through the acquisition of an appropriate number of scans
and using the signal averaging. Adapted with permission from ref 79
Copyright 2017 Elsevier.
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986 vanadium is sequestered by RBCs, understanding the fate of
987 these V species during phagocytosis becomes essential,
988 although this has been scarcely explored in the literature.7

989 The cytosol of red blood cells contains several biologically
990 relevant ligands capable of interacting with VC and stabilizing
991 newly formed species. In erythrocytes, the major intracellular
992 components capable of binding V include hemoglobin (5.1
993 mM), lactate (0.9 mM), histidine (0.09 mM), aspartate (0.3
994 mM), and ATP (1.4 mM) and, among the reducing agents,
995 GSH (2.3 mM).81 Citrate is detected at low abundance in
996 erythrocytes by metabolomic analyses, consistent with the
997 absence of a functional tricarboxylic acid cycle in these cells;82

998 therefore, for modeling purposes, its intracellular concentration
999 was set to 0.05 mM, i.e., within the low micromolar range
1000 expected for this metabolite.
1001 For erythrocyte cytosol, the calculated speciation at pH 7.2,
1002 with VIV concentrations from 1 nM to 1 mM, is displayed in

f19 1003 Figure 19.
1004 It can be observed that, for VIV concentrations lower than
1005 the physiological ones, i.e., 20 μM, the major species is
1006 (VIVO)(Hb), with the V bound to the sites β and γ of
1007 hemoglobin; a minor amount, less than 10%, should be present
1008 as mixed-ligand complexes: [VIVO(acac)(citr)]2− and [VIVO-
1009 (acac)(His)]. With V concentrations above 20 μM, the percent
1010 amount of [VIVO(acac)(citr)]2− and [VIVO(acac)(His)]
1011 increases, and it reaches ca. 20% when added [VIVO(acac)2]
1012 is 160 μM. From a V concentration of 100 μM, the formation
1013 of [VIVO(acac)(Asp)]− and [VIVO(acac)2] starts being
1014 relevant, and this latter arrives up to ca. 30% when V is 1
1015 mM (Figure 19).
1016 The quality of the model can be tested by comparing the
1017 experimental EPR spectra recorded on RBC incubated with
1018 [VIVO(acac)2] with a concentration of 0.91 mM, discussed
1019 previously in the literature.24f The spectra are displayed in

f20 1020 Figure 20. The results can be interpreted considering that
1021 when the RBCs are incubated with only vanadate(V), three
1022 species are detected: (i) the adduct (VIVO)(Hb) (IV in trace
1023 d) with VIV bound to the sites β ((His146, Glu90, and Asp94;
1024 H2O) coordination, according to the covalent docking
1025 calculations83) and γ ((His116, His117, and Glu26; H2O)

1026coordination83); (ii−iii) the two species VIVO−bL1 and
1027VIVO−bL2 (II and III), not yet identified in the literature,
1028where bL can be citrate, a carbohydrate, a 2-hydroxyacid
1029derivative, or a membrane protein.24f,80 It must be noted that
1030the ratio between the spectral intensity of these species
1031remains the same, independently of the studied V system.
1032When the erythrocytes are incubated with [VIVO(acac)2], the
1033resonances of this latter species add to the spectrum (I in trace
1034c). In particular, the MI = 5/2, 7/2 resonances at 390.4 and
1035408.6 mT, denoted by the dotted line in Figure 20, and not
1036detected in the absence of [VIVO(acac)2], are well evident.
1037Notably, the intensity of the absorptions of [VIVO(acac)2] is
1038slightly lower than that of (VIVO)(Hb), in agreement with the
1039prediction shown in Figure 19, where the used concentration,

Figure 19. Calculated speciation in RBC cytosol at pH 7.2 considering addition of [VIVO(acac)2] in the concentration range 0.001−1000 μM. The
V concentration range below 20 μM is shown with a gray background, while a V concentration of 0.91 mM, studied by EPR in ref 24f is denoted by
the dotted line. It must considered that, upon administration by intraperitoneal injections of VCs, the V concentration achieved inside RBCs may
be much higher than 20 μM (see text). The concentration of all the cytosol bioligands was taken from ref 81 and that of citrate was set to 0.05 mM.
All the bioligand concentration and stability constants used to model the speciation are reported in Tables S4 and S5 of the Supporting
Information.

Figure 20. Anisotropic EPR spectra of solutions containing: (a)
[VIVO(acac)2] (cV = 1.0 mM); (b) [VIVO(acac)2]: Hb 2:1 (cV = 0.62
mM); (c) lysate samples of RBC incubated with [VIVO(acac)2] for 1
h (cV = 0.91 mM); and (d) lysate samples of RBC incubated with
vanadate(V) for 1 h (cV = 0.91 mM). I, [VIVO(acac)2]; II, VIVO−bL1;
III, VIVO−bL2; and IV, (VIVO)(Hb). The MI = 5/2, 7/2 resonances
of the species [VIVO(acac)2] are also denoted with the dotted lines.
All the spectra were obtained through the acquisition of an
appropriate number of scans and using the signal averaging. Adapted
from ref 24f Copyright 2014 American Chemical Society.
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1040 0.91 mM, is shown by the dotted line. The percentages
1041 predicted for [VIVO(acac)2] and (VIVO)(Hb), based on our
1042 model, are 31% and 55%, which would correspond to a ratio of
1043 the EPR intensities of ca. 1.8.
1044 To have a final overall correct vanadium speciation, the
1045 identity and stability of the two species, VIVO−bL1 and VIVO−
1046 bL2, must be ascertained to improve the model and predict the
1047 fate of [VIVO(acac)2] in the cytosol of erythrocytes, but this
1048 improvement should not change the observed ratio (VIVO)-
1049 (Hb)/[VIVO(acac)2] which should remain close to that
1050 detected in Figure 20.

3.13. Speciation of [VIVO(acac)2] in the Cancer Cells

1051 Considering the anticancer action of [VIVO(acac)2], it is
1052 important to also model its speciation in cancer cells. It is
1053 known that upon incubation of A2780 ovarian cells with
1054 [VIVO(acac)2] significant amounts of vanadium are detected
1055 inside cells.32 Recently, it was tested against glioblastoma
1056 through intratumoral injections;17 this procedure allows one to
1057 achieve high concentrations of cytotoxic drugs in the tumor,
1058 keeping their levels in the bloodstream�where hydrolysis and
1059 biotransformation processes may occur�low.67h However, to
1060 date, there is no study trying to address the nature of the
1061 species formed after the administration of [VIVO(acac)2] with
1062 these or other types of cancer cells. To this, it must be added
1063 that the composition of the cancer cells vary with the cellular
1064 line and condition of the patient and, for this reason, only a
1065 rough description can be provided here.
1066 To model the possible speciation of [VIVO(acac)2] in the
1067 cancer cells, the following concentrations are used (see also
1068 Table S6 of the Supporting Information): aspartate, 1.0 mM;84

1069 ATP, 6 mM;85 citrate, 1 mM;86 cysteine, 50 μM;87 GSH, 5
1070 mM;88 histidine, 50 μM;89 inorganic phosphate, 5 mM;90
1071 lactate, 15 mM;91 and oxalate, 50 μM.92 High levels of
1072 diphosphate are characteristic of cells in an exponential growth
1073 phase, being the byproduct of numerous biosynthetic reactions
1074 (such as DNA/RNA polymerizations and protein synthesis)
1075 that are upregulated in cancer, and values between 0.1 and 2
1076 mM are reported;93 following the discussion in the literature,94

1077 a concentration of 50 μM was fixed. The stability constants of
1078 VIVO−acac, VIVO−bL, and VIVO−acac−bL species were taken

1079from this work and literature data (Table S7 of the Supporting
1080Information). Finally, for proteins, a total concentration of 5
1081mM was fixed with a value of conditional binding constant,
1082logβ, of 9.0, which can be considered acceptable for a
1083nonspecific binding of His-N. The pH was set to 7.3.
1084 f21The results are shown in Figure 21. They suggest that, for
1085[VIVO(acac)2] concentrations up to 0.1 μM, VIVO distributes
1086between lactate in the form [VIVO(lactH−1)2]2− with a α-
1087hydroxycarboxylate coordination, 2×(COO−, O−), [VIVO-
1088(P2O7)2]6−, and (VIVO)(Protein) (it must be observed that
1089the importance of this latter species could be greater if the
1090proteins have intermediate-strong binding modes toward
1091VIVO2+). The importance of VIVO−lact and VIVO−P2O7
1092species at these V concentrations can be attributed to the
1093very large concentration of lactate reported in cancer cells on
1094one hand91 and to the binding strength of diphosphate toward
1095VIVO2+ ion on the other. For V concentrations larger than 0.1
1096μM, the formation of two citrate-containing complexes, namely
1097the dinuclear species [(VIVO)2(citrH−1)2]4− and the mixed-
1098ligand complex [VIVO(acac)(citr)]2−, plus [VIVO(acac)-
1099(P2O7)]3− start being relevant and they would coexist with
1100[VIVO(lactH−1)2]2− and (VIVO)(Protein) in the pharmacolog-
1101ically relevant [VIVO(acac)2] concentration, between 1 and 20
1102μM. At 20 μM, the predicted amounts of [VIVO(acac)(citr)]2−,
1103[VIVO(acac)(P2O7)]3−, [VIVO(lactH−1)2]2−, [VIVO(P2O7)2]6−,
1104[(VIVO)2(citrH−1)2]4−, and (VIVO)(Protein) are ca. 41, 19, 16,
11059, 6, and 5%, respectively.
1106A last comment concerns the possible formation of VIVO−
1107acac−protein adducts, demonstrated in various systems by
1108spectroscopic and spectrometric techniques.32,35 A rough
1109estimate of the conditional binding constant (logβ) for
1110VIVO(acac)(Protein) from literature data35b is 14.5 ± 2.0,
1111the exact value depending on the binding site(s) available on
1112the protein. However, this constant can be used to model
1113speciation in cancer cells to account for the formation of
1114VIVO(acac)(Protein) species inside cells. The results are
1115presented in Figure S51 of the Supporting Information and
1116must be considered as a preliminary description to be
1117improved with more accurate determination of logβ for
1118plausible VIVO(acac)(Protein) species and also for VIVO-

Figure 21. Calculated speciation in cancer cells at pH 7.3 considering the presence of [VIVO(acac)2] in the range 0.001−1000 μM. The V
concentration range below 20 μM is shown with a gray background, but it should be observed that, upon administration by intraperitoneal or
intratumoral injections of VCs, the V concentration reached inside the cancer cells may possibly be much higher than 20 μM (see text). The
concentration of the bioligands was taken from refs 84−94, while for proteins a total concentration of 5 mM was fixed. All the bioligand
concentration and stability constants used to model the speciation are reported in Tables S6 and S7 of the Supporting Information.
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1119 (acac)2(Protein). From this approximate analysis, it emerges
1120 that up to 20−30 μM V concentration, the model coincides
1121 with that shown in Figure 21 without considering the
1122 formation of VIVO(acac)(Protein) species. The formation of
1123 VIVO−acac−protein adducts should be relevant only for V
1124 concentrations larger than 100 μM in conjunction with the
1125 involvement of the acac− ligand in the coordination of the
1126 VIVO2+ ion.

4. CONCLUSIONS
1127 Understanding how metal-based therapeutic drugs behave and
1128 undergo changes in biological media, particularly in the case of
1129 labile metal ions, is essential if we want to identify the active
1130 species and propose mechanisms of action. It is known that if a
1131 vanadium compound is added to a water-containing environ-
1132 ment, it will undergo several types of transformations, such as
1133 ligand exchange, hydrolysis, and redox processes, these
1134 depending on the characteristics of the media and of the
1135 compound, as well as on its concentration.7 Moreover, once a
1136 VC, or any other complex of a labile metal ion, is added to a
1137 biological fluid that contains several potential ligands, the
1138 nature of the species that predominate may significantly differ
1139 from the original compound added. Consequently, the
1140 complexity of factors to be analyzed when trying to discuss
1141 any type of biological effect observed normally corresponds to
1142 a difficult task.
1143 This work provides the first systematic and comprehensive
1144 study of the ternary systems formed by [VIVO(acac)2] with
1145 relevant low-molecular-mass blood and intracellular bioligands.
1146 Moreover, it highlights the changes that any metal compound
1147 may undergo once inside the human body and how these may
1148 be anticipated. Upon the use of an integrated multitechnique
1149 approach based on pH-potentiometry, mass spectrometry,
1150 EPR, UV−vis, and CD spectroscopy, we demonstrated the
1151 robustness and capacity of [VIVO(acac)2] to form stable
1152 mixed-ligand complexes with biologically relevant ligands,
1153 these insights being essential for understanding how it may
1154 survive, transform, and act in vivo.
1155 The stability constants of [VIVO(acac)]+ and [VIVO(acac)2]
1156 confirm that acetylacetonate forms very stable VIVO2+
1157 complexes, but�in addition�the hydrolytic dinuclear species
1158 [(VIVO)2(acac)2(OH)2] was also detected from pH 5 to 9.
1159 Mixed-ligand species VIVO(acac)(bL) were observed with
1160 lactate, citrate, oxalate, histidine, cysteine, aspartate, pyrophos-
1161 phate, ATP, and GSH. Speciation diagrams show that ternary
1162 complexes predominate around physiological pH for the
1163 systems containing citrate, histidine, aspartate, pyrophosphate,
1164 and ATP. Moreover, the potentiometric data reveal that citr-,
1165 His-, and ATP-based mixed-ligand complexes are particularly
1166 stable, suggesting their potential biological relevance. In
1167 particular, [VIVO(acac)(citr)]2− reaches a significant amount
1168 when cV = 20−50 μM in the blood serum and RBCs, and it is
1169 the major species in the model applied to cancer cells in the
1170 mentioned concentration range. Notably, EPR spectra
1171 recorded on real blood serum samples display characteristic
1172 resonances attributable to the [VIVO(acac)(citr)]2− complex,
1173 providing direct experimental confirmation that such mixed-
1174 ligand species can persist and dominate when the [VIVO-
1175 (acac)2] concentration is between 50 and 100 μM, in
1176 agreement with the speciation models obtained using the bL
1177 amounts and thermodynamic stability constants of the
1178 compounds formed in biological fluids.

1179From this study, it is clear that the type of species formed
1180upon administration of [VIVO(acac)2] (and of other VCs)
1181strongly depends on the total V concentration achieved in the
1182biological system considered. At low μM concentrations, the
1183original ligand bound to the VIVO2+ ion will mostly be lost; this
1184is what is globally predicted when a VC is administered orally
1185for long periods of time. However, if the VC is given by
1186injection, the individual doses may be significantly higher, the
1187total concentration in blood and cytosol may be in the mM
1188range,73 and the presence of binary and mixed-ligand VIVO
1189complexes containing the original ligand and/or some specific
1190bioligand may become relevant. This helps explaining the
1191finding of several reports that the administration of VCs is
1192beneficial when compared with the use of simple vanadium
1193salts (e.g., VIVOSO4).

67

1194Overall, this work clarifies the solution chemistry of
1195[VIVO(acac)2] in biologically relevant environments and
1196demonstrates its adaptive coordination behavior toward
1197diverse donor sets. If introduced in a biological media in
1198some type of encapsulated form or not, the present results
1199strongly suggest that the pharmacological activity of [VIVO-
1200(acac)2] may derive, not only from the intact complex but also
1201from its capacity to form VIVO−acac−bL compounds under
1202physiological conditions. Therefore, the formation of these
1203mixed-ligand complexes should be considered in the studies on
1204the anticancer activity of [VIVO(acac)2], keeping in mind that
1205such species could play a not negligible role in transport,
1206bioavailability, and molecular mechanisms of this V-based
1207therapeutic compound.

1208■ ASSOCIATED CONTENT

1209*sı Supporting Information

1210The Supporting Information is available free of charge at
1211https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02223.

1212Table with species derived from ligands, metal ions, and
1213binary VIVO complexes identified by ESI-MS spectrom-
1214etry, bioligand concentration and stability constants used
1215to model the speciation of [VIVO(acac)2] in the blood
1216serum and cytosol, ESI-MS(+) spectra recorded on the
1217VIVO2+/acac and VIVO2+/acac/bL systems, experimental
1218and calculated isotopic pattern for the peak of
1219[VIVO(acac)2] and VIVO−acac−bL mixed-ligand spe-
1220cies, anisotropic EPR spectra of the VIVO2+/acac/bL
1221systems, visible absorption and CD spectra recorded on
1222the systems VIVO2+/acac/bL systems, and calculated
1223speciation in cancer cells of [VIVO(acac)2] assuming the
1224formation of VIVO(acac)(Protein) (PDF)

1225■ AUTHOR INFORMATION

1226Corresponding Authors

1227Joao Costa Pessoa − Centro de Química Estrutural, Institute
1228of Molecular Sciences and Departamento de Engenharia
1229Química, Instituto Superior Técnico, Universidade de Lisboa,
1230Lisboa 1049-001, Portugal; orcid.org/0000-0002-3978-
12319964; Email: joao.pessoa@ist.utl.pt
1232Eugenio Garribba − Dipartimento di Medicina, Chirurgia e
1233Farmacia, Universita ̀ di Sassari, Sassari I-07100, Italy;
1234orcid.org/0000-0002-7229-5966; Email: garribba@
1235uniss.it

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.6c02223
Inorg. Chem. XXXX, XXX, XXX−XXX

Q



1236 Authors
1237 Daniele Sanna − Consiglio Nazionale Delle Ricerche, Istituto
1238 di Chimica Biomolecolare, Sassari I-07100, Italy;
1239 orcid.org/0000-0001-9299-0141
1240 Valeria Ugone − Consiglio Nazionale Delle Ricerche, Istituto
1241 di Chimica Biomolecolare, Sassari I-07100, Italy;
1242 orcid.org/0000-0002-2830-3869
1243 Péter Buglyó − Department of Inorganic and Analytical
1244 Chemistry, University of Debrecen, Debrecen H-4032,
1245 Hungary
1246 Nóra Ildikó Kovács − Department of Inorganic and
1247 Analytical Chemistry, University of Debrecen, Debrecen H-
1248 4032, Hungary
1249 Sándor Nagy − Department of Inorganic and Analytical
1250 Chemistry, University of Debrecen, Debrecen H-4032,
1251 Hungary
1252 Nádia Ribeiro − Centro de Química Estrutural, Institute of
1253 Molecular Sciences and Departamento de Engenharia
1254 Química, Instituto Superior Técnico, Universidade de Lisboa,
1255 Lisboa 1049-001, Portugal; Now at Prof. Silva Pereira’s
1256 Applied and Environmental Mycology Group (AEM),
1257 Instituto de Tecnologia Química e Biológica (ITQB), Oeiras
1258 2780-157, Portugal
1259 Isabel Correia − Centro de Química Estrutural, Institute of
1260 Molecular Sciences and Departamento de Engenharia
1261 Química, Instituto Superior Técnico, Universidade de Lisboa,
1262 Lisboa 1049-001, Portugal; orcid.org/0000-0001-7096-
1263 4284
1264 Federico Pisanu − Dipartimento di Medicina, Chirurgia e
1265 Farmacia, Universita ̀ di Sassari, Sassari I-07100, Italy
1266 Complete contact information is available at:
1267 https://pubs.acs.org/10.1021/acs.inorgchem.6c02223

1268 Author Contributions
1269 The manuscript was written through contributions of all
1270 authors. All authors have given approval to the final version of
1271 the manuscript.
1272 Notes
1273 The authors declare no competing financial interest.

1274 ■ ACKNOWLEDGMENTS
1275 This work was supported by Fundação para a Cien̂cia e
1276 Tecnologia (FCT) through projects UID/100/2025 (DOI:
1277 10.54499/UID/00100/2025), UID/PRR/100/2025 (DOI:
1278 10.54499/UID/PRR/00100/2025), LA/P/0056/2020 (DOI:
1279 10.54499/LA/P/0056/2020 and DOI: 10.54499/LA/P/0056/
1280 2020), MIUR PRIN 2022 (project Cod. 2022APCTNA
1281 “TRILLI�TRansforming metal Ions and Low-cost LIgands
1282 into next generation metallodrugs. A thermodynamic, spectro-
1283 scopic, and biological approach for their rational design”), and
1284 National Research, Development and Innovation Office of
1285 Hungary (OTKA-146656).

1286 ■ REFERENCES
(1)1287 (a) Costa Pessoa, J.; Tomaz, I. Transport of Therapeutic

1288 Vanadium and Ruthenium Complexes by Blood Plasma Components.
1289 Curr. Med. Chem. 2010, 17, 3701−3738. (b) Rehder, D. The
1290 potentiality of vanadium in medicinal applications. Future Med. Chem.
1291 2012, 4, 1823−1837. (c) Pessoa, J. C.; Etcheverry, S.; Gambino, D.
1292 Vanadium compounds in medicine. Coord. Chem. Rev. 2015, 301−
1293 302, 24−48. (d) Rehder, D. Perspectives for vanadium in health
1294 issues. Future Med. Chem. 2016, 8, 325−338. (e) Rehder, D.

1295Implications of vanadium in technical applications and pharmaceutical
1296issues. Inorg. Chim. Acta 2017, 455, 378−389. (f) Crans, D. C.; Yang,
1297L.; Haase, A.; Yang, X. Health Benefits of Vanadium and Its Potential
1298as an Anticancer Agent. In Met. Ions Life Sci. In Metallo-Drugs
1299Development & Action of Anticancer Agents; Sigel, A., Sigel, H.,
1300Freisinger, E., Sigel, R. K. O., Eds.; Walter de Gruyter GmbH: Berlin,
13012018; Vol. 18, pp 251−279. (g) Treviño, S.; Díaz, A.; Sánchez-Lara,
1302E.; Sanchez-Gaytan, B. L.; Perez-Aguilar, J. M.; González-Vergara, E.
1303Vanadium in Biological Action: Chemical, Pharmacological Aspects,
1304and Metabolic Implications in Diabetes Mellitus. Biol. Trace Elem. Res.
13052019, 188, 68−98. (h) Crans, D. C.; LaRee, H.; Cardiff, G.; Posner,
1306B. I. Developing Vanadium as an Antidiabetic or Anticancer Drug: A
1307Clinical and Historical Perspective In Essential Metals in Medicine. In
1308Therapeutic Use and Toxicity of Metal Ions in the Clinic; Carver, P. L.,
1309Ed.; De Gruyter GmbH: Berlin, 2019; pp 203−230. (i) Selvaraj, S.;
1310Krishnan, U. M. Vanadium−Flavonoid Complexes: A Promising Class
1311of Molecules for Therapeutic Applications. J. Med. Chem. 2021, 64,
131212435−12452. (j) Amante, C.; De Sousa-Coelho, A. L.; Aureliano, M.
1313Vanadium and Melanoma: A Systematic Review. Metals 2021, 11,
1314828. (k) Sharfalddin, A. A.; Al-Younis, I. M.; Mohammed, H. A.;
1315Dhahri, M.; Mouffouk, F.; Abu Ali, H.; Anwar, M. J.; Qureshi, K. A.;
1316Hussien, M. A.; Alghrably, M.; Jaremko, M.; Alasmael, N.; Lachowicz,
1317J. I.; Emwas, A.-H. Therapeutic Properties of Vanadium Complexes.
1318Inorganics 2022, 10, 244. (l) Rehder, D. Vanadium in biological
1319systems and medicinal applications. Inorg. Chim. Acta 2023, 549,
1320121387. (m) De Sousa-Coelho, A. L.; Fraqueza, G.; Aureliano, M.
1321Repurposing Therapeutic Drugs Complexed to Vanadium in Cancer.
1322Pharmaceuticals 2024, 17, 12.

(2) 1323(a) Thompson, K. H.; Orvig, C. Coordination chemistry of
1324vanadium in metallopharmaceutical candidate compounds. Coord.
1325Chem. Rev. 2001, 219−221, 1033−1053. (b) Sakurai, H.; Kojima, Y.;
1326Yoshikawa, Y.; Kawabe, K.; Yasui, H. Antidiabetic vanadium(IV) and
1327zinc(II) complexes. Coord. Chem. Rev. 2002, 226, 187−198.
1328(c) Shechter, Y.; Goldwaser, I.; Mironchik, M.; Fridkin, M.; Gefel,
1329D. Historic perspective and recent developments on the insulin-like
1330actions of vanadium; toward developing vanadium-based drugs for
1331diabetes. Coord. Chem. Rev. 2003, 237, 3−11. (d) Sakurai, H.;
1332Yoshikawa, Y.; Yasui, H. Current state for the development of
1333metallopharmaceutics and anti-diabetic metal complexes. Chem. Soc.
1334Rev. 2008, 37, 2383−2392. (e) Treviño, S.; Diaz, A. Vanadium and
1335insulin: Partners in metabolic regulation. J. Inorg. Biochem. 2020, 208,
1336111094. (f) Amaral, L. M. P. F.; Moniz, T.; Silva, A. M. N.; Rangel, M.
1337Vanadium Compounds with Antidiabetic Potential. Int. J. Mol. Sci.
13382023, 24, 15675.

(3) 1339(a) Evangelou, A. M. Vanadium in cancer treatment. Crit. Rev.
1340Oncol. Hematol. 2002, 42, 249−265. (b) Bishayee, A.; Waghray, A.;
1341Patel, M. A.; Chatterjee, M. Vanadium in the detection, prevention
1342and treatment of cancer: The in vivo evidence. Cancer Lett. 2010, 294,
13431−12. (c) Barrio, D. A.; Etcheverry, S. B. Potential use of vanadium
1344compounds in therapeutics. Curr. Med. Chem. 2010, 17, 3632−3642.
1345(d) Das, S.; Chatterjee, M.; Janarthan, M.; Ramachandran, H.;
1346Chatterjee, M. Vanadium in cancer prevention. In Vanadium.
1347Biochemical and Molecular Biological Approaches; Michibata, H., Ed.;
1348Springer Netherlands, 2012; pp 163−185. (e) Kioseoglou, E.;
1349Petanidis, S.; Gabriel, C.; Salifoglou, A. The chemistry and biology
1350of vanadium compounds in cancer therapeutics. Coord. Chem. Rev.
13512015, 301−302, 87−105. (f) Selman, M.; Rousso, C.; Bergeron, A.;
1352Son, H. H.; Krishnan, R.; El-Sayes, N. A.; Varette, O.; Chen, A.; Le
1353Boeuf, F.; Tzelepis, F.; Bell, J. C.; Crans, D. C.; Diallo, J.-S. Muiti-
1354modal Potentiation of Oncolitic Virotherapy by Vanadium Com-
1355pounds.Mol. Ther. 2018, 26, 56−69. (g) Crans, D. C.; Kostenkova, K.
1356Open questions on the biological roles of first-row transition metals.
1357Commun. Chem. 2020, 3, 104. (h) López-Valdez, N.; Gonzalez-
1358Villalva, A.; Rojas-Lemus, M.; Bizarro-Nevares, P.; Casarrubias-
1359Tabarez, B.; Cervantes-Valencia, M. E.; Ustarroz-Cano, M.;
1360Guerrero-Palomo, G.; Morales-Ricardes, G.; Salgado-Hernández, J.
1361A. .́; Fortoul, T. I. Vanadium, a Promising Element for Cancer
1362Treatment. Inorganics 2025, 13, 298.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.6c02223
Inorg. Chem. XXXX, XXX, XXX−XXX

R



(4)1363 (a) Aureliano, M.; Mal, S. S.; Fraqueza, G.; Sousa-Coelho, A. L.
1364 D.; Faleiro, M. L.; Gumerova, N. I.; Rompel, A. Polyoxovanadates:
1365 Catalysis, Pharmacology, Antibacterial and Anticancer Activities. In
1366 Synthesis and Applications in Chemistry and Materials; Pombeiro, A. J.
1367 L., Mahmudov, K. T., Silva, M. F. C. G. d., Eds.; World Scientific:
1368 Singapore, 2024; pp 175−202. (b) Hashmi, K.; Satya; Mishra, P.;
1369 Veg, E.; Khan, T.; Joshi, S. The Potentiality of Vanadium Complexes
1370 as Antibacterial Agents. Eng. Proc. 2025, 87, 91.

(5)1371 (a) Maurya, M. R.; Khan, A. A.; Azam, A.; Kumar, A.; Ranjan, S.;
1372 Mondal, N.; Pessoa, J. C. Dinuclear Oxidovanadium(IV) and
1373 Dioxidovanadium(V) Complexes of 5,5′-Methylenebis(dibasic tri-
1374 dentate) Ligands: Synthesis, Spectral Characterisation, Reactivity, and
1375 Catalytic and Antiamoebic Activities. Eur. J. Inorg. Chem. 2009, 2009,
1376 5377−5390. (b) Gambino, D. Potentiality of vanadium compounds as
1377 anti-parasitic agents. Coord. Chem. Rev. 2011, 255, 2193−2203.
1378 (c) Fernández, M.; Varela, J.; Correia, I.; Birriel, E.; Castiglioni, J.;
1379 Moreno, V.; Costa Pessoa, J.; Cerecetto, H.; González, M.; Gambino,
1380 D. A new series of heteroleptic oxidovanadium(IV) compounds with
1381 phenanthroline-derived co-ligands: selective Trypanosoma cruzi
1382 growth inhibitors. Dalton Trans. 2013, 42, 11900−11911. (d) Scalese,
1383 G.; Machado, I.; Salazar, F.; Coitiño, E. L.; Correia, I.; Pessoa, J. C.;
1384 Pérez-Díaz, L.; Gambino, D. Facing diseases caused by trypanoso-
1385 matid parasites: rational design of multifunctional oxidovanadium(IV)
1386 complexes with bioactive ligands. Front. Chem. Biol. 2024, 2, 1304571.
1387 (e) Machado, I.; Gambino, D. Metallomics An Essential Tool for the
1388 Study of Potential Antiparasitic Metallodrugs. ACS Omega 2024, 9,
1389 15744−15752.

(6)1390 (a) Dodge, R. P.; Templeton, D. H.; Zalkin, A. Crystal Structure
1391 of Vanadyl Bisacetylacetonate. Geometry of Vanadium in Fivefold
1392 Coordination. J. Chem. Phys. 1961, 35, 55−67. (b) Shuter, E.; Rettig,
1393 S. J.; Orvig, C. Oxobis(2,4-pentanedionato)vanadium(IV), a Re-
1394 determination. Acta Crystall., Sect. C 1995, 51, 12−14.

(7)1395 Dinda, R.; Garribba, E.; Sanna, D.; Crans, D. C.; Pessoa, J. C.
1396 Hydrolysis, Ligand Exchange, and Redox Properties of Vanadium
1397 Compounds: Implications of Solution Transformation on Biological,
1398 Therapeutic, and Environmental Applications. Chem. Rev. 2025, 125,
1399 1468−1603.

(8)1400 (a) Chinthala, C. P.; Angappan, S. Effect of solvent coordination
1401 on the structure of β-diketone-based vanadyl complexes and
1402 assessment of in vitro antidiabetic activity and cytotoxicity. Appl.
1403 Organometal. Chem. 2017, 31, No. e3700. (b) Rood, J. A.; Reehl, S.
1404 R.; Jacoby, K. A.; Oliver, A. Crystal structures of a series of
1405 bis(acetylacetonato)oxovanadium(IV) complexes containing N-donor
1406 pyridyl ligands. Acta Crystall., Sect. E 2020, 76, 826−830.

(9)1407 Matusiewicz, B.; Tesmar, A.; Brzeski, J.; Freza, S.; Kazimierczuk,
1408 K.; Wyrzykowski, D. Stereochemical control and its consequences in
1409 VO(acac)2 complexes: an integrated study of trans/cis isomerism with
1410 quinoline and isoquinoline. Dalton Trans. 2026, 55, 9110.

(10)1411 (a) Makinen, M. W.; Salehitazangi, M. The structural basis of
1412 action of vanadyl (VO2+) chelates in cells. Coord. Chem. Rev. 2014,
1413 279, 1−22. (b) Vilas Boas, L.; Costa Pessoa, J. In Comprehensive
1414 Coordination Chemistry; The Synthesis, Reactions, Properties and
1415 Application of Coordination Compound; Wilkinson, G., Gillard, R.,
1416 McCleverty, J., Eds.; Pergamon: Oxford, 1987; Vol. 3, pp 453−583.
1417 (c) Crans, D. C.; Khan, A. R.; Mahroof-Tahir, M.; Mondal, S.; Miller,
1418 S. M.; la Cour, A.; Anderson, O. P.; Jakusch, T.; Kiss, T.
1419 Bis(acetylamido)oxovanadium(IV) complexes: solid state and sol-
1420 ution studies. J. Chem. Soc., Dalton Trans. 2001, 3337−3345.

(11)1421 (a) Maurya, M. R. Development of the coordination chemistry
1422 of vanadium through bis(acetylacetonato)oxovanadium(IV): syn-
1423 thesis, reactivity and structural aspects. Coord. Chem. Rev. 2003,
1424 237, 163−181. (b) Maurya, M. R.; Chaudhary, N.; Avecilla, F.; Adaõ,
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