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ABSTRACT

The speciation studies of oxovanadates are essential to clarify their biological activities. We
surveyed the distribution of oxovanadate species in the presence of halide anions with various acid
concentrations in an aqueous mixed-solvent system. The presence of chloride, bromide, and iodide
anions has no effects on the appearance of polyoxovanadate species observed in >'V NMR. Those
are precedented formation of metavanadate species and decavanadates. The presence of fluoride
anion during the addition of acids exhibits the strong intervention in the polyoxovanadate equilibria
and we found the subsequent formation of two polyoxovanadate species by >'V NMR observation.
From the estimated experimental condition, we isolated fluoride-incorporated polyoxovanadates
{Et4N}4[V7010F] and {Et4sN}4[HV102F,], successfully. Polyanion [V;019F]" is the
fluoride-incorporated all V(V) state polyoxovanadate which has two different coordination
environments of tetrahedral and square pyramidal vanadium units within the one anionic structural
integrity. The structural gap between tetrahedral-unit-based metavanadate and octahedral-unit based

decavanadate structure may be linked by this hybrid complex.
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1. Introduction

Oxovanadates, VO,”", in oxidation state (V) have long been recognized as an analogue of
phosphate, PO,> [1]. These oxo-anions show similar stepwise protonation and subsequent
oligomerization. The structural similarity allows oxovanadates to interact with a biological system
through phosphate-dependent metabolic processes [2-4]. Pharmacological properties of
oxovanadates such as enzyme inhibitors and insulin-enhancing agents have been investigated [2-4].
An important difference between oxovanadates and phosphates is the preference of the coordination
spheres. Oxovanadates readily form decavanadates, [V 19023]", that is composed of VO octahedral
coordination spheres, while phosphates prefer tetrahedral PO4 coordination sphere, exclusively. For
oxovanadates, the solution system involves equilibria with mono-, di-, tri-, tetra-, penta-, and
decavanadates [5]. One of the interesting utilization of oxovanadates is developed by Crans’s group.
Once decavanadates are placed in micelles, it may interact with hydrophobic or hydrophilic sites,
under the condition with a limited amount of water [6-9]. In such a confined-space, the chemical
equilibrium may lead to a different distribution with a new species in-between metavanadates and
decavanadates.

Oxovanadates can interact with some biological tissue and have the potential to play a role in
the treatment of e.g. ulcers, cancer, and ischemic heart disease [10-14]. The biological reactivity of
oxovanadates depends on which species is present in the solution [15]. Therefore, the speciation
studies of oxovanadates are essential to clarify their biological activities. Up to now, some reports
on the speciation of oxovanadates under the biomimetic conditions, e.g. in the presence of chloride
and phosphate anions, have been reported suggesting that the effects of simple anions are
significant [16-18]. Although fluoride anions can be assimilated into the body through some kinds
of tea, water, and tooth paste, the distribution of oxovanadates in the presence of fluoride anions
remains largely unexplored.

We have studied the effects of halide anions for the polyoxovanadate syntheses in acetonitrile
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solution and found a few polyoxovanadate species such as [HV;020F>]* and [HV ,03,(C1)]* [19].
In this study, we investigated acidification of metavanadates in the presence of fluoride anions in a
mixed solvent of acetonitrile and water, which simulate the reaction in a limited amount of water
with controlled proton concentration. This study leads to a discovery of rational syntheses of
[V;019F]"and [HV;02F,]*. The successful isolation of the products allows the full
characterization by X-ray crystallography, IR, °'V and '’F NMR, UV/visible (UV/Vis), and cyclic

voltammetry.

2. Experimental section

2.1. Physical measurements

IR spectra were measured on Jasco FT/IR-4100 using KBr disks. NMR spectra were recorded
with JEOL JNM-LA400. >'V and ""F NMR spectra were measured at 105.15 and 376.17 MHz,
respectively. All spectra were obtained in the solvent indicated, at 25°C unless otherwise noted. '°F
NMR spectra were referenced to neat CF;COOH (5 = 0.00). 'V NMR spectra were referenced
using a sample of 10 mM NaVO; in 2.0 M NaOH (—541.2 ppm). UV/Vis spectra were recorded
using a Hitachi U-3500 spectrophotometer. An ALS/CH Instruments electrochemical analyzer
(Model 600A) was used for voltammetric experiments. The working electrode was glassy carbon,
the counter electrode was Pt wire, and the reference electrode was Ag/Ag’. The voltage scan rate
was set at 100 mV s '. The potentials in all voltammetric experiments were converted using data
derived from the oxidation of Fc (Fc/Fc', Fc = ferrocene) as an external reference. Elemental
analyses of C, H, and N were performed by the Research Institute for Instrumental Analysis at
Kanazawa University. Elemental analysis of F were performed by the Center for Organic Elemental

Microanalysis Laboratory at Kyoto University.



2.2. NMR studies for the effect of the presence of halide anions on the distribution of oxovanadate

species

{EtaN}4[V4012]-2H,0 (238 mg, 0.25 mmol) and {n-BusN}X (0.20 mmol, X =F , CI, Br,
or I') was dissolved in a mixed solvent of acetonitrile and water (3:1, v/v). Then, the required
amounts of 2.0 M p-toluenesulfonic acid (TsOH) acetonitrile/water solution (3:1, v/v) were added.

The dissolved species was monitored by °'V NMR.

2.3. Synthesis

2.3.1. Materials

The chemicals and reagents were purchased from various commercial sources and were used
without further purification unless otherwise stated. {EtsN}4[V4O;2]-2H,O was synthesized

according to the reported procedure [20].

2.3.2. Synthesis of {Ety;N}4[V;09F]

To an acetonitrile solution of {Et4N}4[V40;2] (0.25 mmol, 2 mL), {n-BusN}F-3H,0 (45 mg,
0.14 mmol) and TsOH-H,O (108 mg, 0.57 mmol) were added. The solution was filtered and the
filtrate was kept for several hours at 5°C, giving orange crystals suitable for X-ray crystallographic
analysis (91 mg, 53% yield based on V). Anal. Calcd. for {Et4N}4[V;09F]: C, 32.01; H, 6.72; N,
4.67; F, 1.58; found: C, 31.93; H, 6.84; N, 4.55; F, 1.62. IR (KBr pellet; 4000—400 cm_l): 3419,
2984, 2950, 1636, 1486, 1456, 1441, 1394, 1369, 1305, 1174, 1122, 1069, 1057, 1005, 955, 930,
931, 788, 622, 562, and 448 cm'. °'V  NMR (105.15 MHz, propylene
carbonate/dichloromethane-d,, 1:1, v/v, 25°C): & —453, =541, and —605 ppm. '’F NMR (376.17

MHz, propylene carbonate/ dichloromethane-d,, 1:1, v/v, 25°C): 6 =71 ppm.
-5-



2.3.3 Synthesis of {Et,N}4[HV 1,09F>]

To an acetonitrile solution of {Et4N}4[V4012] (0.25 mmol, 2 mL), {n-BusN}F-3H,0 (57 mg,
0.18 mmol) and TsOH-H,O (156 mg, 0.82 mmol) were added. The solution was filtered and the
filtrate was kept for several hours, giving red crystals (91 mg, 63% yield based on V). Anal. Calcd.
for {EtaN}4[HV1029F,]: C, 24.26; H, 5.15; N, 3.54; found: C, 24.76; H, 5.33; N, 3.59. IR (KBr
pellet; 4000400 cm '): 3446, 2981, 2951, 1635, 1484, 1458, 1391, 1374, 1308, 1184, 1118, 1080,
1056, 1010, 987, 965, 853, 792, 732, 651, and 486 cm '. >'V NMR (105.15 MHz, propylene
carbonate/CD,Cl,, 1:1, v/v, 25°C): & —466, —470, —488, —502, —527, and —536 ppm. °F NMR
(376.17 MHz, propylene carbonate/CD,Cl,, 1:1, v/v, 25°C): 6 =67 ppm (d, Jgr = 50 £ 20 Hz) and

=72 ppm (d, Jrr = 50 + 20 Hz).

2.4. X-ray Crystallographic analysis

Single crystal structure analysis was performed at —150°C by using a Rigaku/MSC Mercury
diffractometer with graphite monochromated Mo Ka radiation (A = 0.71069 A) and with 0.5°
o-scans at 0° and 90° in ¢. The crystal data is summarized in Table 1. Data were collected and
processed by using the CrystalClear program [21]. Numerical absorption corrections were applied
by using CrystalClear and corrections for Lorenz and polarization effects were performed. The
structure analysis was performed using CrystalStructure [22]. All structures were solved by
SHELXS-97 (direct methods) and refined by SHELXL-2013 [23,24]. Non-hydrogen atoms were
refined anisotropically. Hydrogen atoms are positioned geometrically and refined using a riding

model.

3. Results and discussion



3.1. Distribution studies in the presence of halide anions

The vanadium speciation in aqueous solution have been well established. In the neutral pH, mono-,
di- tetra- and pentavanadate species are distributed in equilibrium, and in acidic condition,
decavanadates are preferably formed [16-18,25]. The vanadium chemistry in an organic solution is
quite different from that in an aqueous solution. In an organic solution, various polyoxovanadate
species such as [VsOu]*", [PAVsO 5], [CusVs024]", [Mn2(VsOi5)2]", [Coa(OH,)2V10030]%,
[HTeV9045]*", and [V1203,CI]°", which could not be obtained in an aqueous solution, have been
synthesized by using [V401,]* as a precursor [26-29]. Recent studies in our laboratory have
focused on the exploration of a mixed solvent system with water, which mimic the confinement
environment surrounded by organic compounds and water at the same space in a biological system.

To survey the effect of halide anions on the distribution of oxovanadate species, proton
concentration was varied by the addition of 0 to 3.4 equivalents of p-toluenesulfonic acid (TsOH)
with fluoride, chloride, bromide, or iodide anions. As a control experiment, the same experiment
without halide anions was carried out. {Et4N}4[V40;2] was dissolved in a mixed solvent of
acetonitrile and water (3:1, v/v). >’V NMR spectrum showed two signals at —585 and —596 ppm due
to [V4012]" and [VsOi5]”, respectively (Fig. 1). By the addition of 1.1 equivalents of TsOH,
signals at =423 , =500, and —519 ppm due to a decavanadate were observed. By the addition of 1.7
equivalents of TsOH, intensity ratio of the signals due to a decavanadate increased. Signals at =601
and —608 ppm were assigned as the signals from [V,03,(CH3CN)]*" [30]. Further addition of
TsOH (2.4 equivalents) yielded the yellow precipitate of {Et4N}3[H3V190023], which was estimated
by IR spectrum (Fig. S1). These distribution of vanadium species depending on the acid
concentration closely resembled the distribution in water, without the formation of
dodecavanadate [25].

To the {Et4sN}4[V40i2] solution in the presence of 0.8 equivalents of {n-BusN}Cl,

{n-BusN}Br, or {n-BusN}I, the addition of 1.7 equivalents of TsOH gave almost the same spectra
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as that of the control experiment, showing that CI, Br, and I have no effect on the vanadium
speciation (Fig. S2). On the other hand, in the presence of 0.8 equivalents of {n-BusN}F, the
acidified solution gave novel three signals at —460, —547, and —611 ppm without those due to
decavanadates (Fig. 2). By the addition of 1.7 equivalents of TsOH with respect to [V401,]", >'V
NMR spectrum showed clearly three signals with intensity ratio of 3:3:1 and "’F NMR spectrum
showed the main signal at =74 ppm (Fig. S3), indicating the emergence of a fluoride-incorporated
polyoxovanadate. Successive addition of acids gave six signals at —471, —474, —492, =505, —530,
and —540 ppm in >'V NMR and two signals at =68 and —73 ppm in ’F NMR, suggesting the
consecutive formation of [HV;02F,]*" (Fig.2 and S2) [19]. Thus, fluoride anions had the

significant effect on the vanadium speciation in an aqueous mixed solvent.

3.2. Synthesis and X-ray structure of {Ety;N}4[V;0 9F]

From the above results, we estimated the best experimental condition for the synthesis of
[V,019F]". Addition of 0.57 equivalents of {n-BusN}F and 2.3 equivalents of TsOH into the
acetonitrile solution of {Et4N}4[V402] gave orange crystals of {EtaN}4[V;019F] (53% yield
based on V). The molecular structure was determined by X-ray crystallographic analysis (Fig. 3).
The selected bond lengths and the crystallographic data were summarized in Table 1 and S1,
respectively. Four tetraethylammonium cations per one anion were crystallographically assigned in
accord with the result of the elemental analysis. The bond valence sum values of vanadium atoms
(4.95-5.03) indicates that the valences of these atoms are fully oxidized V(V) state [31]. Polyanion
[V,019F]*" possessed one fluoride anion at the center position surrounded by seven vanadium
atoms. The shortest V---F distance of [V;019F]*" (2.31 A) is longer than that of the usual V-F
bonds (ca. 1.8A), suggesting that vanadium atoms and a fluoride anion are not directly bonded
(Table 1). Very recently, Omri and co-workers reported {EtoH,N}4[V709F], which possessed the

same anion structure as that of {Et4N}4[V;09F]. It was obtained from the mixture of vanadium
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oxide with hydrofluoric acid and diethylamine in the presence of fumaric acid in water after four
months of slow evaporation [32]. Our investigation in pure water revealed that the addition of 1.1
equivalents of TsOH with respect to {EtsN}4[V4O;2] in the presence of {n-BusN}F gave the
mixture of metavanadate, decavanadate, and {EtsN}4[V;09F] (Fig. S4). In our synthetic method,
which utilizes the condition of the organic solvent with a limited amount of water, dissolved species
can be controlled exclusively as a single species and the desired product can be obtained in a few
hours with high yield. Although some fluoride-incorporated polyoxovanadates, such as
[V,015sF(CH,);CCH,0H]", [V14036F4]", [V12030F2{(CH,)3;CCH,0H},]",
[V10025F2{(CH,)3;CCH,0H},]*", [VsOsF(OH)3 {(OCH,)3;CCH3}3]” [VsOs(OCH3)16(VOF4)]*,
[V4(HPO4)(PO4)306F]" [HeV12030F2]%", and [V1603sF]*" were reported until now [33-39], only
[V;019F]" and [HV,,02F2]" were composed of fully oxidized vanadium atoms without any
reduced vanadium atoms. X-ray crystallographic and elemental analyses show that the formula is

{EtaN}4[V7019F]. The formation of [V7019F]4_ can be expressed by the following reaction (1).

T[V4012]" +4F +16H" — 4[V;0,0F]* + 8H,0 (1)

The vanadium atoms in [V;09F]* can be classified into three types (Viotom, Vimiddie, and
Viep). The Vigiom atoms (V1, V2, and V3) represent the square pyramidal geometry. The V migdie
(V4, V5, and V6) and Vi, (V7) atoms show tetrahedral geometry. The Viiqae atoms are
sandwiched by Vpoiom and Vi, atoms. In general, fully oxidized polyoxovanadates adopt only one
kind of vanadium coordination geometry within the one anionic structural integrity
[20,29,30,40-57]. For example, all vanadium atoms in circular polyoxovanadates adopt tetrahedral
geometry [20,40-50]. Spherical vanadates and decavanadates adopt square pyramidal and
octahedral geometries, respectively [29,30,51-55].

The three VOs and four VOy4 units are joined at vertexes to form the cage structure in such a

way that the entire anion adopts approximately Cj, symmetry. The average bond length of the
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bridging oxygen atoms interlinking Vpouom atoms is 1.83 A with the small deviation (£0.01 A). On
the other hand, the oxygen atoms interlink Viyotom and Vmidaie atoms, and Vpigge and Vo, atoms
asymmetrically. The Viottom—O—V middie sites show the longer average Vipoom—O bond length (1.97
A) than that of Viigale—O (1.72 A). As for Vimigaie—O—Viop, the average Vmigaie—O bond length
(1.84 A) is longer than that of Vi,,—O (1.76 A). These values were almost the same as the reported
heptavanadate [32]. The average Viottom"** Vbottom, S€paration of [V;010F]* (3.14 A) is shorter than
that of [V;03F(CH,);CCH,OH]* (3.37 A) due to the valence and the absence of the alkoxide
ligands. The position of a fluoride anion of [V;019F]* is slightly different from that of
[V,013F(CH,);CCH,OH]*". A fluoride anion of [V;019F]* is located in the same plane defined
by six oxygen atoms bridging Vpoom and Vmiaae atoms, while that of [V;0,3F(CH,); CCH,OH]*
is slightly under the plane (0.25 A). As a result, the average Viyouom**F separation of [V,09F]*
(2.31 A) are slightly longer than that of [V;0,3F(CH,);CCH,OH]" (2.20 A), and the Vpiqqie'F
and Vi, -F separations of [V;010F]" (2.76 A and 2.97 A) are shorter than those of
[V,013F(CH,);CCH,OH]* (2.94 A and 3.24 A), respectively (Table2). These geometrical
comparisons show the cage size of [V;010F]*" is smaller than that of the

[V,013F(CH,);CCH,OH]"", which possess the reduced vanadium atoms.

3.3. Synthesis of {Et,N}4[HV109F>]

We have reported the synthesis and X-ray crystallographic analysis of
{n-BusN}4[HV1029F;]. In the reported procedure, oxidation step was necessary [19]. The
preliminary distribution experiment by °>'V NMR revealed that [HV,02F,]" is produced directly

from [V401,]" via reaction (2) without reduction and oxidation process.

11[V401,]" +8F +36H" — 4[HV,02F,]" + 16H,0 2)

-10-



Addition of 7.3 equivalents of {n-BusN}F and 3.3 equivalents of TsOH with respect to
[V4012]" into the acetonitrile solution of {Et;N}4[V4012] gave {Et;N}4[HV,029F] (63% yield
based on V). The formation of [HV10F,]*" was confirmed by >'V and '°F NMR spectra. The
elemental analysis show that the formula is {Et4N}4[HV102F>].

Resemblance between [V;09F]*” and [HV1029F,]* is shown in Fig. 4. The structural half
of [HV11029F,]*", composed of one cap layer and three vanadium atoms in the belt layer, is similar
to the structure of [V7019F]* without VO, unit on the top of [V;019F]*". The removal of one VO,
unit from the top of [V;0,0F]* gives a [VOsF] unit and the dimerization followed by the

removal of VO unit gives [HV1,020F,]*" (Fig. 4).

3.4. Spectroscopic and electrochemical analyses

IR spectrum of [V;019F]*" shows several bands in the range of 920-960 cm™' due to terminal
V-0 stretching frequencies and very strong bands around 830 cm ' due to V-u-O stretching
frequencies. These band intensities and positions are similar to those of[ V70 sF(CH,)3; CCH,OH]*
(Fig. S5) [33]. The band positions assigned to the terminal V—O stretching frequencies of
[HV11020F>]* (987 and 964 cm ') are different from those of [V700F]*". The spectrum shape of
[HV1,02F>]" resembles that of [V4036F4]% which possess the similar anion structure (Fig.
S5) [34]. The higher wavenumber shift of V—u-O stretching frequencies in [HV;02F,]* is
observed due to the absence of reduced vanadium units.

NMR spectroscopic analyses of isolated {Et4N}4[V;019F] and {EtaN}4[HV;029F,] were
investigated. In a mixed solvent of acetonitrile and water used in the distribution study,
{EtaN}4[HV1029F,] was not stable while {Et4N}4[V;019F] was stable. To prevent the
decomposition of both {Et4N}4[V;09F] and {Et4N}4[HV;029F>], a mixed solvent of propylene
carbonate and dichloromethane was used. °'V NMR spectrum of {Et;N}4[V70,9F] showed three

signals at —453, =541, and —605 ppm with the respective intensity ratio of 3:3:1 as shown in Fig.
-11-



4. F NMR spectrum of {Et;N}4[V;0oF] showed single signals at —71 ppm. These results
suggested that the solid state structure of [V;0,0F]* preserves in the solution state. °'V NMR
spectrum of {Et4N}4[HV1029F,] showed six signals at —462, —467, —485, —499, —525, and —533
ppm with an intensity ratio of 1:2:3:1:2:2 without any signals due to decomposition products. "°F
NMR spectrum of {EtsN}4[HV;;02F,] showed two doublet peaks at —67 and—72 ppm,
respectively with J = 50 + 20 Hz, which was attributed to F—F coupling in the encapsulated fluoride
anions (Fig. 4).

UV/Vis spectrum of {EtsN}4[V;09F] in a mixed solvent of propylene carbonate and
dichloromethane (1:1, v/v) showed a shoulder at 290 nm with & = 2.1 x 10* M "-cm ' due to the
oxygen-to-vanadium charge transfer, while that of {Et4N}4[HV02F,] showed a shoulder at 330
nm with ¢ = 1.1 x 10* M "“cm . Compound {Et;N}4[V;0oF] and {Et;N}4[HV;02F,] were
orange and red in color and produce respective weak shoulders at 400 nm and 465 nm, respectively
(Fig. S6).

Although {EtsN}4[V7019F] and {EtsN}4[HV102F,] possessed the similar structural
components, the electrochemical properties were different from each other (Fig. 5). In the cyclic
voltammogram of {Et;N}4[V;0oF], an irreversible reductive peak around —1.5 V versus Fc/Fc"
was recorded and no oxidative peaks appeared in the range. On the other hand, cyclic
voltammogram of {Et4N}4[HV102F,] showed two reductive peaks at —0.71 and —1.5 V versus
Fc/Fc" and two oxidative peaks at 0.05 and —0.45 V. A reductive peak at —0.71 V and an oxidative
peak at —0.45 V were a redox pair. A reductive peak at —1.5 V was irreversible and an oxidative
peak at 0.05 was due to the decomposition species by the reduction process (Fig. S7). Considering
the structural similarity between [V;019F]" and [HV,,02F,]", the redox pair recorded in

[HV11029F2]4_ may be due to redox from the square pyramidal vanadium atoms in the belt layer.

4. Conclusion

-12-



Acidification of [V4012]* in the presence of various halide anions revealed that only fluoride
anions have the significant effect on the distribution of polyoxovanadate species, giving [V7019F]*
and [HV,029F,]" successively. These compounds were characterized by X-ray crystallographic
and spectroscopic analyses. The resemblance and difference in the structures and the optical and the
electrochemical properties between [V;019F]*" and [HV102F,]"" were discussed. The emerging
heptavanadate species in an aqueous mixed-solvent-system may help to understand the growth
process of metavanadates into decavanadates. A further in vitro and in vivo studies may help to

optimize a biological relevant chemistry of vanadium in confined space.
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Table 1
Selected average bond lengths (A) for [V,0,0F]*, [V,0sF(CH,);CCH,0H]* [33], and

[HV,02F,]* [19].

[V,00F]" [V;0.5F(CH,);CCH,OH]" [HV;05F,]"

V=0 1.62 1.62 1.60
Vbottom™H-O(—Vbottom ) 1.83 2.03 1.83
Vottom™H-O(—V middle) 1.97 1.98 1.99
V middle ~1-O(—V bottom) 1.72 1.71 1.83
V middie =HU-O(—Vbottom®) 2.00
V middle "H-O(—Vop) 1.84 1.83

Vigp—1t-O 1.76 1.75

Viottom* " F 2.31 2.21 2.21
Vmiddie*F 2.76 2.94 3.06
Vmiddie " F’ 3.26
Viep:'F 2.97 3.24

Viottom™** Vbottom 3.15 3.33 3.09
Viottom™** V middle 3.78 3.31 3.49
Vimiddie ™" "V middie 3.10
V middie """ V middle 4.54 4.66 4.92
Vimiddie ™" "V middie 2.88
Vmiddie”** Viop 3.35 3.38
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Figure legends

Fig. 1. °'V NMR spectra in a mixed solvent of CD3CN and D,0O (3:1, v/v) after the addition of (a) 0,
(b) 0.57, (¢) 1.1, and (d) 1.7 equivalents of TsOH with respect to {Et4N}4[V4O2]. Signals around
—585 and —596 ppm were due to [V401,]* and [V5015]°", respectively. Signals at —423, —500, and
=519 ppm were due to a decavanadate. Signals at —601 and —608 ppm were probably due to

[V 1203(CH;CN)T*.

Fig. 2. >'V NMR spectra in the presence of 0.8 equivalents of {#n-BusN}F in a mixed solvent of
CD;CN and D,O (3:1, v/v) after the addition of (a) 0, (b) 0.57, (c¢) 1.1, (d) 1.7, (e) 2.3, (f) 2.8, and
(g) 3.4 equivalents, of TsOH with respect to{Et4N}4[V40O;]. Signals around —585 and —596 ppm
were due to [V4012]* and [VsO15]”, respectively. Signals at —460, —547, and —611 ppm were due
to {Et4N}4[V70,9F]. Signals at —471, —474, —492, —505, —530, and —540 ppm were due to

{Et4N}4[HV1 1 Ongz].

Fig. 3. ORTEP representation of (a) top view and (b) side view of [V;019F]* (50% probability

displacement ellipsoids).

Fig. 4. Ball and stick representations of (a) [V;019F]* and (b) [HV1,02F,]*". The colored parts
[V6O15F] in [V7010F]* and [HV1,029F,]" resemble each other. Each sphere represents oxygen
(red and dark gray spheres), vanadium (orange and light gray spheres), fluorine (green and the

largest gray spheres) and hydrogen atoms (the smallest gray sphere).
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Fig. 5. (A) °'V NMR and (B) "F NMR spectra of (a) {Et;N}4[V;019F]* and (b)

{Et4N}4[HV102F>] in a mixed solvent of propylene carbonate and dichloromethane-d, (1:1, v/v).

Fig. 6. Cyclic voltammograms of (a) {EtsN}4[V;09F] and (b) {EtaN}4[HV1029F,] in a mixed
solvent of propylene carbonate and dichloromethane (1:1, v/v). Scan rate was 100 mV/sec. The
supporting electrolyte was {n-BusN}BF4. Reduction peaks | and 111 were irreversible. Peaks Il and
II’ were redox pair. The asterisk indicates the peak due to the decomposition species by the

reduction process
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