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ABSTRACT: Two vanadium(V)-substituted tungsto-polyoxo-
metalate isomers, 1- and 4-[S2VW17O62]

5−, were prepared as
their tetra-alkyl ammonium salts from a WVI−H2SO4−VV

reaction mixture in aqueous CH3CN solution. X-ray crystallo-
graphic structural analysis revealed that both isomers have a
Wells−Dawson-type structure with a higher occupancy of vanadium
at polar sites and belt sites for 1- and 4-[S2VW17O62]

5−, respectively.
The isomers were also characterized by elemental analysis,
infrared, Raman, UV−vis, and 51V NMR spectroscopies as well
as voltammetry, and the data obtained were compared with that
derived from [S2W18O62]

4−. Significantly, the reversible
potentials for the vanadium(V/IV) couple for both 1- and
4-[S2VW17O62]

5− in CH3CN (0.1 M n-Bu4NPF6) are considerably
more positive than the tungstate reduction process exhibited by the [S2W18O62]

4− framework, implying that the presence of
vanadium should be useful in catalytic reactions. The one-electron-reduced [S2V

IVW17O62]
6− forms of both isomers were

prepared in solution by controlled potential bulk electrolysis and characterized by voltammetry and EPR spectroscopy.

■ INTRODUCTION

Polyoxometalates have been extensively studied for a long period
of time because of their practical applications in catalysis,
analytical chemistry, biochemistry, and other fields.1−4 Recently,
interest also has been focused on their use in a green chemistry
context as environmentally friendly catalysts.5−11 They also are
of substantial fundamental interest because of their wide variety
of chemical and physical properties that depend on their
elemental components, structures, redox level, and anion charge.
The framework of many polyoxometalates is constructed from

oxo-molybdenum and oxo-tungsten units. However, it is com-
mon for the W and Mo metals in the oxo unit to be replaced by
other metals to formmetal-substituted polyoxometalates that are
often prepared by reaction of the relevant combination of
lacunary polyoxometalate andmetal ion at an appropriate pH.1,12

These substituted polyoxometalates exhibit a wide range of
structures that are often of the Keggin- and Wells−Dawson-
type.1−4 The metal-substituted polyoxometalates often exhibit
interesting new chemical properties, including selective catalysis
and unique redox chemistry that depend on the identity of the
substituted metal.1−4,13 Of particular relevance to this present
study, vanadium-substituted polyoxometalates have been shown

to be excellent catalysts for facilitation of oxidation reactions in
organic syntheses.5−11,14

Polyoxometalates usually also contain a hetero ion in a central
position within the framework.15 The most widely studied ones
have used silicate or phosphate for this purpose. Other hetero
ions, such as germanate, arsenate, or sulfate, have been
introduced into the central position. In the case of sulfate, the
Keggin- and Wells−Dawson-type polyoxometalates, [SM12O40]

2−

and [S2M18O62]
4− (S2M18; M = Mo, W) have been synthesized

from reactions undertaken in mixed aqueous−organic solvent
media,16,17 with [S2M18O62]

4− being photocatalytically active.
Vanadium(V) ions have been incorporated into the central
position as a vanadate anion and also in the framework part of the
polyoxometalate.18 Unlike the case with other metal ions, the
vanadium(V) ion can be substituted into a molybdenum and
tungsten polyoxometalate without creating defect sites.19 In the
case of the Keggin-type polyoxometalates, Ueda et al.20 showed
that the permittivity of the organic solvent used in the reaction
medium plays a key role in determining the outcome of the
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vanadium substitution reaction. In the Wells−Dawson class,
(n-Bu4N)5[S2VMo17O62] has been prepared from an aqueous−
organic mixed solvent,21 but vanadium-substituted tungstosul-
fates are not yet known. Vanadium-substituted polyoxometalates
of the [XVM11O40]

4− (XVM11; X=P, As; M = Mo, W) and
[XVW17O62]

7− (X2VW17) classes are relatively common and
much more easily reduced electrochemically than their parent
forms, XM12 and X2W18, respectively. On this basis, it is expected
that vanadium substitution in S2W18, achieved for the first time in
this study, also would lead to substantial positive shifts in
reversible potentials and would modify their photocatalytic and
other properties. With the goal of achieving controlled modifica-
tions in the characteristics of the S2W18 class of polyoxometalates,
we now report the preparation of n-Bu4N

+ salts of two
vanadium(V)-substituted tungstosulfate S2VW17 isomers along
with their characterization by X-ray structural analysis, IR,
Raman, and 51V NMR spectroscopies, and voltammetry. The
one-electron-reduced [S2V

IVW17O62]
6− forms also have been

prepared by bulk electrolysis and characterized by voltammetry
and EPR spectroscopy

■ EXPERIMENTAL SECTION
Reagents. Unless otherwise stated, reagents were of analytical grade

and used as received from WAKO. Tetrabutylammonium hexafluor-
ophosphate (TCI), n-Bu4NPF6, recrystallized at least twice from
ethanol, was used as the supporting electrolyte in all electrochemical
measurements. Acetonitrile (LC−MS grade) was purchased from
WAKO. A stock solution of VV was prepared by dissolving 29.2 g of
NH4VO3 (WAKO) and 20.0 g of NaOH (WAKO) in 500 mL of water.
Synthesis of 1-Vanadium-Substituted Tungstosulfate,

1-[S2VW17O62]
5− (1-S2VW17). Na2WO4·2H2O (3.3 g) was dissolved

in 97.8 mL of water followed by addition of 80 mL of acetonitrile.
Concentrated H2SO4 (22.2 mL) was then carefully added in small
aliquots with vigorous stirring. Next, the mixture was heated in a sealed
bottle at 70 °C for 2 weeks to form [S2W18O62]

4−. After cooling, 0.6 mL
of the VV stock solution was added, and this reaction mixture was
refluxed for 3 days, during which time a tungsten unit of [S2W18O62]

4−

became substituted with a vanadium one to form 1-[S2VW17O62]
4− as

the major species. Any precipitate that formed was separated out after
cooling. CH3CN (60 mL) was then added to the now orange−yellow
solution. After shaking and standing at room temperature for ca. 10 min,
separation into two phases occurred. The colorless phase was discarded,
and n-Bu4NBr was added to the orange−yellow phase. A yellow
precipitate was collected by filtering, washed with water and ethanol,
recrystallized from CH3CN, and dried in vacuo (yield, 4.3 g). Anal.
Calcd for (n-Bu4N)5[1-SV2W17O62]:W, 57.4; V, 0.94; S, 1.18; C, 17.65; H,
3.33; N, 1.29. Found: W, 58.1; V, 1.03; S, 1.15; C, 17.37; H, 3.38; N, 1.28.
Synthesis of 4-Vanadium-Substituted Tungstosulfate,

4-[S2VW17O62]
5− (4-S2VW17).The onlymajor difference in the synthesis

of 1-S2VW17 and 4-S2VW17 is that in the latter case the addition of the V
V

stock solution occurred at an earlier stage in the preparation. Thus,
again, 3.3 g of Na2WO4·2H2O was dissolved in 97.8 mL of water.
However, to synthesize 4-S2VW17, this step was followed by addition of
0.6 mL of the VV stock solution and 80 mL of acetonitrile. Next, 22.2 mL
of concentrated H2SO4 was carefully added in small aliquots with
vigorous stirring, and the mixture was heated in a sealed bottle at 80 °C
for 3 days. Any precipitate that appeared during heating was again
separated after cooling. Using this order of mixing reagents,
4-[S2VW17O62]

5−, rather than 1-[S2VW17O62]
5−, is the major species

present in the orange−yellow solution. After 60 mL of CH3CN was
added, the solution was shaken and allowed to stand at room
temperature for ca. 10 min, at which time separation into two phases
occurred. The colorless phase was discarded, and n-Bu4NBr was added
to the orange−yellow phase. The yellow precipitate (of a different shade
than for 1-SVW17O62) was filtered off, washed with water and ethanol,
recrystallized from CH3CN, and dried in vacuo (yield, 4.3 g). Anal.
Calcd for (n-Bu4N)5[4-SVW17O62]: W, 57.4; V, 0.94; S, 1.18; C,

17.65; H, 3.33; N, 1.29. Found: W, 57.2; V, 0.97; S, 1.17; C, 17.63; H,
3.43; N, 1.29.

Unfortunately, an isomerically pure bulk sample of 4-S2VW17, totally
devoid of 1-S2VW17, could not be obtained (see spectroscopic evidence
below) despite numerous attempts to optimize the preparative con-
ditions and the use of a wide range of organic solvents for
recrystallization. However, hand selection of a single crystal of pure
4-S2VW17 enabled X-ray structural analysis to be achieved. The small
difference in color (yellow for 1-S2VW17 and orange−yellow for
4-S2VW17; Supporting Information, Figure S1) facilitated the distinction.
Spectroscopic data confirmed that greater than 90% of the bulk solid was
4-[S2VW17O62]

4−. A small amount of isomerization of 4-S2VW17
probably always occurs during recrystallization in the same way that
4-[P2W17O61]

10− isomerizes in aqueous media to give 1-[P2W17O62]
10−.12

(n-Bu4N)4[S2W18O62] as the symmetrical alpha isomer (α-S2W18)
was prepared as described in the literature.16d The γ- form of S2W18 also
is known,17l but because only the symmetrical α structural form is found
for 1- and 4-S2VW17, data comparisons were only made with α-S2W18

X-ray Crystallography of 1- and 4-S2VW17. X-ray single-crystal
crystallographic data were collected with a Rigaku VariMax RAPID
diffractometer using Mo Kα radiation. The structure was solved by
direct methods22 and expanded using Fourier techniques. Some of the
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were refined using the riding model. The final cycle of full-matrix least-
squares refinement23 on F2 was based on 15 998 and 26 429 observed
reflections and 810 and 1363 variable parameters for 1- and 4-S2VW17,
respectively, and converged (largest parameter shift was 0.01 times its
esd) with unweighted and weighted agreement factors of

R1 =∑∥Fo|− |Fc∥/∑ |Fo| = 0.339 for 1-S2VW17 and 0.0236 for
4-S2VW17 (I > 2.00σ(I))
wR2 = [∑(w(Fo

2 − Fc
2)2)/∑ w(Fo

2)2]1/2 = 0.0700 for
1-S2VW17 and 0.0400 for 4-S2VW17

The standard deviation with unit weighting24 was 1.06 for
1-S2VW17 and 1.22 for 4-S2VW17. The maximum and minimum
peaks on the final difference Fourier map correspond to 2.52 and
−2.11 e−/Å3 for 1-S2VW17 and 1.84 and −0.91 e−/Å3 for
4-S2VW17, respectively. The absolute structure was deduced on
the basis of a Flack parameter of 0.017(6), which was calculated
using 12 210 Friedel pairs for 4-S2VW17 only.

25

Neutral atom scattering factors were taken from Cromer and
Waber.26 Anomalous dispersion effects were included in Fcalc;

27 the
values forΔf ′ andΔf″ as well as for the mass attenuation coefficients are
those of Creagh and McAuley.28 All calculations for the structures of
salts of 1- and 4-S2VW17 were performed using the CrystalStructure, ver.
4.0, crystallographic software package (Rigaku) except for refinement,
which was performed using SHELXL-97.22,29

Other Measurements. Voltammetric experiments were carried
out at 25 ± 1 °C (298.2 K) with BAS 50W or 100W electrochemical
workstations (BioAnalytical Systems). A standard three-electrode
electrochemical cell arrangement was employed with a glassy carbon
macrodisk (surface area 0.071 cm2) as the working electrode, a platinum
wire as the counter electrode, and Ag/Ag+ (0.01 M AgNO3 in CH3CN)
as the reference electrode. Unless otherwise stated, the scan rate used in
voltammetric experiments was 100 mV s−1. Potentials measured versus
Ag/Ag+ was converted to the Fc/Fc+ (Fc = ferrocene) scale by analysis
of cyclic voltammetric data for oxidation in ferrocene in acetonitrile
(0.1 M n-Bu4NPF6). Before each measurement, the glassy carbon
electrode (GCE) was polished with an aqueous 0.1 μm diamond slurry
and washed with distilled water. Bulk electrolysis experiments were
undertaken with the same instrumentation and electrodes as used in
voltammetry except that in this case a carbon fiber cloth with a large
surface area was used as the working electrode and solutions containing
the working, reference, and auxiliary electrodes were separated by salt
bridges. The appropriate controlled potential was applied to generate
the one-electron-reduced species. All solutions used in electrochemical
experiments were purged with argon gas for at least 10 min to remove
dissolved oxygen.
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51V NMR spectra were obtained with a JEOL model JNM-LA400
spectrometer at 105.03 MHz. An inner tube containing D2O was used
as an instrumental lock. Vanadium chemical shifts were referenced to
neat VOCl3. For the EPR measurements, following bulk electrolysis
under argon, the one-electron-reduced solution was transferred into
an EPR tube and immediately frozen in liquid nitrogen to prevent aerial
reoxidation. X-band (ca. 9.5 GHz) EPR spectra were recorded at
120 K with a Bruker ESP380E CW/FT spectrometer using the standard
rectangular TE012 cavity in association with a Bruker VT 4111 tem-
perature controller and nitrogen gas flow insert. Microwave frequencies
were measured with an EIP microwave 548A frequency counter and the
g factors were determined by reference to the F+ resonance line in CaO
with a g value of 2.0001 ± 0.001.30 EPR spectrum simulations were
performed using the Bruker SOPHE software suite.31 Raman spectra
were recorded at 20 °C on a Horiba Jobin Yvon model HR-800
instrument. The argon line at 514.5 nm was used for excitation. IR
spectra were obtained by the KBr pellet method with a Jasco FT/IR-460
plus spectrophotometer. UV−vis spectra were recorded on a Jasco
model V-670 spectrophotometer with a quartz cell having a path length
of 1 mm.

Tungsten and vanadium elemental analysis in 1- and 4-S2VW17 were
carried out with a Shimadzu ICPE-9000 spectrometer after dissolving
the sample in aqueous 0.1 M NaOH. The carbon, hydrogen, nitrogen,
and sulfur content was obtained with a PerkinElmer CHNS/O 2400II
analyzer.

■ RESULTS AND DISCUSSION

Structures of 1- and 4-S2VW17. Single-crystal X-ray
structural analysis shows that both isomers have the α-Wells−
Dawson configuration (Figure 1). Disorder is evident at vana-
dium locations in both structures, which is common in
vanadium-substituted polyoxometalates.32 However, in the
case of 1-S2VW17, disorder is concentrated at the polar sites
(Figure 1a), whereas in 4-S2VW17, disorder is prevalent at the belt
sites (Figure 1b). Themuch higher occupancy of vanadium at the
polar sites in the structure in Figure 1a leads to its assignment
as the 1-S2VW17 isomer, whereas the higher occupancy in the
structure in Figure 1b at the belt sites leads to its 4-S2VW17
isomer assignment.

Figure 1. Polyhedral (a) and stick and ball (b) representations of structures for (A) 1-S2VW17 and (B) 4-S2VW17 obtained by X-ray crystallographic
analysis. In panel b, yellow balls represent W only sites; orange, W or V; red, sulfur; and blue, oxygen.
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Table 1 summarizes the crystallographic data for 1- and
4-S2VW17. The bond lengths and bond angles between the
tungsten, vanadium, sulfur, and oxygen atoms for both isomers
are listed in the Supporting Information, Tables S1−S4. The
mean lengths of selected bonds are provided in Table 2 and are

compared therein with those of S2W18.
16d All of the mean bond

lengths of S2VW17 are similar to those for S2W18. However, a
characteristic feature of the structure is that the mean bond
lengths between tungsten, vanadium, and terminal oxygens are
shorter than in the parent S2W18. A summary of the overall
dimensions for 1- and 4-S2VW17 and S2W18 is provided in the
Supporting Information, Figure S2. For all three polyoxometa-
lates, the six metal atoms in the belt positions and the sulfur
atom are located in almost the same plane, with slightly larger
deviations for 4-S2VW17 and S2W18. In addition, each of the six
metal atoms in the belt positions is located at the apex of a regular
hexagon with a bond angle of 120 ± 0.5° between three adjacent
metal atoms, whereas each of the three metal atoms at the polar
positions is located at the apex of regular triangle with a bond angle
between them of 60± 0.5°. The two sulfur atoms and two oxygen
atoms bonded to themetal atoms at the polar positions are located
in a straight line for all three polyoxometalates. Mean bond angles
around vanadium atoms are summarized in Table 3.

IR and Raman Spectroscopy of 1- and 4-S2VW17.
Figure 2 shows the IR spectra of the n-Bu4N

+ salts of 1- and
4-S2VW17 and S2W18. The positions of selected IR and Raman
bands (Supporting Information, Figure S3) and assignments are
summarized in Table 4.33 The overall pattern of the IR spectra for
1- and 4-S2VW17 is the same as that for α-S2W18. As expected, the
1- and 4-S2VW17 anions have a Wells−Dawson structure that is
associated with the symmetries of α-S2W18, consistent with
the X-ray crystallographic results. The IR band found at ca.
1180 cm−1 for S2W18 and ascribed to the S−O bond is split into
two bands at 1201 and 1174 cm−1 for 4-S2VW17, but it is detected
as a single band for 1-S2V2W16 at 1177 cm

−1. The same IR band
splitting behavior was also observed at IR peaks for the P−O

Table 1. Crystal Data and Structure Refinement for 1-S2VW17
and 4-S2VW17

1-S2VW17 4-S2VW17

empirical formula C88H192N9O62S2VW17 C62H143N6O62S2VW17

FW (g mol−1) 5609.02 5205.33
T (K) 123(1) 123(1)
radiation (λ, Å) 0.71075 0.71075
crystal system monoclinic orthorhombic
space group C2/c (15) P212121 (19)
a (Å) 26.1401(5) 18.3309(4)
b (Å) 15.5551(3) 20.3938(4)
c (Å) 35.844(3) 30.927(3)
β (deg) 105.853(8)
V (Å3) 14 020.26(135) 11 561.65(117)
Z 4 4
dcalcd g/cm

3 2.657 2.990
no. obs (all data) 15 998 26 429
GOF 1.063 1.221
final R indices
(I > 2.00σ(I))a

R1 = 0.0339 R1 = 0.0236

final R indices (all data)b R = 0.0455 R = 0.0246
wR2 = 0.0700 wR2 = 0.0400

aR1 = ∑ ∥Fo| − |Fc∥/∑ |Fo| (I > 2.00σ(I)). bwR2 = [∑(w(Fo
2 −

Fc
2)2)/∑ w(Fo

2)2]1/2.

Table 2. Selected Mean Bond Lengths (Å) for 1-S2VW17,
4-S2VW17, and S2W18

a

1-S2VW17 4-S2VW17 S2W18
b

W−Od polar 1.69 1.70 1.76
W−Od belt 1.70 1.69 1.72
W−Ob 1.90 1.90 1.91
W−Oc 1.91 1.91 1.92
W−Oa 2.43 2.48 2.48
S−Oa 1.48 1.48 1.50

aOa, oxygen bonded with sulfur atom; Ob, corner-shared oxygen; Oc,
edge-shared oxygen; and Od, terminal oxygen.

bCalculated from the
data in ref 16d.

Table 3. Mean Bond Angles (Degrees) around Vanadium
Atoms in 1-S2VW17 and 4-S2VW17

a

1-S2VW17 4-S2VW17

Od−V−Owd 103.29 99.45
Od−V−Ovs 102.14 102.96
Od−V−Ovd 99.87
Od−V−Oa 172.57 172.65
Ovs−V−Ovs 86.67 153.91
Owd−V−Owd 85.31
Ovs−V−Owd cis 88.45 86.67
Ovs−V−Owd trans 154.54
Ovd−V−-Owd 160.49
Ovs−V−Ovd 88.91
Oa−V−Owd 82.04 80.98
Oa−V−Ovs 72.66 77.03
Oa−V−Ovd 80.18

aOa, oxygen bonded with a sulfur atom; Od, terminal oxygen; Ovs,
oxygen bonded with a vanadium atom in the same plane; Ovd, oxygen
bonded with vanadium atom in a different plane; and Owd, oxygen
bonded with a tungsten atom in a different plane.

Figure 2. IR spectra of KBr pellets for n-Bu4N
+ salts of (a) 1-S2VW17, (b)

4-S2VW17, and (c) S2W18.
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stretching region of 1-P2VW17 and 4-P2VW17.
34 However, no IR

peak splitting was observed in the case of the IR spectra for
1-P2FeW17 and 4-P2FeW17.

35 IR peak splitting would be
generated from a difference in the symmetry of the S−O and
P−O bonds. Unfortunately, no reasonable theoretical reasons
are available to explain this IR splitting behavior. Unfortunately,
there are currently few samples of metal-substituted tungsto-
sulfates. This issue may be solved in the future if many other
metal-substituted tungstosulfates are prepared and characterized.
The other IR band attributed to the S−O bond was detected at
ca. 1075 cm−1 for all three polyoxometalates. In S2W18, the IR
band at 1180 cm−1 is ascribed to the asymmetric stretching mode
between sulfur and oxygen attached to a tungsten ion in a belt
position, whereas that at 1076 cm−1 is attributed to the
asymmetric stretching mode between sulfur and oxygen attached
to tungsten in a polar position for 1- S2VW17 and 4- S2VW17. The
IR bands at ca. 980 and 960 cm−1 for S2W18 are shifted to a
slightly lower wavenumber for 1- and 4-S2VW17. The relative
intensity of the band at ca. 900 cm−1 in 1- and 4-S2V17 decreases
relative to that in S2W18. Additionally, the Raman band associated
with the symmetric stretching vibration of W−O (terminal) is
shifted to lower wavenumbers when vanadate replaces tungstate.
An analogous situation applies in the IR spectra of
XVxW12−xO40

(3+x)− (X = P, As; x = 0−2) polyoxometalates
when tungsten is substituted by vanadium.19b

UV−Vis Spectra. Figure 3 shows UV−vis spectra of 1- and
4-S2VW17 and S2W18 in acetonitrile. The absorbance at ca. 250

and 370 nm increases and that at ca. 295 nm decreases when
vanadium is introduced. The molar absorption coefficients at
253 nm are 5.05, 5.51, and 5.73 (× 104 cm2 mol−1) for
1-S2VW17, 4-S2VW17, and S2W18, respectively. The absorption at
ca. 260 nm is attributed to the LMCT (O → W) band.36 It has
been suggested that the broad band at around 370 nm, observed

with 1- and 4-S2VW17 but not for S2W18, can be attributed to an
O → V LMCT band.

NMR Spectroscopy of 1- and 4-S2VW17.
51V NMR spectra

in CH3CN show one sharp resonance at 560 ppm for 1-S2VW17,
whereas for 4-S2VW17, the sharp resonance at 572 ppm is
accompanied by a minor one at 561 ppm, indicating that a small
amount (≤5%) of 1-S2VW17 is present (Supporting Information,
Figure S4). No fully isomerically pure sample of bulk 4-S2VW17

could be prepared, although a hand-picked isomerically pure
single crystal suitable for X-ray structural analysis was obtained
(see Experimental Section).

EPR Spectra of Reduced 1- and 4-S2VW17. The EPR
spectra of MeCN solutions of 1- and 4-S2VW17 (0.5 mM)
electrochemically reduced by one electron (see later) and then
frozen at 120 K exhibited strong resonances because of VIV in
sites of orthorhombic symmetry. The spin Hamiltonian
parameters of the VIV ion in the most prominent sites are listed
in Table 5, and the experimental and simulated spectra are
compared in Figures 4 and 5 for 1- and 4-S2VW17, respectively.
The EPR spectrum of reduced 4-S2VW17 shows the presence
of a small amount of reduced 1-S2VW17 as well as about 10%
of another species having a very similar EPR spectrum as that
of 4-S2VW17. The latter may be attributed to a small amount
of protonated species, as is encountered in some of the one-
electron-reduced Keggin polyoxometalates that have been
described previously.32,37 As can be seen from the data in
Table 5, the spin Hamiltonian parameters for reduced 1-S2VW17

are similar to those found for the reduced Keggin polyoxo-
metalates XVW11 (X = P, As).32,37 However, the value of gz for
reduced 4-S2VW17 is significantly different, indicating that, in this
case, the VIV ion is in a different site compared to that of both
reduced 1-S2VW17 and the Keggin complexes. This is consistent
with the notion that the vanadium resides in a polar site in
reduced 1-S2VW17 and a belt site in reduced 4-S2VW17 (Table 3).
Thus, the EPR spectra of the one-electron-reduced forms of the
two isomers are consistent with structures deduced from the
X-ray analysis of the nonreduced isolated solids, implying that
no major structural change occurs on reduction. A comparison of
the fractional spin densities in the dxy orbitals, calculated using
the expressions in ref 38 and listed in Table 5, shows that the
unpaired electron is more delocalized when the VIV ion is in a belt
rather than a polar site. This may be reflected in the enhanced
reactivity of the 4-S2VW17 isomer.

Voltammetric Behavior of 1- and 4-S2VW17. A compar-
ison of the very rich cyclic voltammetric behavior of 1- and
4-S2VW17 (four well-defined processes) and S2W18 (six well-
defined processes) in CH3CN containing 0.1 M n-Bu4NPF6 as
the supporting electrolyte is shown in Figure 6. Reversible
potentials calculated from the average of the reduction and
oxidation peak potentials are summarized in Table 6. All pro-
cesses are diffusion-controlled. A diffusion coefficient of 5.49 ×
10−6 cm2 s−1 for 1-S2VW17 was found from the analysis of the
peak current for reduction (Ip) as a function of the scan rate over

Table 4. Vibrational Frequencies (cm−1) for 1-S2VW17, 4-S2VW17, and S2W18
a

compound νIR(W−Od) νIR(W−Ob−W) νIR(W−Oc−W) νIR(S−Oa) νRaman(W−Od)

1-S2VW17 980, 965(sh) 901 804 1177, 1077 997
4-S2VW17 977, 959 901 804 1201, 1174, 1073 997
S2W18 986, 966b) 906b 804b 1180, 1076b 1001 (1007)b,c

aOa, oxygen bonded with a sulfur atom; Ob, octahedral corner-sharing oxygen; Oc, octahedral edge-sharing oxygen; and Od, terminal oxygen.
bData

from ref 12d. cDissolved in CH3CN.

Figure 3.UV−vis spectra of (a) 1-S2VW17, (b) 4-S2VW17, and (c) S2W18
in acetonitrile.
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the range of 20−500 mV s−1 and from use of the Randles−Sevcik
relationship (eq 1)

ν= ×I n AD C(2.69 10 )p
5 3/2

0
1/2

0
1/2

(1)

where n = 1.0 is the number of electrons transferred, A is the
surface area of the electrode, D is the diffusion coefficient, C0 is

the concentration of the sample, and ν is the scan rate. The D0
value for 4-S2VW17 could not be determined precisely because of
uncertainty in the purity of this isomer. However, the value
should be very similar as that of 1-S2VW17 (same molecular
weight). Coulometric analysis of data obtained under conditions
of exhaustive bulk electrolysis confirmed that a one-electron
charge transfer is associated with this VV/VIV reduction process.
The peak-to-peak (ΔEp) separation between the reduction and
oxidation peaks ranged from 70 to 100 mV, as expected for
reversible or close to reversible processes after allowing for a
small level of uncompensated resistance (the known reversible
Fc0/+ process gave similar ΔEp values). The EPR spectra after
exhaustive reductive bulk electrolysis of 1- and 4-S2VW17 at a
constant potential slightly more negative than the reversible
potential for the first reduction process exhibited only the typical
V (IV) resonances as assigned above. Thus, the first reduction
process should be ascribed to the reduction of vanadium V to IV
for both 1- and 4-S2VW17 (eq 2).

+ =− − −[S V W ] e [S V W ]2
V

17
5

2
IV

17
6

(2)

The reduction of vanadium in other Keggin- and Wells−
Dawson-type vanadium-substituted polyoxometalates occurs at
more positive potentials than for reduction of tungsten in the
polyoxometalate framework of the parent polyoxometa-
late.32,37,39 Similarly, for both 1- and 4-S2VW17, it was found
that the reduction of vanadium occurs at a more positive
potential than reduction of W(VI) in the framework of S2W18. In
addition, the first reduction process for 4-S2VW17 occurs at a
more positive potential than for 1-S2VW17, which is analogous to
the observation that the first reduction process for 4-P2VW17
occurs at a more positive value than that found for 1-P2VW17.

34

In terms of the Wells−Dawson class of polyoxometalates, a
vanadium atom in a belt site should be more easily reduced than

Table 5. Spin Hamiltonian Parameters for 1-S2VW17, 4-S2VW17, and Related Speciesa

compound gx gy gz Ax Ay Az P β2 ref

1-S2VW17 1.969 1.967 1.919 60.5 55.5 166.5 0.30 0.91 this study
4-S2VW17 1.963 1.957 1.882 55.0 57.5 163.5 0.30 0.85 this study
PVW11 1.969 1.971 1.914 56.5 61.5 169.5 0.4 0.92 37
AsVW11 1.970 1.973 1.914 57.0 60.0 168.5 0.3 0.91 37
SVW11 1.969 1.971 1.908 59.0 62.5 171.0 0.35 0.92 32

aThe units for P (the 51V quadrupole interaction) and the components of A (the 51V hyperfine interaction) are ×10−4 cm−1. β2 is the fractional spin
density in the dxy orbital. Uncertainties for g values are ±0.001, for A values are ±0.5 × 10−4 cm−1, and for P values are ±0.02 × 10−4 cm−1.

Figure 4. (a) EPR spectrum in acetonitrile containing 0.1 M n-Bu4NPF6
after one-electron reduction of 0.5 mM 1-S2VW17 and freezing at
120 K. Spectrometer settings are as follows: microwave frequency, 9.426
GHz; microwave power, 4.18 mW; receiver gain, 1.0 × 105; 100 kHz
modulation amplitude, 0.25 mT; field scan range/time, 160 mT/84 s;
and recorder time constant, 82 ms. (b) Simulated spectrum using the
spin Hamiltonian parameters listed in Table 5 and a Gaussian line shape
with a width of 5 × 10−4 cm−1.

Figure 5. (a) EPR spectrum in acetonitrile (0.1 M n-Bu4NPF6) after
one-electron reduction of 0.5 mM 4-S2VW17 and freezing at 120 K.
Spectrometer settings are as follows: microwave frequency, 9.432 GHz;
microwave power, 5.26 mW; receiver gain, 5.0 × 104; 100 kHz
modulation amplitude, 0.20 mT; field scan range/time, 160 mT/82 s;
and recorder time constant, 82 ms. (b) Simulated spectrum using the
spin Hamiltonian parameters listed in Table 5 and a Gaussian line shape
with a width of 5 × 10−4 cm−1.

Figure 6. Cyclic voltammograms obtained at 25 °C with a glassy carbon
electrode using a scan rate of 100 mV s−1 for 0.5 mM (a) 1-S2VW17, (b)
4-S2VW17, and (c) S2W18 in acetonitrile (0.1 M n-Bu4NPF6).
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one in a polar site;40 hence, belt-sited vanadium-substituted
polyoxometalates, 4-X2VW17, should be superior oxidative cata-
lysts to polar-sited vanadium-substituted polyoxometalates,
1-X2VW17. The 4-X2VW17 isomers, in all cases to date, seem to
be more reactive than 1-X2VW17 in both the VV and VIV forms.

■ CONCLUSIONS

Two new vanadium-substituted tungstosulfates, 1- and
4-S2VW17, were prepared and isolated as tetrabutyl ammonium
salts from an aqueous−organic solvent mixture. 1-S2VW17 could
be isolated in pure form but not 4-S2VW17, where the 1-S2VW17
isomer, spontaneously generated from recrystallization, is always
present in the bulk n-Bu4N

+ salt of 4-S2VW17. The selective
preparation of 1- and 4-S2VW17 was achieved by altering the
order of addition of the reagents in the preparation procedure.
Both polyoxometalates were characterized by elemental analysis,
X-ray crystallography, 51V NMR, IR, Raman, and UV−vis spec-
troscopies, and voltammetry. The one-electron 1- and 4-S2VW17
reduced forms were characterized by EPR spectroscopy and
voltammetry. X-ray crystallographic analysis showed that both
isomers have the symmetrical α Wells−Dawson-type structure,
where the substituted vanadium is located at a polar site in
1-S2VW17 and at a belt site in 4-S2VW17. In 1- and 4-S2VW17, the
bond lengths between the metal atoms and terminal oxygen of
1- and 4-S2VW17 are shorter than those in S2W18. Four essentially
reversible reduction processes were observed for 1- and
4-S2VW17 under conditions used for cyclic voltammetry
(CH3CN containing 0.1 M n-Bu4NPF6 as the supporting
electrolyte). Analysis of the EPR spectra after one-electron
bulk electrolysis showed that the first process is a result of the
reduction of the VV to the VIV redox state. In addition, VV/IV

reduction of 4-S2VW17 is more easily achieved than for 1-S2VW17.
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