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ABSTRACT: Effects of isolobal heteroatoms in divanadium-substituted y-
Keggin-type polyoxometalates, (TBA),[y-XV,W,,053(4-OH),] 1* and
(TBA),[y-XV,W,0035(4-0)] 2* (where X = Ge or Si), on (OV),(u-OH),
and (OV),(u-O) core structures and transformations from 2* to 1* have
been investigated. X-ray crystallography of 1* and 2* reveals that larger Ge
(covalent radius 1.22 A; covalent radius of Si 1.11 A) induces (a) expansion
of (OV),(u-OH), and (OV),(u-O) cores, (b) expansion of lacunary sites,
and (c) deep location of divanadium cores inside their lacunary sites. Density
functional theory (DFT) calculations for anionic moieties of 1* and 2* reveal
that energy levels of the highest occupied molecular orbital (HOMO)—1 in
1%¢ and HOMO in 2% are lower than those in 1% and 2%, respectively,
because of smaller contribution of p, orbitals of oxygen atoms in 1%¢ and 2,
which would result from shorter V--O(—Ge) distances. Compound 2%°

relatively acidic
H
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V\\\O///M
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basic

reacts with water vapor to form (TBA),[y-GeV,W,(O;5(#-OH),] 1’%® via a crystal-to-crystal transformation, and the water
dissociation proceeds heterolytically. DFT calculations reveal that the reaction proceeds through (1) coordination of water on a
coordinatively unsaturated site of vanadium in the lowest unoccupied molecular orbital (LUMO), followed by (2) proton
transfer to the bridging oxo moiety. The order is different from that in 2%, which would result from the lower energy level of
HOMO of 2% (i.e., lower nucleophilicity toward a proton of water) than that of 2%,

B INTRODUCTION

Bis(u-hydroxo) or bis(u-oxo)dimetal complexes with M,[u-
O(H)], diamond cores have extensively been studied since the
1990s, because these diamond core structures are frequently
found as active centers in non-heme enzymes such as soluble
methane monooxygenase, ribonucleotide reductase, tyrosinase,
etc.' Therefore, analogous structures have been synthesized
with a series of transition metals such as Mn, Fe, Co, Ni, Cu,
Pd, etc, and their spectroscopic properties and reactivities
toward various substrates have been investigated.””’ Two
hydroxyl groups in M,(s-OH), cores generally act as bases, and
their dehydrative condensation reactions with protic substrates
such as alcohols, carboxylic acids, acetylene, and hydrogen
peroxide proceed to afford the corresponding alkoxo,
carboxylate, acetylide, and peroxo derivatives. In addition, a
diamond core transformation from M,(u-O) to M,(u-OH),
(where M =V, Mn, Fe, Co, etc.) has become a current research
topics in coordination and bioinorganic chemistry.*"> The
reaction is also recognized as dissociation of water,"*™"” which
is quite difficult in the gas phase because of high Gibbs free
energies (AG®) of 0.4934 and 1.635 MJ-mol™" for homolysis
and heterolysis, respectively.

Polyoxometalates (POMs) are nanosized anionic metal oxide
clusters, consisting mainly of early transition metals and oxo
moieties, that are frequently utilized as catalysts, magnetic
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materials, pharmaceuticals, and building blocks of inorganic—
organic hybrid materials.'®
heterolytic dissociation of water on a (u-oxo)divanadium(V)-
substituted silicodecatungstate to form a bis(u-hydroxo)-
divanadium (V)-substituted silicodecatungstate via crystal-to-
crystal transformation,'® suggesting that the two hydroxides in
V,(u-OH), behave in different ways.'® Because acidities, redox
potentials, and energy levels of the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) of POMs depend on the kinds of
heteroatoms in POMs, >

heteroatoms on structures, chemical properties, and reactivities

We have recently disclosed

investigation of the effects of

is interesting.

Here we report effects of isolobal heteroatoms in
divanadium-substituted y-Keggin type polyoxometalates,
(TBA),[7-XV,W,(O35(u-OH),] 1% and (TBA),[r-
XV,W,035(u-0)] 2* [where X = Ge (covalent radius 1.22
A) or Si (1.11 A); TBA = tetra(n-butyl)ammonium], on the
(OV),(u-OH), diamond and (OV),(u-O) core structures and
the transformation.
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Table 1. Crystallographic Data for (TBA),[7-GeV,W,(O;5(#-OH),] 1¢ and 1'% and (TBA),[7-GeV,W,0;5(u-0)] 25

16¢
empirical formula Cs4GeN,O,V,W
formula weight 3477.65
crystal system monoclinic
lattice type primitive
space group P2, (no. 4)
lattice parameter a, A 18.40680(10)
lattice parameter b, A 14.48460(10)
lattice parameter ¢, A 18.52710(10)
lattice parameter f3, deg 94.41(0)
lattice parameter V, A 4924.99(5)
VA 2
deeqy grem™ 2345
Fooo 3100
u(Mo Ka), mm™! 12.178
no. of reflns measd 13750
no. of observations 13582
no. of variables 299
RA 0.0299
wR,” 0.1018

“Data with I > 2.006(I).

26%(C,H,CL), 1'%(C,H,CL,)

CesClGeN, O3V, W Ce6CLGeN,O,4V, W)
3651.49 3572.57
tetragonal tetragonal
primitive primitive

P-421¢ (no. 114) P-421¢ (no. 114)
35.79400(10) 35.77260(10)
35.79400(10) 35.77260(10)
17.00030(10) 17.00200(10)
21780.96(15) 21757.10(15)

8 8

2227 2.239

13072 13136

11.115 11.128

30114 31035

29249 27519

469 341

0.0339 0.0403

0.102 0.1183

B RESULTS AND DISCUSSION

Molecular Structures of Bis(u-hydroxo)divanadium-
Substituted y-Keggin-type Germanodecatungstate
(TBA),[y-GeV,W,,035(u-OH),] 1% and (u-Oxo)-
divanadium-Substituted y-Keggin-type Germanodeca-
tungstate (TBA),ly-GeV,W,,0;5(1-0)] 2. Single crystals of
19 and 2% were successfully obtained, and these structures
were determined by X-ray crystallography (Tables 1 and 2 and
Figure 1). Compound 1°° crystallized in the monoclinic crystal
system. Four TBA cations per an anionic moiety of 15¢ were
observed. The terminal V=0 distances were 1.573(9) and
1.561(10) A, respectively, suggesting a double-bond character.
The V—O(—V) distances were in the range 1.975(8)—2.000(8)
A, and the bond valence sum (BVS) values of O(113) and
O(114) were 1.19 and 1.4, respectively,” indicating that
bridging oxygen ligands between vanadium centers are
assignable to hydroxides. The BVS values of V (5.02, 5.02),
W (5.89—6.09), Ge (4.04), and O (1.53—2.11) indicate that the
respective valences are +5, +6, +4, and —2 (Table S2,
Supporting Information). The V---V distance was 3.168(3) A,
longer than that [3.096(4) A] in 1%, showing expansion of the
(OV),(u-OH), core in 1¥ upon substitution of Si** with Ge**.
The O(115)--0(116) and O(117)--0(118) distances in 1°°
were 5.26(1) and 5.29(1) A, respectively, longer than those
[5.19(2) and 522(2) A] in 1%, On the other hand, the
0(115)--0(118) and O(116)--0(117) distances in 1°¢ were
2.72(1) and 2.72(2) A, respectively, very close to those
[2.70(2) and 2.72(2) A] in 1%, These facts also show expansion
of the lacunary site in 1¥ upon substitution of Si** with Ge**. In
addition, the Ge—O distances [1.715(6)—1.794(7) A] in 1¢¢
were longer than the Si—O ones [1.613(11)—1.633(12) A] in
15 while V---O(—Ge) distances [2.414(7) and 2.413(7) A] in
16¢ were shorter than V---O(=Si) ones [2.590(6) and 2.536(6)
A] in 1%, The Ge-V distances [3.705(3) and 3.725(3) A] in
1¢ were shorter than Si--V ones [3.755(5) and 3.737(5) A] in
1%, showing that the (OV),(u-OH), core in 1% is more deeply
located inside the lacunary site. To date, divanadium complexes
with a V,(u-OH), diamond core are still rare from the
viewpoint of coordination chemistry.****
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Table 2. Selected Bond Lengths and Angles for (TBA),[y-
GeV,W,,03,(u-OH),] 1°° and 1'®® and (TBA),[y-
GeV,W,003(1-0)] 26¢

(a)

deposited

expanded
F'Y

gtbl (c) '
! - ;
Y- "'u :
"4 ‘ - 2
expanded :
expanded &
bent
16 26%(C,H,CL), 1'9%(C,H,CL,),
V=0, A 1.573(9), 1.596(8), 1.587(12),
1.561(10) 1.606(8) 1.593(10)
V-0(-V), A 1.990(8), 1.762(7), 2.010(9),
1.981(8) 1.771(7) 2.043(9)
2.000(8), 1.976(9),
1.975(8) 2.000(9)
V-0(-W), A 1.815(7), 1.770(6), 1.779(8),
1.814(8) 1.748(6) 1.809(7)
1.837(8), 1.770(6), 1.803(8),
1.816(7) 1.783(6) 1.838(3)
V-O(=Ge), A 2.414(7), 2.591(6), 2.425(8),
2.413(7) 2.536(6) 2.425(7)
Ge-0, A 1.715(6), 1.728(5), 1.734(7),
1.730(6) 1.738(6) 1.745(6)
1.794(7), 1.763(S), 1.746(6),
1.744(6) 1.756(5) 1.746(6)
V-V, A 3.168(3) 3.531(2) 3.226(3)
V-0-V, A 105.1(4), 176.2(S) 108.1(4),
106.4(4) 105.9(4)
GeV, A 3.705(3), 3.918(2), 3.751(3),
3.725(3) 3.889(2) 3.768(2)
00, A 5.26(1), 529(1)  5.217(9), 5.27(1), 5.28(1)
5.172(9)
2.72(1), 2.72(2)  2.825(9), 2.73(1), 2.73(1)
2.81(1)
torsion angle,” 1.033 0.222 0.839

deg
20(101)-Vv(101)---V(102)—0(102) angle.
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Figure 1. Thermal ellipsoid views of (a) (TBA),[y-GeV,W,,035(1-OH),] 1°® and (b) (TBA),[y-GeV,W;;035(1-0)] 2°¢, drawn at 50% probability

level (TBA cations were omitted for clarity).

Compound 2% crystallized in the tetragonal crystal system.
Four TBA cations per an anionic moiety of 2% were also
observed. The terminal V=0 distances were 1.596(8) and
1.606(8) A, showing retention of the double-bond character.
The BVS values of O (1.70—2.21), Ge (4.02), V (5.02 and
5.05), and W (5.89—6.11) indicate that the respective valences
are —2, +4, +5, and +6 (Table S3, Supporting Information).
The BVS value of O(113) was 2.21, indicating that the bridging
oxygen ligand between two vanadium centers is assignable to an
oxo ligand. The V-V distance was 3.531(2) A, longer than that
[3.505(4) A] in 2%, showing expansion of the (OV),(u-O) core
in 2* upon substitution of Si** with Ge**. The
0(115)--0(116) and O(117)--O(118) distances in 2°° were
5.217(9) and S5.172(9) A, respectively, longer than those
[5.05(2) and 5.12(2) A] in 2% In addition, the
0(115)--0(118) and O(116)--O(117) distances in 2°® were
2.825(9) and 2.81(1) A, respectively, longer than those
[2.79(2) and 2.77(2) A] in 2%, These facts also show
expansion of the lacunary site in 2% upon substitution of Si**
with Ge*. In addition, the Ge—O distances [1.728(5)—
1.763(5) A] in 2% were longer than the Si—O ones
[1.624(9)—1.650(9) A] in 2% while V---O(—Ge) distances
[2.591(6) and 2.536(6) A] in 26¢ were shorter than V---O(—Si)
ones [2.706(8) and 2.760(8) A] in 25 The Ge--V distances
[3.918(2) and 3.889(2) A] in 2% were shorter than the Si---V
ones [3.965(4) and 4.005(4) A] in 2% showing that the
(OV),(u-0) core in 2% is more deeply located inside the
lacunary site. The V—O—V angle and the torsion angle between
0(101)-V(101) and V(102)—0(102) in 2°¢ were 176.2(5)°
and 0.222°, respectively, showing syn-angular conformation of
the (OV),(u-O) core.>*>™* All these results show that the
lacunary sites in 1¥ and 2% are expanded and the divanadium
cores are more deeply located inside the lacunary sites upon
substitution of Si** with the larger Ge*'.

Density Functional Theory Calculations of Anionic
Parts of (TBA),[y-XV,W;,055(1-OH),] 1* and (TBA),[y-
XV,W,0035(u-0)] 2X (X = Ge, Si).°>" Selected molecular
orbitals of 1* are shown in Figures 2 and S8 (Supporting
Information). The energy levels of LUMO of 1% and 1% were
—3.442 and —3.448 eV, respectively, very close to each other.
The energy levels of HOMO of 1% and 1% were —7.508 and
—7.512 eV, respectively, also very close to each other. The
coefficients of p, orbitals of O(137) and O(138) in LUMO of
1%¢ were 0.00000 and 0.00000, respectively, and those in
HOMO were 0.00000 and 0.00000, respectively. Similarly,
coefficients of p, orbitals of O(137) and O(138) in LUMO of

E
4 Ge | Si
263 (LUMO) 254 (LUMO)
(-3.442) (-3.448)
AN/
262 (HOMO)
(~7.508) 4 : 25(3-%'&3?}0}
@ 9 — —
261 (HOMO-1) -
(-7.589)
260 (HOMO-2)
(~7.635) (-7.650)

Figure 2. Energy diagrams of (TBA),[y-XV,W,O55(u-OH),] 1¥
under water (X = Ge or Si; isosurface value 0.01S; energies in
parentheses are in electronvolts; blue, positive phase, and red, negative
phase).

1% were 0.00005 and 0.00003, respectively, and those in
HOMO were —0.01430 and —0.00114, respectively. Therefore,
p, orbitals of O(137) and O(138) did not contribute to LUMO
and HOMO of 1%,

On the other hand, the energy levels of HOMO—1 of 15
and 1% were —7.589 and —7.522 eV, respectively, and the
energy level of 19° was lower than that of 1%. The coefficients
of p, orbitals of O(137) and O(138) in HOMO—1 of 1% were
—0.07129 and 0.07129, respectively, and these p, orbitals did
not contribute much to HOMO—1. On the other hand, the
coefficients of p, orbitals of O(137) and O(138) of 1% were
0.210 and —0.210, respectively, and these p, orbitals
contributed most to HOMO—1. The shorter V:--O(—Ge)
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distances [stronger interaction between V and O(—Ge)] in 1

than those in 1% would lead to smaller contribution of p,
orbitals of O(137) and O(138) to HOMO-1 of 1 and a
lower energy level of HOMO—1 of 1%° than that of 1%
Selected molecular orbitals for 2% are shown in Figures 3 and
SS (Supporting Information). The energy levels of HOMO of

E
L] L]
Ge | Si ’
249 (LUMO)
- (-3.705)
— ’
_R .
257 (HOMO)
(-7.684) (=7.529)
—

244 (HOMO-4)
253 (HOMO-4) — e
(+7.860) (~7.880)
Q_0

252 (HOMO-5)
(=7.913)

241 (HOMO-7)

251 (HOMO-8) (-7.952)

(~7.970)

Figure 3. Energy diagrams of (TBA),[y-XV,W40;5(1-0)] 2X under
water (X = Ge or Si; isosurface value 0.015; energies in parentheses are
in electronvolts; blue, positive phase, and red, negative phase).

26¢ and 25 were —7.684 and —7.529 eV, respectively, and the
energy level of 2%¢ was much lower than that of 2%. The
coefficients of p, orbitals of O(136) and O(137) in HOMO of
26¢ were 0.12875 and —0.12875, respectively, while those of 28
were 0.26801 and —0.26801, respectively, and these p, orbitals
contributed most to HOMO. The shorter V--O(—Ge)
distances [Stronger interaction between V and O(—Ge)] in
25¢ would lead to smaller contribution of p, orbitals of O(136)
and O(137) to HOMO of 2% and a lower energy level of
HOMO of 2% than that of 2% [lower nucleophilicity on
O(113)]. On the other hand, the energy levels of LUMO of 26
and 2% which include orbitals of coordinatively unsaturated
sites on the divanadium center, were —3.662 and —3.705 eV,
respectively, and the energy level of LUMO of 26 was a little
higher than that of 2%, sug(g’esting the closer electrophilicity on
the vanadium center of 2% to that of 2% Thus, the energy
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levels of HOMO-1 in 1* and HOMO and LUMO in 2* are
influenced by substitution of Si* with Ge**.>?

Crystal-to-Crystal Transformation from (TBA),[y-
GeV,W,,035(u-0)] 2% to (TBA),ly-GeV,W;,0s4(u-OH),]
1%¢ and the Reaction Mechanism. When a dark red crystal
of 28¢ was placed under a humid atmosphere for 3 min, its
crystal color changed to orange (Figure 4a). After successive
treatment with water vapor for 6 h, the crystal color completely
changed to yellow. The molecular structure was successfully
determined by X-ray crystallography (Tables 1 and 2 and
Figure 4b). Four TBA cations per anion were found in 1'¢.
The BVS values of O(113) and O(114) were 1.20 and 1.11,
respectively, suggesting that these oxygen atoms are assignable
to hydroxo ligands. The BVS values of V (4.86, 4.96), W
(5.95-6.10), Ge (4.06), and the other oxygen atoms (1.68—
2.06) suggest that the respective valences in 1’%® are +5, +6, +4,
and —2. These data reveal formation of a bis(u-hydroxo)-
divanadium-substituted polyoxometalate (TBA),[y-
GeV,W,(O55(u-OH),] by crystal-to-crystal transformation as
that from 2% to 1’5\, The V---V distance in 1'% was 3.226(3) A,
shorter than that in 2% and a little longer than that in 1€,
while the V=0 [1.587(12) and 1.593(10) A], V—0O(-V)
[1.976(9)—2.043(9) A], and V--O(—Ge) [2.425(8) and
2.425(7) A] distances in 1’S® were close to those [1.573(9)
and 1.561(10) A; 1.975(8)—2.000(8) A; 2.414(7) and 2.413(7)
A, respectively] in 1%, Accordingly, compound 1’%® would be
recognized as an intermediate between 2% and 1%°.

Figure 4c,d depicts crystal packings of 2% and 1'%,
respectively, along the ¢ axis. Three kinds of channels (A—C)
with diameters of approximately 2.76, 2.87, and 2.36 A were
observed in both 2% and 1'% and accommodated 1,2-
dichloroethane solvents of crystallization. During transforma-
tion, water vapor (diameter approximately 1.78 A) would
dgfuse into the channel and approach the (OV),(u-O) core in
2%

The energy diagram of the water dissociation reaction with
2% is shown in Figure 5. The coordination of water to the
vanadium center via LUMO led to formation of TS®.
Successive proton transfer to the bridging oxo ligand resulted
in formation of 1% The valence of the vanadium did not
change in each step. The calculated activation and formation
energies were 88.62 and —33.73 kJ-mol™', respectively. Thus,
the water dissociation reaction on 2% proceeded heterolytically
in a different way from that of 2% (proton transfer to the
bridging oxo ligand followed by coordination of water to the
vanadium center; TS® in Figure S), as has been described in
our previous report.'> This difference would result from the
lower energy level of HOMO (i.e., lower nucleophilicity toward
a proton of water) of 2% and the close energy level of LUMO
of 2 to that of 2% Such a diamond core interconversion
might play a pivotal role in the various enzymatic reactions
related to non-heme enzymes. The present results would give
new insight into the reactivities of M,(u-OH), diamond cores
in transition-metal complexes.

Acidity of [y-XV,W,,035(1-OH),]*". 'H NMR signals of
OH groups for 19¢ and 1% were observed at 5.02 and 4.99 ppm,
respectively. These OH groups of 1¥ were placed in almost
equivalent circumstances and exhibited almost the same
basicity. In addition, the acidity of 1* was estimated with
AG® values of two deprotonation steps {AG°(1), [y-
XV,W4035(u-OH),]* 1% = [y-XV,W,4035(-OH) (u-0) >~
A%, and AG°(2), [1-XV,W;0035(u-OH)(4-0)]°~ A* — [-
XV,W,,035(4-0),]®" B*} in water calculated by DFT. The

dx.doi.org/10.1021/ic302508c | Inorg. Chem. 2013, 52, 1133-1140
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Figure 4. Crystal-to-crystal transformation from 2% to 1'%, (a) Single crystals of 2% and 2%¢ upon treatment with water vapor (1'%¢). (b) Thermal
ellipsoid plot of 1’ drawn at 50% probability level (TBA cations and solvents of crystallization were omitted for clarity). (c, d) Crystal packing of
(c) 2% and (d) 1’ along c-axis (A—C represent putative pathways for diffusion of water vapor).

i TSS

(H20: 139.59 kJ mol™")
(Vac: 85.76 kJ mol™")

H,0: 88.62 kJ mol™
Vac: 28.97 kJ mol™’

H,0: -33.73 (-16.54) kJ mol'!
Vac: -82.73 (-45.63 )kJ mol™!

Figure 5. Energy diagram for heterolytic dissociation of water with (TBA),[y-GeV,W,4035(1-O)] 2% (energy in parentheses is that for Si
derivatives).

results are summarized in Table 3. The AG°(1) values for the
deprotonations from 1% to A% and from 1%¢ to A®® in water
were calculated to be 86.27 kJ-mol™ [pK,(1) = 15.12] and
93.67 kJ-mol™" [pK,(1) = 16.42], respectively. The AG°(2)

values for the successive deprotonation from A% into B%' and
from A®® into B were calculated to be 126.68 kJ-mol™
[pK,(2) = 22.19] and 122.81 kJ-mol™ [pK,(2) = 21.52],
respectively. Therefore, the acidity of the two protons in 1% is
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Table 3. Acidity of [y-H,XV,W,,0,]*" (X = Si or Ge) in Water by DFT Calculations®

X V,(4-OH), 1%, hartree  V,(u-OH)(u-O) A, hartree ~ V,(4-O), BY, hartree ~ AG°(1),” KJ-mol™'  AG°(2),° KJmol™'  pK,(1)° pK,(2)°
Si —4125.00685413 —4124.55025899 —4124.07826913 86.27 126.68 15.12 22.19
Ge —5910.49846930 —5910.03905243 —5909.56853687 93.67 122.81 16.42 21.52

“Geometry optimization in water was carried out with 6-31G*/LanL2DZ hybrid basis set at the B3LYP level of theory. Single-point energy
calculation in water was carried out with 6-311++G**/LanL2DZ hybrid basis set at the B3LYP level of theory. ?AG*"(H;0") = —265.9 kcal-mol "},

reported in ref 33. pK, = (logy, e)(AG°/RT).

estimated to be close to those in 1% (Table S1, Supporting
Information), which is consistent with results of ‘H NMR
signals of OH groups. These results lead to the conclusion that
(i) the isolobal heteroatom in the same group does not so
much affect the acidity of POM and (ii) the differences of
acidity for two hydroxyl groups of 1* probably play an

important role in the water dissociation reaction on 2X

B CONCLUSION

X-ray crystallography of 1¥ and 2* reveals that larger Ge
induces (a) expansion of (OV),(u-OH), and (OV),(u-O)
cores, (b) expansion of lacunary sites, and (c) deep location of
divanadium cores inside the lacunary sites. DFT calculations
reveal that larger Ge also induces lower energy levels of
HOMO-1 in 1% and HOMO in 2%, because of smaller
contribution of p, orbitals of oxygen atoms between V and Ge,
which would result from longer V---O(—Si) distances.
Heterolytic dissociation of water was demonstrated by a
crystal-to-crystal transformation from 2% to 1'® in the same
way as that from 2% to 1'%, DFT calculations reveal that the
reaction with 26¢ proceeds through (1) coordination of water
on coordinatively unsaturated vanadium center via LUMO,
followed by (2) proton transfer to the bridging oxo moiety.
The order is different from that in 2%, which would result from
the lower energy level of HOMO of 2% (ie., lower
nucleophilicity toward a proton of water) than that of 2%.

B EXPERIMENTAL SECTION

General Procedures. Manipulations were carried out under
aerobic conditions except for the synthesis of (TBA),[y-
GeV,W 045(u-0)] 2% Solvents such as 1,2-dichloroethane, diethyl
ether (Et,0), and acetonitrile-d; (CD;CN) were used as purchased.
Compound Kg[y-GeW(O34] was synthesized according to the
literature.>* 'H (500 MHz), *C{H} (124.50 MHz), $'V{H} (130.23
MHz), and *'V MAS (130.23 MHz) NMR spectra were recorded on a
JEOL ECA-500 spectrometer. Infrared spectra were recorded on a
Jasco Fourier transform infrared (FT-IR) S80 spectrometer. Cold-
spray ionization mass spectrometry (CSI-MS) spectra were measured
with a JEOL T100-CS instrument.

Synthesis of (TBA),[y-GeV,W,o0;5(u-OH),] 1%%. A potassium
salt of a dilacunary y-germanodecatungstate Kg[y-GeW,,Os4]-6H,0
(21.0 g, 7.22 mmol) was dissolved in 73.5 mL of 1 M HCL The
solution was cooled to 273 K with an ice bath, followed by addition of
75 mL of aqueous solution of NaVO; (1.76 g, 14.4 mmol). The
resulting solution was stirred for S min, the solution was filtered to
remove insoluble materials, and RbCl (10.5 g, 86.8 mmol) was added
to give yellow precipitates. Washing with S mL of water gave yellow
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powders of Rb,K,[y-GeV,W,,035(u-OH),] (1.90 g, 0.64 mmol) in
8.9% yield. The resultant Rb,K,[y-GeV,W,,0;5(u-OH),] was
dissolved in 120 mL of 0.05 M HCJ, and tetra(n-butyl)ammonium
bromide (1.75 g, 5.4 mmol) was added into the solution to give pale
yellow precipitates. The precipitates were dissolved in 15 mL of
acetonitrile, and the solution was slowly added into 1 L of water.
Filtration gave the pale yellow powder of (TBA),[y-GeV,W O;5(u-
OH),] 1% (1.30 g, 0.35 mmol) in 54% yield. IR (KBr) (cm™) 3493 m
[v(O—H)], 2962 m, 2934 m, 2873 m [v(C—H)], 1483 m [v(N-H)],
1380 m, 1172 w, 1106 w, 1107 w, 1002 m, 964 s [v(V=0)], 876 s, 854
s, 811 vs, 761 s, 679 m, 541 m, 462 m, 395 m, 373 m, 348 m, 279 w.
'H NMR (500 MHz, CD;CN, room temperature, rt) 8y (parts per
million, ppm) 5.02 (br s, 2H, OH), 3.16 (t, %] = 7.15 Hz, 32H, NCH,),
1.64 (quint, ¥ = 7.7 Hz, 32H, CH,), 1.40 (sextet, ’J = 7.45 Hz, 32H,
CH,), 0.99 (t, ¥J = 7.4 Hz, 48H, CH;). *C{H} NMR (124.5 MHz,
CD;CN, rt) 6c (ppm) 59.24 (NCH,), 24.33 (CH,), 20.31 (CH,),
13.85 (Me). *'V{H} NMR &, (ppm) —546.28. CSI-MS (263 K,
CH,;CN) m/z 3866.96 (centered at m/z 3867.20, calculated for
{(TBA){[H,GeV,W,30,40]}"). Anal. calcd for CeH,44N,GeV,W ;0,4
C, 2121; H, 4.06; N, 1.55. Found: C, 20.94; H, 3.74; N, 1.51.

Synthesis of (TBA),[y-GeV,W,,0:5(1-0)] 2%¢. Compound 1
(0.300 g, 82.8 umol) was dissolved in dehydrated 1,2-dichloroethane
(10 mL), followed by addition of PhNCO (1.0 g 839 mmol).
Keeping the reaction solution for 2 days gave dark red crystals of 3
(0.132 g, 36.6 umol) in 45% yield. IR (KBr) (cm™) 3490 m [v(O—
H)], 2961 s, 2933 m, 2872 m [¢(C—H)], 1701 w, 1622 w, 1593 w,
1530 w, 1483 5, 1381 m [(C—N)], 1150 s, 1002 m, 964 vs, 876 vs,
854 vs, 836 vs, 811 vs, 762 vs, 677 m, 540 w, 462 m, 445 m, 394 m,
372 m, 347 m, 338 m, 279 m. 'V MAS NMR (130.23 MHz, rt) &y
(ppm) —566.9. Anal. calcd for CgyH;44N,GeV,W;05,: C, 21.31; H,
4.02; N, 1.55. Found: C, 21.27; H, 3.85; N, 1.59.

Crystal-to-Crystal Transformation from 2% to 1'%, A single
crystal of 2%¢ was placed in a humid atmosphere for 3 min. The single-
crystal X-ray measurement was carried out again, and the molecular
structure of (TBA),[y-GeV,W,;03,(u-OH),] 1'% was determined.
Similarly, dark red crystals of 2%° in the open bottle were placed in a
screw bottle containing water for 3 min. Pale orange powders of 1'%
were obtained in a quantitative yield. IR (KBr) (cm™) 3490 m [v(O—
H)], 2961 m, 2933 m, 2872 m [1(C—H)], 1699 w, 1621 w, 1595 w,
1535w, 1483 m [v(C—N)], 1381 m, 1312 w, 1228 w, 1152 w, 1106 w,
1064 w, 1002 m, 964 5, 876 s, 854 5, 811 vs, 762 5, 677 m, 540 m, 462
m, 445 m, 540 m, 462 m, 445 m, 394 m, 372 m, 347 m, 338 m, 320 s,
310's, 302 w, 279 m. 'V MAS NMR (130.23 MHz) 8, —543.2 ppm.
CSI-MS (263 K, CH;CN) m/z 3867.04 (centered at m/z 3867.20,
calculated for {(TBA)[H,GeV,W,;;0,4]}"). Anal. caled for
CeH 1N, GeV,W,O,: C, 2121; H, 4.06; N, 1.55. Found: C,
21.42; H, 3.99; N, 1.54.

Details of X-ray Crystallography. Diffraction measurements
were made on a Rigaku MicroMax-007 instrument with Mo Ka
radiation (1 = 0.710 69 A). Data collections were carried out at 153 K.
Indexing was performed from 12 oscillation images, which were
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exposed for S s. The crystal-to-detector distance was 45 mm. Readout
was performed with pixel size 72.4 X 72.4 mm. A sweep of data was
done with @ scans from —110° to 70° at x = 45° and ¢ = 0°, 90°. A
total of 720 images for each compound were collected. Neutral
scattering factors were obtained from the standard source.*® Data were
corrected for Lorentz and polarization effects. Empirical absorption
corrections were made with HKL 2000 for Linux.*® Molecular
structures were solved by SHELX-97%" linked to Win-GX for
Windows.*® More detailed descriptions about X-ray crystallography
are given in the Supporting Information. CCDC files 908040 (1¢),
908038 (1’%¢), and 908039 (2%) contain the supplementary
crystallographic data. The data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Rd.,, Cambridge CB2 1EZ,
UK, fax (+44) 1223-336-033 or deposit@ccdc.cam.ac.uk).

Details of DFT Calculations. DFT calculations were performed
with Gaussian09 software. Anionic parts of 1%, 299 the transition
states (TS®), and the deprotonated 1* (A* and BX; X = Ge or Si)
were optimized by use of 6-31G*/LanL2DZ or 6-31G* (6D,7F) at the
B3LYP level of theory. Frequency calculations for TS® were also
carried out at the same level of theory. The corresponding single-point
energy calculations for anionic parts of 1%, 29¢, and the transition
states (TS®®) were carried out with 6-311++G** (for O and H)/6-
31G* (for Ge)/LanL2DZ (for V and W) at the B3LYP level of theory.
Similarly, with the solvation in water taken into account, DFT
calculations using the conductorlike polarizable continuum model
(IEFPCM) with the parameter sets of United Atom Topological
Model (UAKS) were carried out. Frequency calculations were also
carried out at the same level of theory. The zero potential energy
(ZPE) was not considered in evaluation of the energy.
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