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Abstract 

Quinolone derivatives are among the most commonly prescribed antibacterials in the world and 

could also have interest as organic ligands in the design of metal complexes with potential 

pharmacological activity. In this study five compounds, belonging to the first (nalidixic acid or 

Hnal), second (ciprofloxacin or Hcip, and norfloxacin or Hnor) and third generation (levofloxacin 

or Hlev, and sparfloxacin or Hspar) of quinolones, were used as ligands to bind VIVO2+ ion. In 

aqueous solution mono- and bis-chelated species were formed as a function of pH, with cis-

[VOHxL2(H2O)]x+ and [VOHxL2]x+, x = 0-2, being the major complexes at pH 7.4. DFT calculations 

indicate that the most stable isomers are the octahedral OC-6-32 and OC-6-34, and the square 

pyramidal SPY-5-12, in equilibrium with each other. To the best of our knowledge, this is the first 

case that an equilibrium between a penta-coordinated square pyramidal and a hexa-coordinated 

octahedral complex is observed in solution for ligands forming six-membered chelated rings. 

Nalidixic acid forms the solid compound [VO(nal)2(H2O)], to which a cis-octahedral geometry was 

assigned. The interaction with 1-methylimidazole (MeIm) causes a shift of the equilibrium SPY-5 + 

H2O ⇄ OC-6 toward right after the formation of cis-[VOHxL2(MeIm)]x+, where MeIm replaces an 

equatorial water ligand. The study of the systems containing [VO(nal)2(H2O)] and the serum 

proteins − albumin (HSA), apo-transferrin (apo-hTf) and holo-transferrin (holo-hTf) − indicates that 

HSA and holo-hTf form the mixed species {VO(nal)2}y(HSA) and {VO(nal)2}y(holo-hTf), where y 

= 1-3 denotes the number of VO(nal)2 moieties bound to accessible histidines (His105, His367, 

His510 for HSA, and His25, His349, His606 for holo-hTf), whereas apo-hTf yields VO(nal)2(apo-

hTf) with the coordination of the His289 residue only. Docking calculations suggest that the 

specific conformation of apo-hTf and the steric repulsion of the moiety cis-VO(nal)2 hinder its 

interaction with all the surface His residues and the formation of a hydrogen bond network which 

could stabilize the binding sites.  
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1. Introduction 

The family of 4-quinolone compounds (or simply quinolones) includes some of the most commonly 

prescribed antibacterials in the world,1, 2, 3, 4, 5, 6 which are active against a wide variety of Gram-

negative and Gram-positive bacterial infections. Many diseases are today treated with quinolones, 

including urinary tract infections, sexually transmitted diseases, prostatitis, skin and tissue 

infections, chronic bronchitis, and intra-abdominal and pelvic infections,7 even if an increasing 

resistance has been observed in all the types of bacteria. In addition, quinolones are used in the 

treatment of tuberculosis, which causes the death of more than one million people every year.8  

The first member of quinolone drugs was nalidixic acid, isolated in 1960s,9 used for the 

treatment of uncomplicated urinary tract infections caused by enteric bacteria.2 In 1970s other 

molecules belonging to the first-generation of quinolones, such as oxolinic acid and cinoxacin, were 

introduced into the clinic.10, 11 However, their application has been limited by their narrow spectrum 

of activity.5 For this reason, in 1980s several changes on the structure were proposed and the 

second-generation of compounds was developed, based on the introduction of a heterocycle in 

position 7 of the quinolone structure, as piperazine, methylpiperazine or pyrrolidine, and a F atom 

in position 6 (Scheme 1).1, 2, 3, 4, 5, 6 Among these compounds, named fluoroquinolones,12 

norfloxacin, ciprofloxacin, and ofloxacin are worth of being mentioned. They show improved 

pharmacokinetics and pharmacodynamics and are more active than nalidixic acid against Gram-

positive bacteria. Ciprofloxacin was the first quinolone molecule which showed a high activity 

outside of the urinary tract.1, 2, 5, 6 

 

 

 

Name Gener. Abbr. X8 R1 R8 R5 R6 R7 

Nalidixic acid First Hnal N C2H5 − H H CH3 

Ciprofloxacin Second Hcip C 

 

H H F 
HN

N
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Norfloxacin Second Hnor C C2H5 H H F 
HN

N

 

Levofloxacin Third Hlev C 

 

H F 
N

N

H3C  

Sparfloxacin Third Hspar C F 

 

NH2 F HN

N

CH3

H3C

 

Scheme 1. Name, generation, abbreviation and structure of the quinolone ligands studied in this 

work.  

 

 

The subsequent generation of quinolones, the third-generation, is characterized by substitutions 

at positions 7 and 8 and displays a wide spectrum of activity, in particular against Gram-positive 

species, and include levofloxacin, moxifloxacin, and sparfloxacin.1, 2, 3, 4, 5, 6  

Metal complexes of quinolones have been reported in the literature.13, 14 Initially, the formation 

of metal species was considered a negative phenomenon affecting the efficiency of quinolones and 

the reduction of their antimicrobial activity in the presence of metal ions supported this 

assumption;15 several mechanisms, among which the chelation of carboxylate and keto groups and 

the formation of insoluble complexes in the gastrointestinal tract, were proposed to explain the 

decrease of the bioavailability of quinolones in the presence of metal ions.16, 17 Nevertheless, from 

the pharmacological point of view, the quinolone−metal ion interaction suggests a potential 

synergistic effect of the metal on the antimicrobial activity. For many metal complexes an equal or 

higher activity than the parent free quinolone has been observed, since the chelation increases the 

lipophilicity of the central metal ion and makes easier the transport through the lipid membranes 

and the uptake by cells. Inside the nucleus the metal favours the interaction between quinolone and 

DNA through an intercalative binding.18 Over the last years, also the antifungal activity, not 

exhibited by quinolones, and anticancer activity have been examined: in vitro biological results 

have shown that the CuII–quinolone complexes could be a valuable tool in the cancer 

chemotherapy.18 

Vanadium compounds show a wide variety of pharmacological properties.19, 20 One of the most 

important applications of V derivatives in medicine is the potential use in the therapy of patients 

suffering from type 2 diabetes mellitus.21 Several neutral VIVO species formed by bidentate anionic 
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organic ligands L– with composition [VIVOL2] and coordination VO(O4)22 and VO(N2O2)23 have 

been proposed. Among them, [VO(maltolato)2] or BMOV is the benchmark compound for the new 

molecules with anti-diabetic action.24 Other potential pharmacologically active V complexes 

include spermicidal, anti-HIV, antiparasitic, antiviral, antituberculosis and antitumor drugs.19, 25 

Therefore, it appears to be interesting to combine the antibiotic activity of quinolones with those 

displayed by V. This approach based on the combination of the pharmacological activity of on 

organic ligand with that of a metal ion (particularly, VIV) has been followed by Etcheverry and co-

workers in a number of papers.26 The advantages to use quinolones with respect to the other 

possible organic ligands are as follows: they are non-toxic, have overcome all the clinical tests for 

their use in medicine and easily penetrate the body membranes such as cell and nucleus membranes. 

Furthermore quinolones, as demonstrated in the literature, can form stable V species at the 

physiological pH,27 and this could ensure to the complexes the optimal lipophilicity to cross the 

biological membranes.  

The stability of the compounds [VIVOL2] largely influences the pharmacological efficacy by 

determining the absorption in the gastrointestinal tract, the transport in the blood, the uptake by the 

target cells, and overall the availability of the actual anti-diabetic species.28 Depending on the 

geometry assumed in aqueous solution at the physiological pH and thermodynamic stability of 

[VOL2], the interaction with the blood and intracellular proteins can occur.29 Such an interaction 

seems to play a key role in the transport and mechanism of action of pharmacologically active V 

compounds and has been investigated by our30 and other groups.31 Therefore, the complete 

knowledge of the complexation scheme, thermodynamic stability of the formed species, and their 

interaction with the proteins are factors fundamental to understand which could be the active 

species in the organism.32  

For these reasons, in this work the interaction of VIVO2+ with five quinolone ligands belonging to 

first-, second- and third-generation (Scheme 1) was studied in the solid state and aqueous solution. 

To evaluate the possible binding with His residues, the ternary systems VIVO2+/quinolone/1-

methylimidazole were also examined at the physiological pH. Finally, the systems formed by the 

bis-chelated VIVO species and two serum proteins, transferrin and albumin, were examined. The 

study was carried out through the combined application of instrumental (pH-potentiometry, 

Electron Paramagnetic Resonance or EPR, and Electrospray Ionization Mass Spectrometry or ESI-

MS) and computational methods (Density Functional Theory or DFT and docking calculations). 

These techniques provide valuable information on the coordination mode of the organic ligands and 

proteins to VIVO2+ ion.33, 34, 35  
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The overall results of this study could provide insights into the possible experimentation of 

VIVO−quinolone complexes as potential metal based drugs. 

 

 

 

2. Experimental and Computational Section 

 

2.1. Chemicals 

The organic ligands nalidixic acid (1-ethyl-1,4-dihydro-7-methyl-4-oxo-1,8-naphthyridine-3-

carboxylic acid, Hnal; code N8878), ciprofloxacin (1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-

yl)-1,4-dihydroquinoline-3-carboxylic acid, Hcip; PHR1167), norfloxacin (1-ethyl-6-fluoro-1,4-

dihydro-4-oxo-7-(1-piperazinyl)-3-quinoline-carboxylic acid, Hnor; N9890), levofloxacin ((S)-9-

fluoro-3-methyl-7-oxo-10-(4-methyl-1-piperazinyl)-2,3-dihydro-7H-pyrido[1,2,3-de][1,4]-benzo-

xazine-6-carboxylic acid, Hlev; 28266), sparfloxacin (5-amino-1-cyclohexyl-7-(cis-3,5-

dimethylpiperazino)-6,8-difluoro-1,4-dihydro-4-oxo-3-quinolinecarboxylic acid, Hspar; 56968), 1-

methylimidazole (MeIm; M50834) and (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES; H3375) are all Sigma-Aldrich products and were used without further purification.  

Human serum apo-transferrin (apo-hTf; T4283), human serum holo-transferrin (holo-hTf; 

T4132) and human serum albumin (HSA; A1887) were purchased from Sigma-Aldrich with 

molecular mass of 76-81 kDa, 76-81 kDa and 66 kDa, respectively. 

VIVO2+ solutions were prepared from VOSO4·3H2O (oxidovanadium(IV) sulfate trihydrate; 

204862), produced by Sigma-Aldrich, following literature methods.36 

 

 

2.2. Synthesis of [VO(nal)2 (H2O)]·2H2O 

The complex [VO(nal)2(H2O)]·2H2O was synthesized according to the procedure established in the 

literature for quinolone derivatives.37 A methanolic solution (15 mL) of nalidixic acid (0.400 mmol, 

92.9 mg), deprotonated with KOH (0.400 mmol, 22.5 mg), was added to a methanolic solution (10 

mL) of VOSO4·3H2O (0.200 mmol, 43.4 mg) and the reaction mixture was refluxed for 2 h. The 

green precipitate was filtered off and dried. Anal. Calc. (%) for [VO(nal)2(H2O)]·2H2O, 

C24H28N4O10V (583.44): C, 49.41, H, 4.84, N, 9.60; found: C, 49.85; H, 4.51; N, 9.51. IR: 

(max/cm−1): (O−H), 3410(m); as(COO), 1636(vs); (C=O)ket, 1605(vs); as(COO), 1384(s); 

(V=O), 972(s). 
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2.3. Preparation of the solutions for EPR measurements 

The solutions were prepared dissolving in ultrapure water, obtained through the purification system 

Millipore MilliQ Academic, or in a mixture H2O/DMSO 50/50 (w/w), a weighted amount of 

VOSO4·3H2O and the ligands to obtain a metal ion concentration of 1.0  10–3 M and a metal to 

ligand molar ratio of 1:2. Argon was bubbled through the solutions to ensure the absence of oxygen 

and avoid the oxidation of VIVO2+ ion.  

In the experiments with apo-hTf and holo-hTf, the pH of the solutions containing VIVO2+ and 

Hnal was raised to ca. 4.0 and NaHCO3 and HEPES were added in appropriate amounts in order to 

have concentration of 2.5  10–2 and 1.0  10–1 M, respectively. Subsequently, pH was brought to 

ca. 6.5, apo-hT or holo-hTf were added, pH was increased up to 7.4 and EPR spectra were 

immediately measured. The final ratio VIVO2+/Hnal/apo-hTf or VIVO2+/Hnal/holo-hTf was 2:4:1 

with a protein concentration of 5.0  10–4 M. In the experiments with HSA a procedure analogous 

to that established in the literature was used, with the difference that NaHCO3 was not added.30a, 30h 

The final ratio VIVO2+/Hnal/HSA was 4:8:1 with a protein concentration of 2.5  10–4 M.  

 

 

2.4. Preparation of the solutions for ESI-MS measurements 

The solution containing [VO(nal)2(H2O)] was prepared dissolving the solid complex in DMSO (1.0 

 10−2 M) and an aliquot was diluted to 5.0 × 10–6 M with ultrapure water (LC-MS grade, Sigma-

Aldrich). After the preparation of the solution, ESI-MS spectra were recorded immediately. 

 

 

2.5. Spectroscopic and analytical measurements 

EPR spectra were recorded at 120 or 298 K with an X-band (9.4 GHz) Bruker EMX spectrometer 

equipped with an HP 53150A microwave frequency counter. When the signal to noise ratio was low 

due to the VIVO2+ concentration, signal averaging was used.38 In the sections 3.2 and 3.3, the values 

of the 51V hyperfine coupling constants along the z axis (Az) were compared with those estimated on 

the basis of the “additivity rule”, which relates Az to the number and type of the equatorial ligands, 

assigning them a specific contribution. This empirical rule has been proved and accepted in a large 

number of papers.39 Usually, the experimental values of Az fall in the range of ±3 × 10–4 cm–1 with 
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respect to those estimated with the “additivity rule”.39 The contributions of the keto-O, carboxylate-

O–, His-N and H2O were taken from refs. 39b, 39c. 

Mass spectra in positive- and negative-ion mode were obtained on a Q Exactive™ Plus Hybrid 

Quadrupole-Orbitrap™ (Thermo Fisher Scientific) mass spectrometer. The solutions were infused 

at a flow rate of 5.00 µL/min into the ESI chamber immediately after their preparation. The spectra 

were recorded in the m/z range 50-750 at a resolution of 140,000 and accumulated for at least 5 min 

in order to increase the signal-to-noise ratio. The experimental conditions used for the 

measurements were: spray voltage 2300 V, capillary temperature 250 °C, sheath gas 5-10 (arbitrary 

units), auxiliary gas 3 (arbitrary units), sweep gas 0 (arbitrary units), probe heater temperature 50 

°C (positive mode); spray voltage -1900 V, capillary temperature 250 °C, sheath gas 20 (arbitrary 

units), auxiliary gas 5 (arbitrary units), sweep gas 0 (arbitrary units), probe heater temperature 14 

°C (negative mode). The spectra were analysed by using Thermo Xcalibur 3.0.63 software (Thermo 

Fisher Scientific). 

Infrared (IR) spectra (4000-600 cm−1) were recorded with a JASCO FT/IR-480Plus spectrometer 

using KBr disks.  

Elemental analysis (C, H, N) was carried out with a Perkin-Elmer 240 B elemental analyzer.  

 

 

2.6. Potentiometric measurements 

Levofloxacin and its VIVO2+ complexes were studied in aqueous solution, while the pH-

potentiometric measurements for nalidixic acid and its VIVO2+ complexes were carried out in 

DMSO/H2O 70/30 (w/w) mixture due to the limited water solubility. In all the cases an ionic 

strength of 0.20 M (KCl) and temperature of 25.0 ± 0.1 °C were used. Carbonate-free KOH solution 

of known concentration (ca. 0.20 M) in water or in the above solvent mixture was employed as 

titrant. HCl stock solutions were prepared from concentrated HCl in water or in the DMSO/H2O 

mixture and their concentrations were determined by potentiometric titrations. A Mettler Toledo 

titrator equipped with a combined glass electrode (type 6.0234.100) was used. IUPAC 

recommendations were employed to carry out the measurements in DMSO/H2O 70/30 (w/w) 

solvent mixture: the electrode was conditioned for three days in the solvent mixture prior the 

measurements.40 The electrode system was calibrated according to the procedures suggested by 

Irving et al.41 The water ionization constant, pKw, was found to be 13.76 ± 0.01 in aqueous medium, 

while it is 17.13 ± 0.01 in the DMSO/H2O mixture, in excellent agreement with literature data.42 

The titrations were performed in the pH range 2.0-11.0 in water, 2.0-14.0 in the solvent mixture or 

until precipitation occurred. Initial volume of the samples was 15.00 mL. The ligand concentration 



9 

was varied in the range 0.001-0.003 M and the metal ion to ligand ratios in the range 1:1-1:4. 

Typically, three or four ratios were measured in each system. Reproducibility of the titration points 

included in the evaluation was within 0.005 pH units. Titration points with a waiting time of 10 min 

or more were omitted from the calculations. The accepted fitting of the titration curves was always 

less than 0.006 mL. The samples were in all the cases completely deoxygenated by bubbling 

purified argon for ca. 20 min prior measurements and also during the titrations. The stability of the 

complexes, reported as the logarithm of the overall formation constant βpqr = 

[VOpLqHr]/[VO]p[L]q[H]r where VO stands for the metal ion, L for the deprotonated form of the 

ligand and H is the proton, has been calculated with the aid of the PSEQUAD program.43 The 

uncertainties (3 values) of the stability constants are given in parentheses. During the calculations 

the following hydroxido complexes of VIVO2+ were assumed: [VO(OH)]+ (log10–1 = –5.94), 

[(VO)2(OH)2]2+ (log20–2 = –6.95), with stability constants taken from Henry et al.,44 and corrected 

for the different ionic strengths by use of the Davies equation,45 [VO(OH)3]– (log10–3 = –18.0) and 

[(VO)2(OH)5]– (log20–5 = −22.0).46, 47 

 

 

2.7. DFT Calculations 

All the calculations presented in this paper were performed with DFT methods using the software 

Gaussian 09 (revision C.01).48 

The geometry and harmonic frequencies of the VIVO complexes were optimized at B3P86/6-311g 

level of theory with the procedure reported in the literature.49 This choice ensures a good degree of 

accuracy in the prediction of the structures of first-row transition metal complexes50 and, in 

particular, of vanadium compounds.49 Mono- and bis-chelated VIVO species formed by nalidixic 

acid and 1-methyl-4-oxo-1,4-dihydroquinoline-3-carboxylate (chosen as a model for all the other 

quinolone derivatives and indicated generically with LQ, Scheme S1 of ESI) were examined and the 

structures simulated were (L = nal or LQ): [VO(L)(H2O)2]+, [VO(L)(H2O)3]+, [VO(L)2], trans-

[VO(L)2(H2O)] and cis-[VO(L)2(H2O)]. Concerning the square pyramidal and trans-octahedral 

complexes only two options exist (SPY-5-12 and SPY-5-13, and OC-6-42 and OC-6-43), whereas 

for cis-octahedral species four isomers are possible (OC-6-23, OC-6-24, OC-6-32 and OC-6-34).51 

The possible structures of the mono- and bis-chelated complexes are represented in Schemes S2 and 

S3 of ESI.  

On the optimized structures, the 51V hyperfine coupling constants (A) were calculated using the 

half-and-half hybrid functional BHandHLYP and the basis set 6-311+g(d), according to the 

procedures previously published.52 It must be taken into account that for a VIVO2+ species Az is 
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usually negative, but in the literature its absolute value is often reported; this formalism was also 

used in a number of points of this study. The theory background was described in detail in ref. 53. 

The percent deviation (PD) of the absolute calculated value, |Az|calcd, from the absolute experimental 

value, |Az|exptl, was obtained as follows: 100 × [(|Az|calcd − |Az|exptl)/|Az|exptl]. 

The relative stability of the square pyramidal (SPY-5-12 and SPY-5-13) and cis-octahedral (OC-

6-23, OC-6-24, OC-6-32 and OC-6-34) complexes formed by nalidixic acid was calculated at the 

B3P86/6-311g level of theory computing the solvent effect (in this study, water) using the 

continuum SMD model,54 which gives good results in the prediction of solvation Gibbs energy.54 

The total value of the Gibbs energy in aqueous solution (Gtot
aq) for each species can be separated 

into the electronic plus nuclear repulsion energy (Eele), the thermal contribution (Gtherm) and the 

solvation energy (Gsolv): Gtot
aq = Eele + Gtherm + Gsolv. The Gibbs energy in the gas phase (Gtot

gas) 

can be found by neglecting the term Gsolv: Gtot
gas = Eele + Gtherm. The thermal contribution was 

estimated using the ideal gas model and the calculated harmonic vibrational frequencies to 

determine the correction due to the zero point energy and to the thermal population of the 

vibrational levels.55  

 

 

2.8. Docking calculations 

Docking calculations were performed with GOLD 5.2 software56 on the X-ray structures available 

in the Protein Data Bank (PDB) of HSA (PDB code: 1ao657), apo-transferrin (PDB: 2hau58) and 

holo-transferrin (PDB: 3v8359). All crystallographic water and small molecules included in the PDB 

files were removed and the hydrogen atoms added with the UCSF Chimera program.60 

The simulations were carried out constructing an evaluation sphere with a radius of 12 Å 

centred, for each docking, in the region of interest. The protein side chains flexibility was taken into 

account using the Dunbrack rotamers libraries61 implemented in GOLD software. Genetic algorithm 

(GA) parameters have been set using 50 GA runs and a minimum of 100,000 operations. The rest of 

GA parameters, including pressure, number of islands, niche size, crossover, mutation and 

migration were set to default.  

The scoring (Fitness of GoldScore) was evaluated applying the modified version of GoldScore 

scoring function, which was validated in a recent study.62 The scoring associated with each pose 

related to the (V complex)–protein interaction is reported in eq. 1: 

 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 (𝐹) = 𝛼 ∙ 𝑆ℎ𝑏𝑜𝑛𝑑
𝑒𝑥𝑡 + 𝛽 ∙ 𝑆𝑣𝑑𝑊

𝑒𝑥𝑡 +  𝛾 ∙ 𝑆ℎ𝑏𝑜𝑛𝑑
𝑖𝑛𝑡 +  𝛿 ∙  𝑆𝑣𝑑𝑊

𝑖𝑛𝑡 − 𝑆𝑡𝑜𝑟𝑠    (1) 
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where ext
hbondS  and ext

vdWS  are the scoring terms due to the hydrogen bonds (hbond) and van der 

Waals (vdW) intermolecular interactions, int
hbondS  and int

vdWS  represent the intramolecular 

interactions, torsS  evaluates the change in stability due to the molecular torsions, and , , , and   

are empirical parameters optimized to weigh the different interactions. 

To identify the possible regions of interaction between the bis-chelated VIVO complexes formed 

by nalidixic acid and the proteins, relative Solvent Excluded Surface (SES)63 calculations were 

preliminarily performed focusing on the most exposed histidine residues. 

The docking calculations were carried out as follows. Briefly, the selected energy minima of cis-

[VO(nal)2(H2O)], optimized with the method described in the section 2.7, were preliminary treated 

removing the H2O ligand from the fourth equatorial coordination site and adding a dummy 

hydrogen atom according to the procedure established recently.64 All dockings were computed 

considering the possible dihedral changes along the aliphatic bonds applying the GOLD algorithm. 

The solutions were analyzed by means of GaudiView.65 

The best solutions of the calculations were evaluated through two main criteria: (a) the scoring 

(Fitness of GoldScore) associated with each pose, as reported in eq. 1 and (b) the population of the 

clusters containing the best structure. 

The second coordination sphere interaction analysis was carried out with NCIPlot (Non-Covalent 

Interactions Plot).66 This method bases its predictions computing the reduced gradient of the 

electron density (s) versus the electron density () multiplied by the sign of the second Hessian 

eigenvalue (2). Strong stabilizing interactions (e.g. H-bond type) typically corresponds to values of 

 > 0.01 a.u. and 2 < 0. Strong destabilizing interactions (e.g. steric crowding) are associated to 

values of  > 0.01 a.u. and 2 > 0. For delocalized weak interactions (e.g. van der Waals) both 

density and gradient are small (typically  < 0.01 a.u.), and consequently 2 ~ 0.  

 

 

 

3. Results and discussion 

 

3.1. Ligands 

The behaviour of two quinolone ligands was studied by pH-potentiometric methods: nalidixic acid 

(Hnal) and levofloxacin (Hlev) (Table 1). Whereas the systems containing levofloxacin and 

VIVO2+/levofloxacin were studied in water, those with nalidixic acid − poorly soluble in water − 

were titrated in a mixture H2O/DMSO 30/70 (w/w). The stability constants of the VIVO2+ complexes 
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are summarized in Table 1. The data for ciprofloxacin (Hcip) have been already reported in the 

literature.27, 67 

Except for nalidixic acid, quinolones have two titratable protons, those on the carboxylic group 

and secondary amino group of the piperazine ring. In the literature, the values in the range 5.33-6.53 

(pKa1) were attributed to the carboxylic group, while those between 7.57 and 9.33 (pKa2) to the 

piperazinium nitrogen.68 

The results obtained in this study confirm the previous data: in water the lower pKa (pKa1 of 6.06 

for H2lev+ and 6.17 for H2cip+) can be assigned to the deprotonation of COOH, whereas the higher 

pKa (pKa2 of 8.18 for Hlev and 8.54 for Hcip) is due to the deprotonation of the piperazine-NH+. As 

pointed out in the literature,27 the high value of pKa1 for the carboxylic group can be explained with 

the formation of an intramolecular hydrogen bond between the COOH and CO functionalities, 

which results in the formation of a six-membered ring.  

Nalidixic acid has only one pKa belonging to the carboxylic group. Its value measured in 

DMSO/H2O 70/30 (w/w) is 7.85, significantly higher than those determined in water for 

levofloxacin and ciprofloxacin (6.06 and 6.17, Table 1), and for nalidixic acid itself (5.94-6.13 69). 

This difference can be explained considering two points: i) the experimental pH readings in the 

mixture DMSO/H2O are larger than in water because of the different dielectric constant of the two 

systems;70 ii) in the solvent mixture the neutral form of the ligand is stabilized and, for this reason, 

the loss of a proton is shifted to higher pH, resulting in the increase of the pKa value compared to 

that in water. 

 

 

Table 1. Stepwise deprotonation constants (pKa) of the quinolone ligands and stability constants 

(log) of the binary VIVO2+ complexes at 25.0  0.1 °C and I = 0.20 M (KCl).a 

 Nalidixic acid b Levofloxacin c Ciprofloxacin c,d 

pKa1 7.85(5) 6.06(1) 6.17 

pKa2 − 8.18(1) 8.54 

[VO(HL)]2+ − 14.79(2) 15.11 

[VOL]+ 8.41(3) 9.74(5)  

[VO(HL)2]2+ − 29.12(1) 30.64 

[VO(HL)(L)]+ − 21.92(3) 24.4 

[VOL2] 14.41(14) 13.99(7)  

[VOL(OH)] − 2.0(5)  
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Fitting parameter e 0.00560 0.00578 0.00606 

Number of fitted data points 139 335 92 

pH range 2.0-7.5 2.0-11.0 2.0-7.0 

a The standard deviations are given between parentheses. b H2O/DMSO 30/70 (w/w). c H2O. d Ref. 

27. e Fitting parameter is the average difference between the calculated and experimental titration 

curves expressed in mL of the titrant.  

 

 

3.2. VIVO2+/nalidixic acid (Hnal) system 

The stability constants of the system VIVO2+/Hnal were measured in a mixture DMSO/H2O 70/30 

(w/w) (Table 1). The distribution diagram of the species formed as a function of pH with a metal to 

ligand molar ratio of 1:2 is shown in Figure 1. The formation of complexes with composition 

[VOL]+ and [VOL2] is observed, with the bis-chelated complex being the major species at 

physiological pH. The hydrolysis starts at pH higher than 8 with the formation of [(VO)2(OH)5]– 

and [VO(OH)3]–. 
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Figure 1. Distribution diagram as a function of pH of the species formed in the system 

VIVO2+/Hnal (HL) with a total VIVO2+ concentration of 1.0  10−3 M and metal to ligand molar ratio 

of 1:2. 

 

 

EPR spectra recorded on the system VIVO2+/Hnal 1:2 in a mixture DMSO/H2O 50/50 (w/w) 

confirmed the presence in solution of the mono-chelated and bis-chelated VIVO complexes under 

these experimental conditions (Figure 2). The values of gz and Az for [VOL]+ (I in Figure 2) are 

1.941 and 175.4 × 10−4 cm−1; the value of Az estimated (Az
estmtd) with the “additivity rule” 39a, 39b for 

an equatorial coordination mode (CO, COO−; H2O; H2O) is 176.8 × 10−4 cm−1, in good agreement 

with that experimentally observed. At higher pH, in the range 5-9, the signals of two different 

species in equilibrium (II and III in Figure 2) appear: the spin Hamiltonian parameters are gz = 

1.940 and Az = 174.6 × 10−4 cm−1 for II and gz = 1.946 and Az = 168.1 × 10−4 cm−1 for III. These 

signals were assigned to the hexa-coordinated cis-octhaedral (II) and penta-coordinated square 

pyramidal complexes (III) and the application of the “additivity rule” allowed us to confirm this 

attribution; in fact, Az
estmtd for the two possible equatorial coordination modes of II, (CO, COO−; 

CO; H2O) and (CO, COO−; COO−; H2O), is in the range (173.3-174.7) ×10−4 cm−1 and for the 

equatorial coordination (CO, COO−; CO, COO−) of III is 171.2 ×10−4 cm−1. To the best of our 

knowledge, this is the first equilibrium between a square pyramidal and a cis-octahedral complex 

observed in solution for ligands forming six-membered chelated rings; all the previous cases 

reported in the literature concerned species with five-membered rings.30e, 71, 72 Such a behaviour can 

explain the interaction of this family of compounds with the proteins because the equilibrium 

[VOL2] + H2O ⇄ cis-[VOL2(H2O)] is shifted toward right upon the replacement of the equatorial 

water molecule by an amino acid residue.30a, 30b Other examples of equilibriums between five- and 

six-coordinate geometries were reported for vanadium(V) complexes studied as models for the V–

protein binding.73 
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Figure 2. High field region of the X-band anisotropic EPR spectra recorded in a mixture 

H2O/DMSO 50/50 (w/w) at 120 K as a function of pH in the system VIVO2+/Hnal with a molar ratio 

of 1:2 and V concentration of 1.0 × 10-3 M. With VIVO2+, I, II and III are indicated the MI = 7/2 

resonances of the species [VO(H2O)5]2+, [VO(nal)(H2O)3]+, cis-[VO(nal)2(H2O)] (OC-6-32 or OC-

6-34) and [VO(nal)2] (SPY-5-12), respectively. 

 

 

The results of pH-potentiometry and EPR spectroscopy were confirmed by ESI-MS technique, 

which has been demonstrated over the last years very useful for the characterization of systems 

containing V.74 The mass spectrum recorded in positive mode shows two peaks at m/z = 233.09 and 

m/z = 255.07, attributable to the protonated form of the ligand [Hnal+H]+ and the sodium adduct 

[Hnal+Na]+. At m/z = 454.04 the peak of [VIVO(nal)(DMSO)2]+ is observed, while those at m/z = 

530.10 and m/z = 552.08 are assigned to the adducts formed by [VIVO(nal)2] with H+ and Na+, 

respectively. The comparison between the experimental and calculated isotopic pattern attributable 

to [VIVO(nal)2+H]+ ion is shown as an example in Figure 3; in particular, the peaks due to the 

natural abundance of 13C isotope (separated by m/z ~1.00 for this adduct with charge +1) allowed 
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us to confirm the assignment proposed above. These results demonstrate the presence in solution, 

under the experimental conditions examined in this study, of the mono- and bis-chelated VIVO 

species. Unfortunately, it was not possible to reveal the water molecule in the equatorial position of 

VIVO2+ ion, but this is in line with the literature data which suggest that a monodentate solvent 

molecule can be removed from the first metal coordination sphere during the ionization process.75 

 

 

 

Figure 3. Experimental (above) and calculated (below) isotopic pattern for the peak of 

[VIVO(nal)2+H]+ revealed at m/z = 530.10 in the positive ESI-MS spectrum recorded on the system 

VIVO2+/Hnal 1:2 (ultrapure LC-MS water, V concentration 5.0 × 10–6 M).  

 

 

The ESI-MS spectrum recorded in the negative-mode shows the presence in solution of the bis-

chelated species with a deprotonated water molecule, [VIVO(nal)2(OH)]–, and the related species of 

VV, [VVO2(nal)2]–, at m/z 546.10 and 545.09, respectively (Figure S1 of ESI). It can be noticed that, 

since their mass differ by m/z ~ 1, the molecular peak M of the VIV complex (at m/z = 546.10) and 

the M+1 peak of the isotopic pattern of VV species (at m/z = 546.09, due to the presence of 13C 

isotope) are superimposed. The detection of [VVO2(nal)2]– can be explained with the formation of 

cis-[VIVO(nal)2(H2O)] in aqueous solution and can be due to two (partial) oxidation processes, the 

first in solution and the second one in-source during the recording of the spectrum.76 The oxidation 

is probably favoured by the structure of the cis-VIVO(H2O)2+ moiety, which gives the cis-VVO2
+ ion 

without any structural rearrangement (Scheme 2). The same behaviour was recently observed for 

the potential antitumor drug cis-[VIVO(Me2phen)2(H2O)]2+, where Me2phen is 4,7-dimethyl-1,10-

phenathroline, which gives cis-[VVO2(Me2phen)2]+ when studied by ESI-MS spectrometry.77  

Finally, the peak at m/z = 231.08 observed in the negative ESI-MS spectrum is attributed to the 

deprotonated form of the ligand, [nal]–. All the ions revealed in the spectra are listed in Table 2. 
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From the comparison between the experimental and calculated values, it can be noticed that the 

relative errors are always smaller than 2.0 ppm.  

 

 

 

Scheme 2. Oxidation of cis-[VIVO(nal)2(H2O)] to give cis-[VVO2(nal)2]–. 

 

 

Table 2. Species identified with ESI-MS spectrometry in the system VIVO2+/Hnal 1:2. 

Ion Composition Exptl m/z a Calcd m/z a Error (ppm) b 

[Hnal+H]+ C12H13N2O3 233.09225 233.09207 0.8 

[Hnal+Na]+ C12H12N2NaO3 255.07406 255.07401 0.2 

[nal]– C12H11N2O3 231.07734 231.07752 -0.8 

[VIVO(nal)(DMSO)2]+ C16H23N2O6S2V 454.04314 454.04317 -0.1 

[VIVO(nal)2+H]+ C24H23N4O7V 530.10037 530.10009 0.5 

[VIVO(nal)2+Na]+ C24H22N4NaO7V 552.08192 552.08203 -0.2 

[VIVO(nal)2(OH)]– C24H23N4O8V 546.09684 546.09610 1.4 

[VVO2(nal)2]– C24H22N4O8V 545.08892 545.08828 1.2 

a The experimental and calculated m/z values refer to the monoisotopic representative peak. b 

Deviation in ppm from the calculated values, calculated as 106 × [(Exptl m/z – Calcd m/z)/Calcd 

m/z]. 

 

 

Since DFT calculations are very helpful in assigning the coordination modes of the metal species, 

the geometry of the VIVO complexes formed by nalidixic acid was optimized using Gaussian 09 

software (as described in the section 2.7). In addition, DFT methods were used to predict the value 

of the 51V hyperfine coupling constants (Acalcd) for the species observed in aqueous solution with 

EPR spectroscopy using the functional BHandHLYP and a triple- basis set; these conditions allow 

calculating Az for VIVO species formed by ligands with N or O donors with a mean percent 
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deviation (MDP) below 1% and a mean absolute percent deviation (MADP) below 3% from the 

experimental Az (Az
exptl).53b  

The calculated components of the tensor A and the comparison with Az
exptl are reported in Table 

3. DFT methods suggest that mono-chelated complex (I in Figure 2) is octahedral with two water 

molecules in the equatorial plane and one water axially bound in trans to V=O group (Scheme S2 of 

ESI). This appears to be coherent with the data in the literature; for example, the mono-chelated 

VIVO complex formed by a similar (O, O) ligand, such as oxalate, is octahedral with three water 

molecules coordinated to V (two in the equatorial and one in the axial position).78 

 

 

Table 3. 51V A values calculated at the level of theory BHandHLYP/6-311+g(d) with Gaussian 09 

software for the VIVO species formed by nalidixic acid.a 

Complex b Isomer Ax
calcd Ay

calcd Az
calcd Az

exptl PD c 

[VO(nal)(H2O)2]
+ − -75.6 -78.6 -181.5 -175.4 3.5 

[VO(nal)(H2O)3]
+ − -72.2 -73.9 -176.2 -175.4 0.5 

cis-[VO(nal)2(H2O)] OC-6-23 -62.2 -66.9 -168.2 -174.6 -3.7 

cis-[VO(nal)2(H2O)] OC-6-24 -66.2 -69.7 -170.3 -174.6 -2.5 

cis-[VO(nal)2(H2O)] OC-6-32 -70.8 -71.5 -173.6 -174.6 -0.6 

cis-[VO(nal)2(H2O)] OC-6-34 -70.3 -72.1 -173.3 -174.6 -0.7 

[VO(nal)2] SPY-5-12 -61.1 -66.5 -169.5 -168.1 0.8 

[VO(nal)2] SPY-5-13 -58.3 -64.0 -167.0 -168.1 -0.7 

trans-[VO(nal)2(H2O)] OC-6-42 -55.3 -62.6 -161.7 -168.1 -3.8 

trans-[VO(nal)2(H2O)] OC-6-43 -51.0 -59.6 -157.3 -168.1 -6.4 

cis-[VO(nal)2(1-MeIm)] OC-6-32 -61.7 -63.2 -163.4 -169.1 -3.4 

cis-[VO(nal)2(1-MeIm)] OC-6-34 -61.4 -64.2 -163.7 -169.1 -3.2 

a All the A values are reported in 10−4 cm−1. b In bold the species probably formed in aqueous 

solution are indicated. c Percent deviation (PD) with respect to the absolute experimental value 

calculated as: 100 × [(|Az|calcd − |Az|exptl)/|Az|exptl].  

 

 

Concerning the isomers of the bis-chelated species, Az calculated for square pyramidal [VO(nal)2] 

species (III in Figure 2) is -169.5 × 10−4 cm−1 for SPY-5-12 and -167.0 × 10−4 cm−1 for SPY-5-13, 

equidistant from -168.1 × 10−4 cm−1 experimental (PD of 0.8 and -0.7%, respectively). The values 
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of Az
calcd for trans-octahedral species with a water in trans to V=O are significantly smaller (-161.7 

× 10−4 cm−1 for OC-6-42 and -157.3 × 10−4 cm−1 for OC-6-43, very far from Az
exptl of -168.1 × 10−4 

cm−1) and not compatible with the experimental ones; therefore, the weak coordination of a water 

molecule in the axial site, which would lower the experimental value of Az, can be ruled out.79  

The value of Az
calcd for cis-octahedral species (II in Figure 2) is as follows: for OC-6-23 it is -

168.2 × 10−4 cm−1, for OC-6-24 -170.3×10−4 cm−1, for OC-6-32 -173.6×10−4 cm−1 and for OC-6-34 

-173.3×10−4 cm−1, to be compared with Az
exptl of -174.6 × 10−4 cm−1. These data would suggest that 

in solution OC-6-32 and OC-6-34 isomers (with two equatorial CO, Scheme S3 of ESI) are slightly 

more stable than OC-6-23 and OC-6-24 (with two COO– in the equatorial plane, Scheme S3). 

To understand which bis-chelated species is the most stable in aqueous solution, the calculation of 

the Gibbs energy for the reactions SPY-5-12 ⇄ SPY-5-13 and SPY-5-12 + H2O ⇄ OC-6-

(23,24,32,34) was performed (see section 2.7). For the reactions involving the cis-octahedral 

species the contribution of the water molecule was included in the calculations. The results are 

reported in Table 4.  

 

 

Table 4. G values of formation (in the gas phase and aqueous solution) and solvation for the 

formation of cis-octahedral and SPY-5-13 VIVO isomer from SPY-5-12 formed by nalidixic acid.a,b 

Reaction Temp. / K Gtot
gas (Gsolv) Gtot

aq 

SPY-5-12 ⇄ SPY-5-13 298 28.4 -23.9 4.5 

SPY-5-12 + H2O ⇄ OC-6-32 298 -7.9 49.4 41.5 

SPY-5-12 + H2O ⇄ OC-6-34 298 -6.0 52.6 46.6 

SPY-5-12 + H2O ⇄ OC-6-24 298 -7.9 56.2 48.3 

SPY-5-12 + H2O ⇄ OC-6-23 298 16.5 35.8 52.3 

SPY-5-12 ⇄ SPY-5-13 120 28.9 -23.9 5.0 

SPY-5-12 + H2O ⇄ OC-6-32 120 -33.6 49.4 15.8 

SPY-5-12 + H2O ⇄ OC-6-34 120 -31.4 52.6 21.2 

SPY-5-12 + H2O ⇄ OC-6-24 120 -33.6 56.2 22.6 

SPY-5-12 + H2O ⇄ OC-6-23 120 -8.9 35.8 26.9 

a Values reported in kJ mol−1. b Calculations performed at the B3P86/6-311g level of theory using 

SMD model for water.  
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It can be noted that the most stable species is SPY-5-12 with SPY-5-13 slightly higher in Gibbs 

energy; the optimized structures of these isomers are represented in Figure 4, a and b. This would 

suggest that the two species could be in equilibrium under the experimental conditions used, with 

Gtot
gas favouring SPY-5-12 and (Gsolv) favouring SPY-5-13. DFT prediction of Az (Table 3) does 

not help us to demonstrate if only one or both these isomers are formed in aqueous solution. The 

structure expected for SPY-5-13 should be characterized by a negligible trigonal bipyramidal 

distortion with a value of the trigonality index  of 0.007 ( = (–)/60, with  and  being the 

pseudo-axial and pseudo-equatorial angles, is 1 for a regular trigonal bipyramid and 0 for a regular 

square pyramid 80). In contrast, for SPY-5-12 – in which two short (V−Ocarb = 1.933 Å) and two 

long bonds (V−Oket = 2.016 Å) are in trans position – a much higher value of  is predicted (0.386), 

in agreement with the data reported in the literature for similar compounds.81 

The Gibbs energy for the reaction SPY-5 + H2O ⇄ OC-6 is significantly higher than that for the 

equilibrium SPY-5-12 ⇄ SPY-5-13, mainly for the unfavourable value of (Gsolv). Among the cis-

octahedral isomers, OC-6-32 and OC-6-34 (Figure 4, c and d) with two equatorial Oket are more 

stable than OC-6-23 and OC-6-24 both at 298 and 120 K (the temperature at which anisotropic EPR 

spectra were recorded), even if the differences are small. This confirms the above discussion based 

on the calculation of Az, which indicates that the values predicted for OC-6-32 and OC-6-34 are 

closer to the experimental ones than those for OC-6-23 and OC-6-24.  

In Table 5 the selected structural data for the square pyramidal and cis-octahedral isomers are 

listed, while in Tables S2-S7 of ESI are shown their optimized Cartesian coordinates. 
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Figure 4. Optimized structures of the isomers SPY-5-12 (a), SPY-5-13 (b), OC-6-32 (c) and OC-6-

34, formed by nalidixic acid. 

 

 

Table 5. Selected bond lengths and angles predicted by DFT methods for the isomers SPY-5-12, 

SPY-5-13, OC-6-32 and OC-6-34 formed by nalidixic acid.a 

Parameter b,c SPY-5-12 SPY-5-13 OC-6-32 OC-6-34 

V−O1 1.585 1.584 1.596 1.592 

V−O2 1.933 1.939 2.152 2.161 

V−O3 2.016 2.020 2.010 2.042 

V−O4 1.933 1.940 1.941 1.953 

V−O5 2.016 2.020 2.024 2.001 

V−OH2 – – 2.103 2.095 

O1−V−OH2 – – 92.8 99.4 

O1−V−O2 112.6 108.4 161.7 166.9 

O1−V−O3 101.1 103.9 99.3 92.8 

O1−V−O4 112.6 108.2 108.8 101.8 

O1−V−O5 101.1 104.1 97.9 103.9 
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O2−V−O4 134.7 88.5 89.6 86.0 

O2−V−O5 86.0 147.2 82.6 86.7 

O3−V−O4 86.0 147.7 85.5 165.3 

O3−V−O5 157.9 82.9 162.7 89.3 

a Calculations performed at the B3P86/6-311g level of theory. b The numbering of the atoms is the 

same as in Figure 4. c Bond lengths in Å and bond angles in degrees. 

 

 

3.3. VIVO2+/levofloxacin (Hlev) system 

Levofloxacin and its VIVO complexes are more soluble in water than the corresponding species in 

the systems containing nalidixic acid and, for this reason, potentiometric titrations were performed 

in H2O. The species distribution diagram as a function of pH for the system VIVO2+/Hlev is shown 

in Figure 5. Using a metal to ligand molar ratio of 1:2 and VIVO2+ concentration of 1.0  10−3 M, 

the major species revealed by potentiometry are [VO(HL)]2+, [VO(HL)2]2+, [VO(HL)(L)]+, and 

[VOL2], while the amount of [VOL]+ and [VOL(OH)] is very low. In [VO(HL)]2+ the coordination 

mode of the ligand is (COO–, CO) with pyperazine-NH+ still protonated, in [VO(HL)2]2+ the 

coordination is 2 × (COO–, CO) with two pyperazine-NH+, whereas [VO(HL)(L)]+ and [VOL2] are 

formed from [VO(HL)2]2+ upon deprototonation of one and two –NH+ groups; pK of [VO(HL)2]2+ 

are 7.20 and 7.93, comparable with 8.08 measured for the deprotonation of the pyperazinium group 

in the free ligand (see Table 1).  
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Figure 5. Distribution diagram as a function of pH of the species formed in the system VIVO2+/Hlev 

(HL) with a total VIVO2+ concentration of 1.0  10−3 M and metal to ligand molar ratio of 1:2. 

 

 

EPR spectra recorded in water in the system VIVO2+/Hlev allowed us to confirm these results. At 

acidic pH values, [VO(HL)]2+ is formed (I in Figure S2 of ESI), which is the major species in 

solution in the pH range 2-3. The value of gz and Az are 1.942 and 175.2 × 10−4 cm−1. In analogy 

with the behaviour of the system with nalidixic acid, we can suppose that the ligand binds VIVO2+ 

ion with the donor set (CO, COO−) and two water molecules in the equatorial plane and another in 

the axial position. At higher pH, in the range 4-8, EPR signals of two species in equilibrium are 

detected; they were assigned to the hexa-coordinated cis-octhaedral complex with (CO, COO−; CO, 

COO−ax; H2O) or (CO, COO−; COax, COO−; H2O) coordination mode (II in Figure S2) and to the 

penta-coordinated square pyramidal one with (CO, COO−; CO, COO−) coordination (III in Figure 

S2). The octahedral species is characterized by gz = 1.940 and Az = 174.0 × 10−4 cm−1, whereas the 

square pyramidal complex by gz = 1.946 and Az = 167.7 × 10−4 cm−1. These values are in line with 

those expected on the basis of the “additivity rule” 39 and DFT calculations on the VIVO species 

formed by the model ligand LQ (Table S1 of ESI). 

For comparison, EPR spectra were recorded in H2O/DMSO 50/50 (w/w), where the resolution is 

better than in aqueous solution (Figure S3 of ESI). The comparison between the spectra of the bis-

chelated species recorded in H2O and in the mixture H2O/DMSO (Figure S4 of ESI) indicates that 
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water favours the formation of cis-octahedral complex (I in Figure S4), whereas the presence of 

DMSO favours the square pyramidal species (II in Figure S4). A similar behaviour has been 

observed for 2-hydroxypyridine-N-oxide (Hhpo),30e for which H2O favours cis-[VO(hpo)2(H2O)] 

and DMSO [VO(hpo)2].  

 

 

3.4. VIVO2+/ciprofloxacin (Hcip) system 

The behaviour of ciprofloxacin (Hcip) has already been reported in the literature,67, 27 and the results 

can be summarized as follows. Potentiometric data indicate that it forms with VIVO2+ the species 

[VO(Hcip)]2+, [VO(Hcip)2]2+ and [VO(Hcip)(cip)]+. Based on EPR measurements (gz 1.942 and Az 

173 × 10−4 cm−1) the authors have proposed for [VO(Hcip)2]2+ the equatorial coordination of two 

carboxylate and two keto oxygens. The same authors reported preliminary results of X-ray structure 

determination.27 The crystals of the bis-chelated complex were very unstable, decomposed during 

the analysis and, for this reason, atomic coordinates are not available; only a model in which 

vanadium is hexa-coordinated with one of the two Hcip ligands having an equatorial-axial 

arrangement and a water molecule in the fourth equatorial position was given. Concerning the 

coordination of [VO(Hcip)(cip)]+, the authors propose the deprotonation of the coordinated water 

molecule. Based on those results, it is not clear if the cis-octahedral coordination (with one water 

molecule in the fourth equatorial position) is preferred in the solid state against the square 

pyramidal one and which is the more stable coordination mode in aqueous solution.  

The results obtained in this study show that ciprofloxacin behaves similarly to nalidixic acid and 

levofloxacin. Spin-Hamiltonian parameters (reported in Table 6) indicate that [VO(Hcip)(H2O)3]2+ 

with (CO, COO−; H2O; H2O; H2Oax) coordination is formed at low pH values. In the pH range of 

existence of the two bis-chelated species, [VO(Hcip)2]2+ and [VO(Hcip)(cip)]+, the cis-octahedral 

and square pyramidal isomers – with (CO, COO−; CO, COO−ax; H2O) and (CO, COO−; CO, COO−) 

coordination mode, respectively – are in equilibrium until pH 10. The spectra as a function of pH 

from physiological pH to pH ca. 10 are shown in Figure S5 of ESI, where the cis-octahedral and 

square pyramidal species are indicated with I and II, respectively. The value of Az for cis-octahedral 

complex, 173.2 × 10−4 cm−1 (Table 6), is comparable with that measured by Turel and co-workers 

for the solid compound and confirms the X-ray determination.27  

 

 

Table 6. Experimental spin-Hamiltonian parameters of the VIVO2+ complexes formed by quinolone 

ligands. 
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System Solvent gz Az 
a Species 

VIVO2+/Hnal H2O/DMSO 50/50 (w/w) 1.941 175.4 [VOL(H2O)3]
+ 

  1.946 168.1 [VOL2] 

  1.940  174.6 cis-VOL2(H2O) 

VIVO2+/Hnal/MeIm H2O 1.944 169.1 cis-[VOL2(MeIm)] 

VIVO2+/Hlev H2O 1.942 175.2 [VO(HL)(H2O)3]
2+ 

  1.940 174.0 cis-[VOHxL2(H2O)]x+ 

  1.946 167.7 [VOHxL2]
x+ 

VIVO2+/Hlev/MeIm H2O 1.945 168.5 cis-[VOHxL2(MeIm)]x+ 

VIVO2+/Hcip H2O/DMSO 50/50 (w/w) 1.940 174.9 [VO(HL)(H2O)3]
2+ 

  1.941 173.2 cis-[VOHxL2(H2O)]x+ 

  1.945 168.2 [VOHxL2]
x+ 

VIVO2+/Hspar H2O/DMSO 50/50 (w/w) 1.941 174.9 [VO(HL)(H2O)3]
2+ 

  1.941 174.1 cis-[VOHxL2(H2O)]x+ 

  1.947 166.8 [VOHxL2]
x+ 

VIVO2+/Hspar/MeIm H2O 1.946 169.2 cis-[VOHxL2(MeIm)]x+ 

VIVO2+/Hnor H2O/DMSO 50/50 (w/w) 1.941 175.3 [VO(HL)(H2O)3]
2+ 

  1.941 173.5 cis-[VOHxL2(H2O)]x+ 

  1.946 167.8 [VOHxL2]
x+ 

a All the Az values are reported in 10−4 cm−1. 

 

 

3.5. VIVO2+/sparfloxacin (Hspar) and VIVO2+/norfloxacin (Hnor) systems 

Sparfloxacin and norfloxacin behave similarly to the other ligands discussed in the sections 3.2.-3.4. 

They are little soluble in water and, for this reason, the EPR spectra were recorded in a mixture 

H2O/DMSO 50/50 (w/w). They form a mono-chelated species in the acidic pH range with 

composition [VO(HL)(H2O)3]2+and the piperazine nitrogen still protonated; the value of gz is 1.941 

and that of Az is in the range (174.9-175.3) × 10−4 cm−1 (Table 6). In weakly acidic solution and 

around neutrality, two bis-chelated species are revealed with cis-octahedral and square pyramidal 

geometry; their stoichiometry is cis-[VOHxL2(H2O)]x+ and [VOHxL2]x+, with the charge x = 0-2 

depending on the protonation degree of the ligand. The spin Hamiltonian parameters (gz = 1.941 

and Az = (173.5-174.1) × 10−4 cm−1 for cis-[VOHxL2(H2O)]x+, and gz = 1.946-1.947 and Az = (166.8-
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167.8) × 10−4 cm−1 for [VOHxL2]x+, Table 6) are comparable with those measured in the systems 

with Hnal, Hlev and Hcip.  

On the basis of the results listed in Table 6 and of the similar behaviour of all the five examined 

systems, it can stated that the participation to the V binding of the other potential donors, such a 

pyridine-N of nalidixic acid, amino-NH2 of sparfloxacin, pyperazine-N or F-substituent, can be 

excluded.  

 

 

3.6. Characterization of the solid compound [VO(nal)2(H2O)] 

Psomas and its group synthesized VIVO complexes with several quinolones such as oxolinic acid 

(Hoxol),37 N-propyl-norfloxacin (Hpr-norf),82 enrofloxacin (Herx),83 sparfloxacin,84 and pipemidic 

acid (Hppa),85 whereas Turel et al. prepared the VIVO compound with ciprofloxacin.27 In all the 

cases the stoichiometry is [VOL2(H2O)] with the ligands in their monodeprotonated form (at the 

carboxylic group). X-ray diffraction analysis of [VO(cip)2(H2O)] and EPR spectra of the other 

compounds suggested that the geometry is cis-octahedral with a water ligand in the equatorial 

position, even if it is not clear if this is in trans to a COO− or a CO group. In fact, 51V hyperfine 

coupling constant Az varies from 170 × 10−4 cm−1 for [VO(pr-norf)2(H2O)] and [VO(ppa)2(H2O)] to 

173-174 × 10−4 cm−1 for [VO(cip)2(H2O)] and [VO(spar)2(H2O)]. This would denote a different 

equatorial donor set, (CO, COO−; COax, COO−; H2O) in the first case and (CO, COO−; CO, COO−ax; 

H2O) in the second one because the contribution of COO− (~42 × 10−4 cm−1 39) is around 2 × 10−4 

cm−1 lower than a CO (~44 × 10−4 cm−1 39).  

In this study, [VO(nal)2(H2O)] was synthesized from VOSO4·3H2O and Hnal with 1:2 ratio in a 

MeOH/H2O solution (section 2.2). The carboxylic group undergoes deprotonation to yield the 

neutral complex. The solid compound has been characterized by elemental analysis and 

spectroscopic techniques (IR and EPR).  

In the IR spectrum of nalidixic acid, the intense absorptions at 1712(vs) cm–1 and 1617(vs) cm–1 

can be attributed to the stretching vibrations of (C=O)carb and (C=O)ket groups, respectively. In the 

spectrum of VIVO complex, the band of CO shifts to 1605(s) cm–1 and this indicates coordination of 

this group.84 The value of the difference between the antisymmetric (1636(vs) cm–1) and symmetric 

stretching vibrations (1384(s) cm–1) of COO−,  = [as(COO) − s(COO)] = 252 cm-1, suggests a 

monodentate coordination of carboxylate.86 The band at 3420(m) cm−1 demonstrates the presence of 

water bound to the metal ion in the complex, and that at 972(s) cm−1 is characteristic of V=O 

stretching of oxidovanadium(IV) complexes.87 
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[VO(nal)2(H2O)] was dissolved in the mixtures DMSO/DMF 50/50 (w/w) or H2O/DMSO 50/50 

(w/w) and anisotropic EPR spectra were recorded to establish the geometry, the coordination mode 

of the ligand and possible isomerism reactions (Figure 6). In both the mixtures two sets of 

resonances appear, the first (I in Figure 6) with gz = 1.938-1.939 and Az = (174.1-174.2)  10−4 cm−1 

and the second one (II in Figure 6) with gz = 1.944-1.945 and Az = (168.4-168.7)  10−4 cm−1. 

These values are comparable with those measured for cis-octahedral and square pyramidal isomers 

discussed in the previous sections. As demonstrated by DFT methods, I could be the isomer OC-6-

32 or OC-6-34 and II the isomer SPY-5-12 or SPY-5-13. The two species are in equilibrium and in 

the hexa-coordinated complex a solvent (H2O, DMF, DMSO) binds vanadium through O donor 

with its relative amount depending on the basicity of such a donor (H2O > DMSO > DMF).  

It is interesting to examine the EPR spectrum recorded on the MeOH refluxed solution obtained 

after the filtration of the solid compound (trace c of Figure 6). The first thing to be noticed is that 

the signals of cis-octahedral species I almost disappeared, suggesting that it precipitates and is 

filtered off from the solution: this is a further demonstration that the solid compound exists as 

isomers OC-6-32 or OC-6-34, according to the results in the literature.27, 37, 82-85 In the spectrum two 

species are revealed: the first (II in Figure 6) has gz = 1.943 and Az = 169.8 × 10−4 cm−1 and it is the 

square pyramidal species, whereas the second one (III in Figure 6) has gz = 1.944 and Az = 167.2 × 

10−4 cm−1. As suggested by the data in Tables 3 and 4, this latter species could be the isomer SPY-5-

13 (Az
calcd = 167.0 × 10−4 cm−1, Table 3) whose stability is comparable with that of SPY-5-12 

(Gtot
aq = 4.5 kJ/mol at 298 K). DFT calculations indicate that Gtot

aq at 337.85 K (boiling point of 

MeOH; remember that the solid compound [VO(nal)2(H2O)] was synthesized in this solvent) is 4.0 

kJ/mol and this means that, for the Boltzmann distribution law the ratio between SPY-5-13 and 

SPY-5-12 should be 0.24, i.e. 19.4% of SPY-5-13 and 80.6% of SPY-5-12. These data are in 

agreement with the ratio between the resonances of III (SPY-5-13) and II (SPY-5-12) in Figure 6, 

and confirm that in solution the cis-octahedral and square pyramidal species coexist and their 

relative amount depends on the solvent and temperature. The fact that only the cis-octahedral 

isomer is isolated in the solid state could be related to the lower solubility of this compound in 

comparison with the square pyramidal isomer.  
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Figure 6. High field region of the X-band anisotropic EPR spectra recorded at 120 K on the solid 

[VO(nal)2(H2O)] dissolved in a mixture DMSO/DMF 50/50 (w/w) (a), in a mixture H2O/DMSO 

50/50 (w/w) (b), and on the MeOH refluxed solution after the filtration of the solid (c). With I, II 

and III are indicated the MI = 7/2 resonances of the isomers OC-6-32 or OC-6-34 (I), SPY-5-12 (II) 

and SPY-5-13 (III) of the bis-chelated species formed by nalidixic acid. The MI = 7/2 resonance of 

SPY-5-12 is also denoted with the dotted line. 

 

 

3.7. Interaction of the bis-chelated VIVO complexes with 1-methylimidazole 

1-Methylimidazole (MeIm) is a good model for the coordination of a protein with an imidazole-N 

of a histidine residue.30a-h, 31b The reason is that the protein binding to cis-octahedral VIVO 

complexes occurs via accessible histidines (often present in the protein surface) with a stabilization 

of secondary interactions, such as hydrogen or van der Waals contacts, which – however – do not 

influence the values of Az. Therefore, the side-chain of histidine can be compared, both as structure 

and basicity, to a substituted imidazole.30b-d, 30f 

The study of the interaction of bis-chelated VIVO complexes with MeIm can be important 

because it could confirm their geometry, square pyramidal or cis-octahedral. In fact, only cis-

octahedral species are able to react with MeIm upon the replacement of the weak equatorial water 

ligand by imidazole-N according to the equation (3): 
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[VOL2] + MeIm ⇄ no reaction (2) 

[VOL2(H2O)] + MeIm ⇄ [VOL2(MeIm)] + H2O (3) 

 

As an example, we report here the anisotropic EPR spectra recorded in the two ternary systems 

VIVO2+/Hlev/MeIm (trace b of Figure S6 of ESI) and VIVO2+/Hspar/MeIm (trace d of Figure S6) 

and the comparison with the spectra measured under the same conditions in the corresponding 

binary systems (traces a and c of Figure S6). It can be observed that the spectra recorded in the 

ternary systems are different from those of the binary ones and only one species is revealed. This 

means that 1-methylimidazole replaces the water molecule in the cis-octahedral complex (indicated 

with I) to form [VO(Hxlev)2(MeIm)]x+ or [VO(Hxspar)2(MeIm)]x+ (indicated with III), reducing 

significantly the Az value (see Table 6); the decrease of about (4-5) × 10–4 cm–1 is in agreement with 

the previous results.30a, 30c-h Therefore, the presence of MeIm shifts toward right the equilibrium 

SPY-5 + H2O ⇄ OC-6, subtracting progressively the octahedral species. The disappearance of the 

absorptions of square pyramidal complex (indicated with II in Figure S6) in the ternary systems 

confirms this finding. Analogous results were found some years ago for the system VIVO2+/Hdhp 

(Hdhp is 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone), where the formation of [VO(dhp)2(MeIm)] 

shifts the equilibrium between square pyramidal and cis-octahedral species toward the hexa-

coordinated compound.30a The value of Az for [VO(nal)2(MeIm)] was also predicted by DFT 

methods and the percent deviation, around 3%, is in agreement with what is expected (Table 3).  

The results confirm that, for quinolone ligands, the species in equilibrium in aqueous or organic 

solution are the square pyramidal and cis-octahedral ones and that a protein provided with 

accessible donors could replace the water ligand in the equatorial plane of OC-6 isomers forming 

mixed species with composition VOL2(Protein). 

 

 

3.8. Interaction of the bis-chelated VIVO complexes with serum proteins 

With the perspective to study the pharmacological action of V complexes of quinolones, the 

interaction of bis-chelated VIVO species with the two most important proteins devoted to the 

transport of the metal ions in the bloodstream − transferrin and albumin − was evaluated. In 

particular, the interaction of [VO(nal)2(H2O)] with apo-transferrin (apo-hTf), holo-transferrin (holo-

hTf) and albumin (HSA) was examined. The difference between apo-hTf and holo-hTf, as it is 

known, resides in the presence of two Fe2+ ions in the second one which affects the conformation of 

the protein and the recognition by the cells. In fact, the closed conformation of holo-hTf favours the 

receptor-mediated endocytosis and the internalization of Fe2+ in the cells.25a, 88 
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EPR spectroscopy allowed many authors to obtain valuable information on the type of species 

formed and the amino acid residues involved in the interaction between VIVO complexes and 

proteins.30-31 The EPR spectrum recorded at pH 7.4 in the ternary system VIVO2+/Hnal/HSA is 

shown in trace f of Figure 7. It is characterized by one set of resonances − indicating that only one 

species exists in aqueous solution − with gz = 1.945 and Az = 169.5  10−4 cm−1 (indicated with VII 

in Figure 7). These spin Hamiltonian parameters are similar to those detected for the ternary species 

cis-[VO(nal)2(MeIm)] (VI in Figure 7) and, for this reason, the presence in solution of an analogous 

species formed by HSA could be supposed; for this adduct it is necessary to advance the hypothesis 

that a His-N donor is equatorially coordinated to VIVO2+ ion, similarly to what discussed in the 

literature for other systems [VOL2]/HSA.30a, 30b, 30d-f, 31b, 31c The composition of this species should 

be indicated with VO(nal)2(HSA), even if the possibility of other stoichiometries, such as 

VO(nal)(HSA)(OH) or VO(nal)(HSA), with the contemporaneous coordination of the side-chain 

donors from albumin, cannot be excluded.77 In any case, EPR spectroscopy indicate that, beyond 

any doubts, a mixed species is formed because the spectral resonances are different with respect to 

those of the binary system VIVO2+/Hnal (where the cis-octahedral and square pyramidal species are 

in equilibrium, III and V in the trace d of Figure 7) and VIVO2+/HSA (where a multinuclear species 

with composition (VO)x(HSA) is formed,38 VIII in the trace f of Figure 7).  
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Figure 7. High field region of the X-band anisotropic EPR spectra recorded at 120 K at pH 7.4 in 

the system containing: a) VIVO2+/apo-hTf 2:1 (VIVO2+ 1.0  10−3 M); b) VIVO2+/Hnal/holo-hTf 2:4:1 

(VIVO2+ 1.0  10−3 M); c) VIVO2+/Hnal/apo-hTf 2:4:1 (VIVO2+ 1.0  10−3 M); d) VIVO2+/Hnal 1:2 

(VIVO2+ 1.0  10−3 M); e) VIVO2+/Hnal/MeIm 1:2:4 (VIVO2+ 1.0  10−3 M); f) VIVO2+/Hnal/HSA 

4:8:1 (VIVO2+ 1.0  10−3 M) and g) VIVO2+/HSA 4:1 (VIVO2+ 1.0  10−3 M). With I, II, III, IV, V, 

VI, VII and VIII are indicated the MI = 7/2 resonances of the species (VO)(apo-hTf)/(VO)2(apo-

hTf), {cis-VO(nal)2}y(holo-hTf), cis-[VO(nal)2(H2O)], cis-VO(nal)2(apo-hTf), [VO(nal)2], cis-

[VO(nal)2(MeIm)], {cis-VO(nal)2}y(HSA) and (VO)x(HSA). The position of the MI = 7/2 resonance 

of cis-VO(nal)2(Protein) is also denoted by the dotted line. 

 

 

The EPR spectra recorded at pH 7.4 in the ternary systems VIVO2+/Hnal/apo-hTf and 

VIVO2+/Hnal/holo-hTf are very different (traces b and c of Figure 7). The spectra with holo-

transferrin are characterized by only one set of resonances indicated with II (gz = 1.945 and Az = 

169.2  10−4 cm−1) and are very similar to those of the systems with MeIm or HSA, suggesting the 

equatorial coordination of a His-N which replaces the water ligand in cis-[VO(nal)2(H2O)] to give 

cis-VO(nal)2(holo-hTf). This is the expected behaviour for this protein, which forms species with an 

analogous composition cis-VOL2(holo-hTf) with maltolate (ma), picolinate (pic) and 1,2-dimethyl-



32 

3-hydroxy-4(1H)-pyridinonate (dhp).30g In contrast, in the spectrum with apo-hTf the major species 

are cis-[VO(nal)2(H2O)] and [VO(nal)2] (III and V in Figure 7), whereas only a small amount of 

cis-VO(nal)2(apo-hTf) − which coexists with the binary complexes − is formed (see the position of 

the resonance indicated with IV in Figure 7); the approximate spin-Hamiltonian parameters are gz ~ 

1.945 and Az = ~ 170  10−4 cm−1. The comparison of the systems with holo-hTf and apo-hTf 

indicate that the amount of the mixed complex cis-VO(nal)2(apo-hTf) is much smaller than cis-

VO(nal)2(holo-hTf) and this would indicate that a lower number of His residues are accessible with 

apo-hTf than with holo-hTf. On the basis of the data in the literature, this behaviour is rather 

surprising because with small ligands such as picolinate, maltolate and 1,2-dimethyl-3-hydroxy-

4(1H)-pyridinonate the formation of cis-VOL2(Protein) is equally favoured with both the two forms 

of transferrin.30a, 30d, 30g Therefore, we thought that this fact was worth being studied with other 

techniques. 

Docking methods were recently applied to predict by blind calculations without any geometric 

constraints and energy restraints the X-ray structures of 39 (metal complex)−proteins with the 

monodentate binding of an amino acid residue to the metal ion (Mg, V, Cr, Mn, Cu, Fe, Co, Ni, Cu, 

Zn, Ru, Rh, Re, Os, Pt, and Au),64 and − also − allowed us to find the binding site of the potential 

antidiabetic drugs [VO(pic)2(H2O)] and [VO(ma)2(H2O)] in a model protein such as lysozyme.62 On 

this basis, we optimized through DFT calculations the structures of the eight enantiomers OC-6 of 

[VO(nal)2(H2O)] (i.e., the  and  series of OC-6-34, OC-6-34, OC-6-23 and OC-6-24, see Scheme 

S3 of ESI), removed the equatorial water and blind docked the moiety cis-VO(nal)2 to the structures 

of apo-hTf (PDB: 2hau58), holo-hTf (3v8359) and HSA (1ao657) using the parameters recently 

optimized for vanadium.62, 64 The docking assay was based on the hypothesis suggested by EPR, 

i.e. the monodentate coordination of a His-N donor to the moiety cis-VO(nal)2. To identify the 

candidate residues, a relative SES (Solvent Excluded Surface) calculation was performed for the X-

ray structures of apo-, holo-hTf and HSA. The results show that the potential donors are His25, 

His289, His349, His473, His606 and His642 for holo-hTf, while they are His25, His289, His349, 

His350, His606 and His642 for apo-hTf. For HSA the four residues His105, His128, His367 and 

His510 were considered. To ensure that the flexibility of the side chains was represented as 

correctly as possible, the Dunbrack rotamers libraries61 were applied during the calculations for the 

selected histidines and the neighbouring residues. 

If apo- and holo-transferrin are taken into account, the performed dockings confirm the EPR data 

analysis, showing a clear coordination preference for holo-hTf. It can be noticed that the scoring 

values obtained (Fmax in Table 7) are generally more than 15 GoldScore units higher than those of 

the apo form. In particular, for the best solution of VO(nal)2(holo-hTf) the scoring is 68.65, in 
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contrast with 44.96 obtained for VO(nal)2(apo-hTf). The lengths predicted for VIV−N(His) bonds, 

ranging from 2.062 to 2.485 Å, are coherent with the experimental values for VIV−N(imidazole) 

coordination.89 Furthermore, from a statistical point of view, the holo form offers more residues 

able to coordinate the metal moiety than apo-hTf and binds almost all of the enantiomers of cis-

VO(nal)2; in contrast, apo-hTf has a unique His residue capable to bind V species, His289, and this 

interacts only with the isomer OC-6-23- (see Table 7). Overall, for holo-hTf at least three His are 

in the correct position to coordinate cis-VO(nal)2 (His25, His359 and His606), while for apo-hTf 

only His289 seems to be able to bind this moiety. For this reason, the adduct formed by holo-hTf 

can be indicated as {VO(nal)2}y(holo-hTf), where y denotes the number of cis-VO(nal)2 moieties 

bound to His and is in the range 1-3 (depending on the ratio VO(nal)2/holo-hTf), whereas that with 

apo-hTf can be denoted as VO(nal)2(apo-hTf) because only a VO(nal)2 moiety is bound to the 

polypeptide chain through His289. In Figure 8 the identified binding sites and their position in the 

polypeptide chain of the two forms of serum transferrin are shown.  

 

 

Table 7. Docking results of the interaction of cis-VO(nal)2 moiety with holo- and apo-hTf. 

Residue Isomer Fmax
a,b Fmean

a,c 
ext

hbondS (mean)d 
ext

vdWS (mean)e Tot. Pop.f 

holo-hTf 

His25 

OC-6-23- 

68.65 57.86 22.67 28.87 102 
OC-6-24- 

OC-6-32- 

OC-6-34- 

His349 
OC-6-23- 

57.68 54.71 19.80 28.31 36 
OC-6-32- 

His606 

OC-6-23- 

47.01 45.59 19.59 21.83 145 
OC-6-24- 

OC-6-32- 

OC-6-34- 

apo-hTf 

His289 OC-6-23- 44.13 44.96 20.61 30.80 40 

a Fitness value of the GoldScore scoring function, see eq. 1. b The value refers to the most stable 

pose. c Mean value computed considering the scoring of the most stable poses of each isomer. d 

Contribution to the total Fitness value of the intermolecular hydrogen bonds (hbond). e Contribution 
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to the total Fitness value of the intermolecular van der Waals interactions (vdW). f Total of the 

solutions found in the specific binding region. 

 

 

 

Figure 8. The histidine residues which interact more favourably with cis-VO(nal)2 moiety for: a) 

holo-hTf and b) apo-hTf. 

 

 

Looking at the energetic breakdown of the most stable poses, a QM (Quantum Mechanics) based 

analysis of the second coordination sphere interactions carried out with NCIPlot (Non-Covalent 

Interactions Plot,66 see section 2.8) allowed us to find a clear explanation for the different behaviour 

of the two principal binding sites of apo- and holo-hTf. In Figure 9 it can be observed that the 

number and entity of favourable strong secondary (blue blobs) and van der Waals (green blobs) 

interactions is the key for the different host capabilities of the two hTf folding states. In particular, 

the best solution OC-6-24-−VO(nal)2(His25-holo-hTf) presents almost five strong interactions 

(blue and green blobs in Figure 9) and a wide range of vdW contacts; in contrast, the solution 

concerning the adduct OC-6-23-−VO(nal)2(His289-apo-hTf) does not show significant 

stabilizations through strong secondary interactions, has a limited number of vdW contacts and is 

characterized by strong repulsive contacts (red blob in Figure 9).  
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Figure 9. Gradient isosurfaces (s = 0.3 a.u.) analysis of the best solution of: (a) OC-6-24-

−VO(nal)2(His25-holo-hTf) and (b) OC-6-23-−VO(nal)2(His289-apo-hTf). NCIplot surfaces 

show only the intermolecular interactions. The surfaces are reported in the blue-green-red scale 

according to values of sign(2). Blue surfaces indicate strong attractive interactions (such as 

dipole-dipole or hydrogen bond), red indicates repulsions, while green means van der Waals 

interactions. In the insets the regions with such interactions are shown.  

 

 

The simulations carried out on human serum albumin show a behaviour similar to holo-hTf, 

indicating at least three binding regions with high affinity for all the cis-VO(nal)2 isomers. The most 

accessible histidine for VO(nal)2 are His510 (Fmax = 61.23), His367 (Fmax = 61.22) and His105 

(Fmax = 52.58). In this case too, the predicted VIV−N(His) bond lengths are in the expected range, 

from 2.052 to 2.308 Å. The adduct can be described by the formula {VO(nal)2}y(HSA), where y = 

1-3 indicates that at least three cis-VO(nal)2 moieties are bound to His residues. 

On the basis of these results, the EPR spectra can be rationalized: in fact, the signals due to the 

adducts formed by holo-hTf and HSA (II and VII in Figure 7) are much more intense than those of 

the mixed species of apo-hTf (IV in Figure 7) and they emerge clearly with respect to the 

resonances of the binary VIVO complexes of nalidixic acid because of their higher concentration.  

 

 

 

4. Conclusions 

The family of quinolones represents one of the most commonly prescribed antibacterials in the 

world. Their chemical structure can allow the formation of stable complexes with transition metals, 
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among which vanadium, upon the formation of one or two chelated rings. The advantage of 

quinolones over other possible organic ligands in the developments of potential V based drugs 

could be the coupling of the pharmacological action of the ligands with that of vanadium, whose 

compounds show spermicidal, anti-HIV, antiparasitic, antiviral, antituberculosis and, above all, 

antidiabetic and antitumor activity. Furthermore, most of quinolones are not toxic, have already 

overcome the clinical tests and easily penetrate the body membranes. 

In this work we have demonstrated that, at physiological pH, quinolones form stable bis-chelated 

VIVO species with (CO, COO–) coordination mode, for which the cis-octahedral and square 

pyramidal forms are in equilibrium. This information was obtained comparing the results obtained 

with pH-potentiometry with those attained with EPR spectroscopy, ESI-MS spectrometry and DFT 

calculations. To the best of our knowledge, this is the first time that an equilibrium between penta-

coordinated square pyramidal and hexa-coordinated octahedral complexes is observed in solution 

for ligands forming six-membered chelated rings.  

The formation of cis-octahedral species guarantees the possibility of first coordination sphere 

interactions with the serum protein, among which apo-, holo-transferrin and albumin. Such an 

interaction has been studied with the combined application of EPR and docking methods. Docking 

calculations provide very interesting results and demonstrate that, with these complexes, in contrast 

with what was observed until now, the three proteins do not behave is the same manner, holo-hTf 

and HSA having more His accessible for VIVO2+ binding than apo-hTf. This is due to the combined 

effect of two factors: on the one hand the steric hindrance of quinolones, higher than other ligands 

studied in the literature such as maltolate, picolinate or pyridinonate derivatives, and on the other 

the stabilization of the ternary species upon the formation of secondary electrostatic interactions 

depending on the structure of the ligand (for example, hydrogen, dipole-dipole or van der Waals 

interactions). Therefore, the steric requirements of the ligand and the nature of its substituents must 

be taken into account in the prediction of the interaction of VIVO complexes (and, in general, of 

metal species) with the proteins. In this specific study, the interaction of cis-octahedral species 

[VO(nal)2(H2O)] with apo-hTf, holo-hTf and HSA results in the formation of two different species: 

whereas apo-hTf forms the simple VO(nal)2(apo-hTf) adduct with the coordination of His289, holo-

hTf and HSA give the mixed species {VO(nal)2}y(holo-hTf) and {VO(nal)2}y(HSA), where y = 1-3 

is the number of VO(nal)2 moieties bound to the proteins through residues of accessible histidines 

(His25, His349 and His606 for holo-hTf, and His105, His367 and His510 for HSA).  

The ternary species with holo-hTf, which is characterized by a closed conformation, can be 

recognized and internalized by the cells of the target organs in the receptor-mediated endocytosis, 

favouring the uptake of V based drug. This could result in a lowering of the amount/concentration 
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of these complexes that should be administered in a potential therapy and, therefore, in a decrease 

of the toxic and side-effects of the metal. This possibility could make these compounds worth being 

the object of future investigations in medicinal inorganic chemistry. 
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Text 

VIVO complexes of quinolone derivatives (L) were studied with the aim to couple the 

pharmacological activity of these ligands with that of vanadium. An equilibrium between VOL2 and 

cis-VOL2(H2O) is observed at physiological pH. The interaction of cis-VOL2(H2O), with the serum 

proteins indicates that the mixed species {VOL2}y(Protein) are formed upon the binding of 

accessible histidines, with y = 1 for apo-hTf and y = 1-3 for holo-hTf and HSA.  
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