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ABSTRACT 

In vitro influence of five synthesized functionalized hexavanadates (V6) on commercial 

porcine cerebral cortex Na
+
/K

+
-ATPase activity has been studied. Dose dependent Na

+
/K

+
-

ATPase inhibition was obtained for all investigated compounds. Calculated half maximal 

inhibitory concentration IC50 values, in mol/L, for Na
+
/K

+
-ATPase were 7.6 × 10

-5
, 1.8× 10

-5
, 

2.9× 10
-5

, 5.5× 10
-5 

for functionalized hexavanadates (V6) with tetrabutylammonium (TBA) 

[V6-CH3][TBA]2, [V6-NO2][TBA]2, [V6-OH][TBA]2 and [V6-C3][TBA]2 respectively. [V6-

OH][Na]2 inhibited Na
+
/K

+
-ATPase activity up to 30% at maximal investigated concentration 

1× 10
-3

 mol/L. This reactivity has been interpreted using a study of the non-covalent 

interactions of functionalized hexavanadate hybrids through Cambridge Structural Database 

(CSD) analysis. Bibliographic searching has led to 18 different structures and 99 contacts. We 

have observed that C-H···O contacts consolidate the structures. We have also performed 

density functional theory (DFT) calculations and have determined electrostatic potential 

values at the molecular surface on a series of functionalized V6. These results enlightened 

their chemical reactivity and their potential biological applications such as the inhibition of 

the ATPase.  

 

Keywords: Functionalized hexavanadate, Na
+
/K

+
-ATPase, inhibition, Cambridge Structural 

Database, non-covalent interactions 

 

Short synopsis 

Five compounds of hexavanadates (V6) were synthesized and their inhibitor potency toward 

Na
+
/K

+
-ATPase was investigated. Investigated hexavanadates showed inhibitory effect on 

Na
+
/K

+
- ATPase activity. Analysis of noncovalent interactions between V6 and organic part 

using the Cambridge Structural Database was performed. 
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Graphical abstract 
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1. Introduction 

Polyoxovanadates (POVs) are one of the most important series in the large family of 

polyoxometalate (POMs), due to their wide structure diversity. POVs are a very interesting 

kind of vanadium-containing compounds due to the fascinating electronic and magnetic 

properties, various thermodynamically stable redox isomers, and catalytic capabilities [1, 2]. 

In 1983, M. T. Pope illustrated, that vanadium, in its higher oxidation state, gives many 

isopolyvanadates ranging from metavanadates chains [VO
3−

]n, to layered oxides [V2O5] and 

compact polyanions [V10O28]
6−

 [1]. Even polyanionic hollow cages such as [V15O36]
5−

, in 

which anions are encapsulated, have been reported [2]. Such a rich structural chemistry is due 

to the ability of vanadium to adopt a variety of coordination geometries, [VO6], [VO5], [VO4] 

units and different oxidation states (V
V
, V

IV
). Hexavanadates (V6), one of an important series 

of POVs, exists as inorganic-organic hybrids (Figure 1). After the initial characterization of 

[(C5Me5)Rh]4(V6O19) by Chae [3] and Hayashi [4,5], a large number of new 

polyoxovanadates and their related properties were mainly reported by several groups of 

Müller, Zubieta [8-10], Hill [11,12], Hayashi [13], T. B. Liu [14], Wei [15,16], and Daniel 

[17] over the last 30 years. Hayashi has described the different species of POV structures such 

like tetravanadate (V4 unit), hexavanadates (V6 unit), decavanadate (V10 unit), 

dodecavanadate (V12 unit), and other heteropolyoxovanadates, lacunary POV, providing a 

better understanding on the classification of POVs complicated structures [13]. 

Recently, we found that POVs exhibit potential bioactivities, especially the inhibition 

of Na
+
/K

+
-ATPase [18]. Dose-dependent inhibition of plasma membrane Ca

2+
-ATPase 

(PMCA) and sodium pump by V10 as well as kinetic analysis, is in agreement with previously 

reported findings that V10 species block the active side of P-type ATPases. Consequently, it 

affects phosphorylation step in the enzyme cycle of P-type ATPases (sodium and calcium 

pump) [19]. Na
+
/K

+
-ATPase (sodium pump) belongs to the P-type ATPase family, which are 

able to utilize the energy of ATP to transport ions against their electrochemical gradient. 

Na
+
/K

+
-ATPase is a cell membrane located in enzyme and maintaining the high internal K

+
 

and low internal Na
+
 concentrations, characteristic and essential for normal cellular activities 

of most animal cells [20,21].
 
The activity of this enzyme is very sensitive to the presence of 

some metal ions and organic compounds of various structures, especially in the case of some 

drugs and pesticides [22]. Na
+
/K

+
-ATPase has been chosen due to its key role in normal 

functioning of most cells of higher eukaryotic organisms [23,24] and in development and 

progression of different cancers [25], as well as the known influence of POMs on nucleotide-
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dependent enzymes [26-28] and their anti-cancer and anti-viral activity. Investigation of the 

POMs interactions with peptides or proteins, which play a fundamental role in biological 

systems, has been a subject of growing interest in recent years [29]. It was reported that V10 is 

the major protein-bound species of vanadium and   has a stronger inhibitory effect on various 

enzymes, when compared to other vanadate oligomers [30]. V10 studies include also the 

possibility of its use as a tool in the understanding of the transducing chemical energy into 

conformational energy for Ca
2+

 transport by Ca
2+

-ATPase [31] as well as molecular 

mechanism of muscle contraction [32]. Inhibitions of several ATPases such as P-type 

ATPases, ABC-ATPases and ribonucleases by V10 suggest that V10 interactions with these 

proteins are probably favored by the existence of an ATP binding site [28]. More recently the 

exceptional biological activity of V10 has been reviewed by Aureliano [33]. These studies 

illustrate the importance of the noncovalent interactions between vanadate species and 

peptides. It is clear that vanadate interacts strongly with positively charged proteins. At a 

molecular level, the mechanism of action is played via noncovalent interactions between the 

V10 anion and the biological target [34,35]. This information could be useful for 

understanding the potential reactivity of V6 hybrids (Figure 1). Additionally, V18 presents 

antitumor activity inhibiting the growth and proliferation of human cancer cells and has a low 

toxicity on human normal cells in vitro [36]. The mechanism for the antitumor effect of 

polyoxomolybdate has been established; it concerns a single electron reduction oxidation 

cycle in isopolymolybdates [37-39]. According to this hypothesis, the inhibitory activity of 

POMs on tumor cells is relevant to the oxidation reduction ability the stronger the oxidation 

capability, the higher the inhibitory effect on tumor cells. 

From a geometric point of view, the [V6O19]
2-

 (simplified as V6)
 
anion is represented in 

Figure 1a. According to their vanadium coordination, the oxygen atoms could be classified as 

follows. Four types of oxygen atoms are involved in this anion: O1x - bonded to only one 

vanadium atom; O2x - shared between two vanadium atoms; O3x - connected with two 

vanadium atoms and organic ligand; O6x - have a six-fold coordination of vanadium atoms. 

Oxygen atoms of a V6 anion are attractive sites, and therefore can form intermolecular 

hydrogen bonds. Many weak hydrogen bonds are found between V6 anions and organic 

segments. The statistical analysis of these non-covalent interactions between V6 anion and 

organic segments using the Cambridge Structural Data Base (CSD) can provide structural 

evidence for the biological role of the V6 anion. Crystal structures of the title compounds are 

stabilized by an extensive C-H…O hydrogen bonding network, which involves the V6 anions 
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and organic segments. Hydrogen bonds and their environment have a well-defined geometry 

in the crystalline state. CSD provides a large amount of experimental data that allows 

hydrogen bonds geometries to be analyzed with good statistics [41]. Therefore, CSD is a 

major source of knowledge on intermolecular interactions of all types. A major contribution of 

CSD analysis has been the identification of weak hydrogen bonds such as CH
…

O or CH
…
 

[42-44]. 

In this study, we have synthesized five V6 to investigate the in vitro effect of V6 on 

commercial porcine cerebral cortex Na
+
/K

+
-ATPase activity. In order to understand the 

obtained results, we have retrieved the V6 based compound structures from the CSD, and 

determined the intermolecular interactions between V6 oxygen atoms and the proton donor. 

We have also determined theoretical electrostatic potential (EP) from ab initio calculations. 

 

2. Material and methods 

 

2.1. Synthesis of V6 compounds 

Preparation of [V6-CH3][TBA]2 (TBA tetrabutylammonium) (compound 1). 1 has been 

synthesized according to the route described by Chen et al [8]. Preparation of [V6-

NO2][TBA]2 (compound 2). 2 has been synthesized according to the route described by Chen 

et al [48f]. Preparation of [V6-OH][TBA]2 (compound 3). 3 has been synthesized according 

to the route described by Wu et al [45]. Preparation of [V6-OH][Na]2 (compound 4). 4 has 

been synthesized according to the route described by Wu et al [45]. Preparation of [V6-

C3][TBA]2 (compound 5). 5 has been obtained according to the route described by Wu et al 

[46]. 

 

2.2. Preparation of V6 solutions 

Stock solutions (0.1 mol/L) of 1, 2, 3 and 5 were prepared by solving the solid 

compounds in DMSO, while 4 stock solutions was prepared in aqueous solution. Working 

solutions were prepared daily by water dilution of the stock solutions to the desired 

concentrations, shortly before use.  

 

2.3. Na
+
/K

+
-ATPase assay 

The standard assay medium for investigation of Na
+
/K

+
-ATPase activity contains (in 

mmol/L): 50 Tris-HCl (pH 7.4), 100 NaCl, 20 KCl, 5 MgCl2, 2 ATP and 290 mg/L 
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commercially available porcine cerebral cortex proteins in a final volume of 200 μL. After 

pre-incubation for 10 min at 37
o
C and control of the appropriate concentration of the 

investigated V6 compounds, the reaction was initiated by addition of ATP and stopped after 20 

mins by adding 22 µl of 3 mol/l ice cold HClO4 and immediate cooling on ice. Final DMSO 

volume fraction in the incubation medium does not exceed 1%. The released inorganic 

phosphate group (Pi) liberated from the hydrolysis of ATP was determined by a modified 

spectrophotometric method
 
[47]. Spectrophotometric measurements were performed on a 

Perkin Elmer Lambda 35 UV VIS spectrophotometer. Results are expressed as mean 

percentage enzyme activity compared to the corresponding control value ± S.E.M. (standard 

error of mean) of two independent experiments done in triplicate.  

 

2.4. CSD analysis 

We have investigated the interactions depending on the oxygen types of V6, O1x and 

O2x, which are on the surface of the molecules. We have focused on the arm-like 

functionalized V6 anion with two symmetrical tripodal ligands, which are listed in Table 1. 

Different structures have been found to contain V6 anion, leading to 99 intermolecular 

contacts, which are shorter than the sum of van der Waals radii. In order to avoid crystal 

structure low quality, the R factor was required to be less than 10. These interactions belong to 

the 18 structures for which the hydrogen bonds have been localized [48]. For each interaction, 

depending on the oxygen type O1x and O2x, we have calculated the C-H…O distance and 

angle. Moreover, we have retrieved protonated V6 (Table 1) and V6 based compounds where 

more than six external oxygen atoms are bridged with organic ligands [49], in order to 

analyze the reactivity of external oxygen atoms (Table 2). 

 

2.5. Computational details 

 DFT calculations were performed with Gaussian 09 (EM64L-G09RevC.01) [Frisch, 

2010]. Hybrid functionals, which include a mixture of Hartree-Fock exchange with DFT 

exchange-correlation have been employed (B3LYP: [Becke, 1993]; M06/M06-2X, [Zhao, 

2008]. Atomic coordinates of [V10O28]
6-

[34], [V6OH]
2-

 (compound 3 and 4) [53], and [V6-

C3]
2-

 (compound 1 and 5) [53] are obtained from the corresponding high resolution X-ray 

diffraction experimental nuclei positions. Geometric optimization was carried out. Atomic 

coordinates of compound 2 have been obtained from CSD; the geometry has been optimized 
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by M06/6-31+G(d, p) quantum chemistry model. The computed densities have converged 

with cc-pVTZ basic set.  

 

3. Results and discussion  

 

3.1. In vitro influence of V6 compounds on Na
+
/K

+
-ATPase activity 

The influence of the five synthesized V6 compounds (Table 3) on commercial porcine 

cerebral cortex Na
+
/K

+
-ATPase activity has been investigated by in vitro exposure to the 

enzyme in the concentration range from 1 × 10
–9

 to 1 × 10
–3

 mol/L. The results show, in all 

cases, that increasing concentrations of the investigated compounds induce inhibition of 

enzymatic activity in a concentration-dependent manner (Figure 2). The experimental 

dependence of the enzyme activity, expressed as a percentage of the control value (obtained 

without inhibitor), on inhibitor concentration fits a sigmoidal function (Figure 2). 

The inhibition parameters (IC50 values), defined as the concentration of investigated 

compound with capability to inhibit 50% of the enzyme after given exposure time, were 

determined using the sigmoidal fit and summarized in Table 3. The obtained results 

demonstrate that the inhibitory effect on Na
+
/K

+
-ATPase activity was rated as compounds 2 > 

3 > 5 > 1 > 4. Actually, the most potent inhibitor is compound 2 (IC50 = (1.8 ± 0.5) × 10
-5 

mol/L), while the compounds 3, 5 and 1 are several times weaker inhibitors of Na
+
/K

+
-

ATPase, which induced half of maximal enzyme activity (control) at concentrations (in 

mol/L) of (2.9 ± 0.3) × 10
-5

, (5.5 ± 0.3) × 10
-5

, (7.6 ± 0.5) × 10
-5

, respectively. The enzyme is 

significantly less sensitive toward 4, i.e. half of maximum enzyme inhibition was not reached 

at the highest investigated concentration, 1 × 10
–3

 mol/L.  

The obtained results (Figure 2 and Table 3) are in agreement with previously reported 

concentration-dependent inhibitory effect of polyoxovanadates on synaptic plasma membrane 

and purified porcine cerebral cortex Na
+
/K

+
-ATPase [18] as well as several nucleotide-

dependent enzymes [26,27]. However, V10 has been observed around ten times more potent 

inhibitor of the purified enzyme [18] compared with investigated V6 (1, 2, 3 and 5).  

The key factors, which could explain the interaction between V6 and V10 compounds 

and Na+/K+-ATPase are: i) the size of the inhibitor (consistent with the enzyme pocket); ii) 

the EP express by the inhibitor (in complementary with the EP express by enzyme pocket); iii) 

the possibility of the inhibitor to build hydrogen bonds or non-covalent interactions with 

amino acids of the enzyme. In this case, the inhibitor is the functionalized V6 anion, the 
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counter ion (TBA or Na
+
) is necessary to stabilize the V6, but in solution the functionalized V6 

anion is supposed to be isolated. The observed differences between compounds 3 and 4 could 

be assigned to an additional effect due to the cation. The size of the V6 series could be 

modeled by the longest distance between two opposite atoms of the organic arm of the 

functionalized V6 compound. Correlation between the size of the compound and the inhibition 

activity could not be established.  

EP values at the molecular surface of the functionalized V6 series have been 

determined and plotted (Figure 3). EP can be used as a tool for predicting chemical reactivity, 

especially for non-covalent interactions. EP values are the most negative in the vicinity of the 

three oxygen atoms defining the yellow triangle (Figure 3, left column). This provides a 

predictable pattern for non-covalent interactions and points out the probable chemical 

reactivity sites. In this type of functionalized V6 compounds, under a proper condition, O1x 

and O2x could act as potential reaction sites [54, 55, 49f]. In order to graphically exhibit the 

intermolecular charge transfer in a better way, between V6 core and the organic ligand, 

electrostatic potentials are mapped as isovalue surfaces at ± 0.75 eÅ-1 (Figure 3 right 

column). The red part (negative) is localized around the V6 core, which corresponds to the 

most nucleophilic regions, while the blue part (positive) is concentrated over the organic 

ligand and represents the most electrophilic regions. This property reveals the most important 

features of these hybrid compounds. Figure 4 represents the evolution of the EP minimum, the 

EP maximum and the difference between these two values. Clearly, a very negative value 

(V10) implies a better inhibition. Nevertheless, it is difficult to understand the inhibitor 

behavior inside the functionalized V6 series from these EP values. The qualitative observation 

of the EP (Figure 3, right column) indicates that [V6-NO2][TBA]2, (compound 2) and in a less 

extent the [V6-OH][TBA]2 (compound 3, cation TBA) presents additional negative regions. 

This could be help explain why these compounds are good inhibitor candidates. 

Ziegler et al [56] demonstrated by ab initio quantum computation and biochemical 

investigations, that an increasing positive charge on the vanadyl group increases the inhibition 

potency of the vanadyl complex on alkaline phosphatase. Different bioactivities for the 

functionalized V6 have to be discussed where is the specific binding sites on the enzyme. It is 

then essential to investigate the possibility of V6 core to built hydrogen bonds, and the 

possibilities of functionalized V6 to have complementary electrostatic potential interactions 

with the interaction enzyme pocket site. Following the work of Ziegler [56], Mulliken charges 

belonging to the V-O group have been explored (table 3). We found 2 has the most 
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nucleophilic oxygen on O1x. We observe that the most charged V-O1x bonds belong to 2. The 

specific behavior of 2 is clearer when calculating average Mulliken charges over the three 

bonds (V-O1x, V-O2x and V-O3x), shown in table 3. Our results are in agreement with those 

of Ziegler where the more positive V-O bonds allow the complex to bind more tightly to the 

enzyme [56]. Holtz et al, [57] has studied the co-crystallization of alkaline phosphatase 

complexed with vanadate. They have established the binding site where the vanadate ligand is 

a modified serine. Previous protein structures show that V10 is bonded via hydrogen bond with 

acid phosphatase [58] and tyrosine kinase [59]. In these two protein structures, V10 anion is 

linked to enzymes through the amino acids: histidine (His), lysine (Lys), asparagines (Asn), 

arginine (Arg), moieties which are positively charged or present polar chains. 

Therefore, as demonstrated by our ab initio calculations and in agreement with the 

literature, V6 and V10 core exhibit negative charge, which corresponds to nucleophilic 

molecular region and in contrary, the organic ligand corresponds to an electrophilic molecular 

region. 

 

3.2. V6 binding 

In previous studies [34, 35], we have predicted the preferential non-covalent 

interactions with the different oxygen atoms of the V10 anion in order to explain and predict 

the behaviour of those species in case of a reaction with protons or cationic groups. A similar 

analysis has been done on V6 compounds. The nucleophilic oxygen atoms, which are 

available on the surface of V6 as hydrogen bond acceptor, interact with oxygen, nitrogen or 

carbon atoms of organic moieties as hydrogen donor in order to form hydrogen bonds, such as 

OV6
…

HO, OV6
…

HN, OV6
…

HC. The carbon atoms of the ligands interact with the oxygen 

atoms of V6 through OV6
…

HC hydrogen bonds. From the structures containing the [V6O19]
2-

, 

we have chosen the 18 crystalline structures with six bridged organic ligands (Table 1). In all 

18 structures, we have found weak C-H
…

O bonds due to the fact that V6 anion is stabilized 

with large non-polar chain through the network of weak C-H
…

O bonds. Both O1x and O2x 

atoms build weak C-H
…

O bonds. The geometry of C-H
…

O interactions have been analyzed 

using the 99 identified non-bonding interactions. Figure 5 and 6 show the results of the CSD 

search of the C-H
…

O distances and angles distribution for all intermolecular interactions. In 

term of angularity, all these interactions follow the trend expected for hydrogen bonds; 

namely the C-H
…

O angle opens up as the distance between donor and acceptor increases. C-
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H
…

O interactions are mainly at long distance 2.4 - 2.8 Å and angle from 120-160 ° included 

in an ellipsoid drawn on Figure 5. 

The variation in bond distance and angle for C-H
…

O interaction (Figure 5 and Figure 

6) reflects the different types of interaction: stronger bond, at shorter distances and higher 

angle binding with oxygen atoms O2x and weaker bond mainly binding with O1x. The 

percentage of interaction for which dH…O < 2.5 Å is 39 % for O2 (respectively 30 % for O1x). 

It indicates that oxygen atoms O2x is more reactive than oxygen atoms O1x. Therefore, we 

can confirm that the protonation sites in the cage are oxygen atoms of type O2x. This 

observation is in agreement with theoretical calculation [60], and our experimental “Atom In 

Molecules” (AIM) charges, where we have found that O2 atoms are more reactive than O1 

[53]. 

 

3.3. Localization of protonation basic sites on V6 core 

In order to obtain a quantitative determination of the relative activity and the 

protonation sites in V6 anion, we have used the protonated hexavanadate from Table 1 (i.e. 

PAGSOF, PAGSUL, PAGTAS, KURBOO, KURBUU) and hexavanadate based compounds 

where more than six oxygen atoms are bridged with organic ligands (Table 2). The hydrogen 

positions in protonated V6 are located only in few compounds. The protonation site on all 

reported V6 compounds, is at O2x bridging oxygen. Oxygen atoms O1x are not connected 

with organic ligands. The main protonation site for the protonated V6 anion is oxygen atom 

O2x and the main atoms for connection with organic parts is O2x. These results suggest that 

atom O2x is more reactive than atom O1x. This is in agreement with previous report on 

theoretical electrostatic potential of a functionalized V6 

(Bu4N)2[{FcC(O)NHC(CH2O)3}2V6O13] [53]. It was found that oxygen charges are O6x (-

1.11) < O3x (-0.74) < O2x (-0.68) < O1x (-0.54).  

Protonation basic sites of V6 core have been identified as the doubly bridging oxygen 

atoms (O2x mono-coordinate oxygen 

atoms (O1x). 

 

4. Conclusion 

Throughout this work, we have studied the reactivity of functionalized hexavanadates 

V6. It provides evidence of the oxygen atom type influence on the hydrogen bonding 

geometry. Analysis of non-covalent interactions between V6 and organic part using CSD show 
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that O2x oxygen atoms are more reactive than O1x. We confirm that the protonation sites in 

the cage are oxygen atoms of type O2x. Increasing concentrations of the synthetized 

hexavanadates induce the inhibition of Na
+
/K

+
-ATPase activity in a concentration-dependent 

manner in all cases. IC50 values for each investigated hexavanadate (except 4) were the same 

order of magnitude (in the range 1 × 10
–5 _ 

1 × 10
–4

 mol/L). The obtained results demonstrate 

that the most potent inhibitor is compound [V6-NO2][TBA]2, (IC50 = (1.8 ± 0.5) × 10
-5 

mol/L). 

Qualitative observation of the EP indicates that [V6-NO2][TBA]2 and in a less extent [V6-

OH][TBA]2 presents additional negative regions. We observe from ab initio calculations that 

[V6-NO2][TBA]2 has the most nucleophilic sites on "O2x", and it coincides that it has the 

most effective inhibitor among 1-5. This could be the reason why these compounds could be 

the good inhibitors. 

 

Table of Abbreviations 

 

Abbreviation Meaning 

A Acceptor 

AIM Atom In Molecules 

ARG Arginine 

ATPase Adenosine TriPhosphatase 

CSD Cambridge Structural Database  

DFT Density Functional theory  

EP Electrostatic Potential  

HIS Histidine 

IC50 values Half maximal inhibitory concentration values 

LYS Lysine 

NCI Non-Covalent Interactions 

O1x Oxygen atom bonded to only one vanadium atom 

O2x Oxygen atom shared between two vanadium atoms 

O3x Oxygen atom connected with two vanadium atoms and organic ligand 
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O6x Oxygen atom with a six-fold coordination with vanadium atoms 

Pi Inorganic phosphate group  

PMCA Plasma membrane Ca
2+

-ATPase  

POMs Polyoxometalates 

POVs Polyoxovanadates 

SEM standard error of mean 

TBA Tetrabutylammonium 

V4 Tetravanadate 

V6 Hexavanadate 

V10  Decavanadate  

V12 Dodecavanadate 
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Highlights 

• Functionalized hexavanadates (V6) inhibit Na
+
/K

+
-ATPase. 

• [V6-OH][Na]2 inhibited Na
+
/K

+
-ATPase activity up to 30% at max. investigated 

concentration. 

• The O2x bridged oxygen atoms are more reactive than O1x terminal oxygen. 

• The protonation sites in the cage are oxygen atoms of type O2x. 

• The most charged V-O1x bond belongs to [V6-NO2][TBA]2 TBA (tetrabutylammonium). 
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Figure 2. The influence of various concentrations of hexavanadates 1-5 on the activity of 

commercially available, purified porcine cerebral cortex Na
+
/K

+
-ATPase. The residual 

enzyme activity is expressed as a percent of the control value (the enzyme activity obtained in 

the absence of the inhibitor). The values are expressed as mean ± S.E.M. The plots of 

experimental values are fitted by sigmoidal functions.  

Figure 3. Theoretical electrostatic potential (EP) (e.Å
-1

) mapped on isodensity surface (0.007 

e.A
-3

) (second column) and isosurface of theoretical electrostatic potential (EP) (e.Å
-1

) for  

[V6CH3], [V6NO2], [V6OH] and [V6-C3]. First column: molecular structure.  

Figure 4. Theoretical EP values (eÅ
-1

) at the molecular surface for V10 and for the functionalized V6 

series. 

Figure 5. Distribution of distances and angles for CH...O interactions according to the 

different oxygen types in the CSD V6 series from table 1. 

Figure 6. a) Distribution of the C-H...O distances b) Distribution of the value of the C-H..O 

angles in the CSD V6 series from table 1. 
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Table 1. 

Refcode 
Structure of functionalized 

Hexavanadate 

R 

factor 

Cation or other 

segment 
Reference 

Total number 

of NCI 

(O1xO2x) 

Non-protonated V6 

EGEMUZ 

 

7.7 TBA
+
 48e 

10(64) 

EGENEK 

 

8.75 
TBA

+
, 

CH3CN, 

H2O 

48e 
7(25) 

LOFVUY 
 

8.79 
Tb

2+
, 

(CH3)2NCHO 
12 

6(33) 

NEMDEP 

 

6.74 
TBA

+
, 

N(CH3)2CHO 
11 

7(16) 

NEMDIT 

 

7.78 
Co

2+
, 

N(CH3)2CHO 
11 

8(71) 

NEMDOZ 

 

9.76 
Mn

2+
 

N(CH3)2CHO 
11 

5(41) 

NEMDUF 

 

9.73 
Ni

2+
, 

N(CH3)2CHO 
11 

5(41) 

NEMFAN 

 

8.98 
Zn

2+
, 

N(CH3)2CHO 
11 

9(54) 

OQETOU 

 

5.76 TBA
+
 48c 

6(33) 

OQETUA 

 

4.13 TBA
+
 48c 

6(15) 

PELYIO 

 

6.62 TBA
+
 14 

8(17) 

SAJWEH 

 

7.81 CH3SOCH3 48d 
3(21) 
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SAJWIL 

 

4.18 TBA
+
 48d 

6(33) 

 

SAJWOR 

 

8.67 
TBA

+
, 

N(CH3)2CHO, 

H3O
+
 

48d 
2(20) 

SAMMOK 

 

4.13 
TBA

+
, 

N(CH3)2CHO 
48a 

4(22) 

UCOTEN 

 

5.29 
TBA

+
, 

N(CH3)2CHO 
48b 

4(22) 

VERDEB10 

 

5.5 TBA
+
 8 

5(32) 

VERDIF10 

 

4.9 
TBA

+
, 

N(CH3)2CHO 
9 

4(13) 

Protonated V6 

Refcode 
Structure of 

functionalized 

Hexavanadate 

R 

facto

r 

Cation or other 

segment 
Reference 

Bridged  

O atom 

KURBOO 

 

5.8 
TBA

+
, 

CH2Cl2 
48f 

O2 

KURBUU 

 

5.8 
TBA

+
, 

C12H12N2 
48f 

O2 

PAGSOF 

 

4.3 
(C2H5)2O, 

N(CH3)2CHO 
8 

O2 

PAGSUL 

 

4.3 TBA
+
 8 

O2 

PAGTAS 

 

4.2 

TBA
+
, 

CH2Cl2, 

C12H12N2 

8 

O2 
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Table 2.   

Refcode 

Structure of 

functionalized 

Hexavanadate 

R factor 
Cation or other 

segment 
Reference 

FUSLEL 

 

3.18 - 48e 

MUXTAA 

 

4.24 - 48e 

MUXTAA01 

 

2.82 - 12 

MUXTAA02 

 

2.82 - 11 

MUXTEE 

 

7.36 
TBA

+
, 

CH3OH 
11 

MUXTOO 

 

4.37 TBA
+
 11 

NOBDAK 

 

5.18 Et4N
+
 11 

NOBDEO 

 

7.38 NH4
+
 11 

NOBDIS 

 

5.04 (C2H5)3NH
+
 48c 

NOBDOY 

 

5.75 C5H6N
+
 48c 

QAWDUO 

 

3.59 SbCl6
-
 14 

XADMEU01 

 

4.94 - 48d 

MUVLUL 

 

7.24 
CH3OH, 

H2O 
48d 
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Table 3  

 

Number Compound Structure 
IC50, 

(mol/L) 
Length (Å) 

Average oxygen 

(O1x, O2x) 

Mulliken 

charges 

1 [V6-CH3][TBA]2 

 

7.6 × 10
-5

 11.27 0.5925 

2 [V6-NO2][TBA]2 

 

1.8 × 10
-5

 12.48 0.602 

3 [V6-OH][TBA]2 

 

2.9 × 10
-5

 12.93 0.5922 

4 [V6-OH][Na]2 
 

> 10
-3

 12.93  

5 [V6-C3][TBA]2 

 

5.5 × 10
-5

 16.49 0.5925 

V10 [V10O28]
6-

  1.71 × 10–6 9.40  

 

 

 

CH3H3C V6 TBA
2

NO2O2N V6 TBA
2

V6
HO

OH
TBA

2

V6
HO

OH
Na

2

TBAV6
O

O

O
O

CH3H3C

2


