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ABSTRACT: A bis(u-hydroxo)divanadium(IV)-substituted y-Keggin-type silicodeca-
tungstate, (TBA),[y-SiV"V,W,4054(u-OH),] (1), possesses two different kinds of
hydroxyl groups and can work as an amphiprotic species to accept and donate
proton(s). Dehydrative condensation reactions of 1 with methanol and formic acid
proceed on more basic hydroxyl groups between two vanadium atoms without the
deprotonation of more acidic hydroxides between two tungsten atoms to form
(TBA)4[}"SiVN2W10035(ﬂ'OH)3(ﬂ'OR)] (2R, R = Me, Et, Pr; 3, R = C(O)H),
showing Brensted base properties of the hydroxyl groups between two vanadium

acid
(ROH, HCOOH)

amphiprotic

base
=" acidic (Py, OH)
(pKa = 10.86)

atoms. On the other hand, the hydroxyl groups between tungsten atoms exhibit
Brensted acid properties and react with pyridine (Py) and TBAOH to form (TBA),X[y-SiV",W,,05,(u-OH),] (PyH-4, X =
PyH; TBA-4, X = TBA). DFT calculations for [y-SiV'Y,W,oO;5(1-OH),]*" in water also support both the acidic and basic nature

of hydroxyl groups in 1.

B INTRODUCTION

In 1923, the Bronsted—Lowry theory disclosed the definition of
a Bronsted acid and base: the Bronsted acid possesses the
ability to donate a proton (H*), whereas the Bronsted base
does the ability to accept a proton." Generally, s-block metal
(alkali and alkaline earth metals) hydroxides work as Bronsted
bases, whereas p-block metal hydroxides work as Brensted
acids.” The differences in the acid—base properties are generally
derived from the characters of metal—oxygen bonds (i.e., ionic
vs covalent). Since these properties for the transition-metal
hydroxides are also dependent upon the oxidation states of the
metal centers, studies on the acid—base properties of transition-
metal hydroxo complexes are more complicated and have
become important subjects of modern chemistry. In contrast,
polybasic acids with more than two protons sometimes act as
amphiprotic species and react with both acidic and basic
molecules.® These molecules stepwise release protons and
neutralize basic molecules stepwise to form corresponding
conjugate bases. Since inorganic polybasic acids generally
consist of symmetric hydroxides such as H,O, H,SO,, and
H;PO,, polybasic acids with different kinds of hydroxyl groups
(dissymmetric hydroxyl groups) are still rare, whereas there are
several dissymmetric organic polyacids such as hydroxybenzoic
acids and amino acids.* The more basic hydroxide groups never
react prior to the more acidic ones, and the coexistence of both
acid and basic hydroxide groups inside the same molecules are
considered to be difficult.

Polyoxometalates (POMs) are recognized as inorganic
polybasic acids and have been utilized as acid and oxidation
catalysts, pharmaceuticals, building blocks of inorganic—organic
hybrid materials, and so forth.” While a recent advance of X-ray
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crystallography enables us to determine various molecular
structures of POM derivatives, little is known about those
interacting with the organic molecules.®” Very recently, we
have successfully synthesized a bis(u-hydroxo)divanadium(IV)-
substituted y-Keggin-type POM, (TBA),[y-SiV",W,O044(u-
OH),] (1; TBA = tetra-n-butylammonium), with two kinds of
V—OH-V and W—OH-W hydroxides (Chart 1).”* The
hydroxyl groups between two tungsten atoms in 1 exhibit
acidic properties and react with phenyl isocyanate to form
(TBA),[y-SiV,"YW045(u-OH),(PhNHCO),], containing N-
protonated phenyl isocyanate species. In contrast, the hydroxyl
groups between two vanadium atoms in the bis(u-hydroxo)-
divanadium(V)-substituted POM (TBA),[y-SiV¥,W,,05¢(ui-
OH),] (A) exhibit basic properties and react with alcohols to
form the (u-alkoxo)divanadium(V)-substituted derivatives
(TBA),[7-SiV¥,W,03(u-OH) (u-OR)].7>* Although a similar
basic reactivity of the bis(u-hydroxo)divanadium(IV) core in 1
is expected, the reactivity has never been investigated.
Therefore, we came up with the idea that compound 1 acts
as an amphiprotic species containing acidic and basic
hydroxides. Herein, we investigate the unusual amphiprotic
properties of 1 with density functional theory (DFT)
calculations and its reactivities toward several substrates such
as pyridine, TBAOH, alcohols, and formic acid.
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Chart 1. Molecular Structure of (TBA),[7-SiVV,W,,054(ut-
OH),] (1) Drawn at the 50% Probability Level®

“TBAs are omitted for clarity.

B RESULTS AND DISCUSSION

Electron Configurations of (TBA),[y-SiV'V,W,,0s4(u-
OH),] (1). DFT calculations for the anionic moieties of
(TBA),[y-SiVV,W,,044(u-OH),] in acetonitrile were carried
out using the 6-31G* (O, Si, H)/LanL2DZ (V, W) hybrid basis
set with the UB3LYP level of theory with the conductor-like
polarizable continuum model (IEFPCM).*”'° Since the

calculated results reproduced well those of X-ray crystallog-
raphy, the electron configurations of 1 could be elucidated
properly. Compound 1 possessed the triplet (S = 1) spin state,
each electron singly occupied 254 (SOMO1) and a25S
(SOMO?2) orbitals with energies of —6.121 and —4.418 eV,
respectively (Figure 1). SOMO1 was mainly concerned with
the V(101) (coefficient of d,2_2 orbital =0.66842), whereas
SOMO2 was mainly concerned with W(109)—W(112) (the
respective coefficients of d,, orbitals are 0.44698, 0.21122,
0.16835, and 0.28912), showing that two electrons are not
localized on the vanadium atoms but are delocalized
throughout the anionic part of 1. The VV---O(=Si) distances
(caled, 2.956 and 3.024 A; found by X-ray, 2.90(1) and 2.91(1)
A) were longer than those of the vanadium(V) derivative
(TBA),[7-SiV¥,W,0;5(1-OH),] (A; calcd, 2.616 and 2.618 A;
found by X-ray, 2.51(2) and 2.53(1) A) due to the Jahn—Teller
effect characteristic of d' transition-metal complexes. As a
result, the p, orbitals of the SiO, unit in 1 were destabilized and
became HOMOs with energies of —7.272 and —7.263 eV,
respectively (i.e., coefficients of p, orbitals of 0137 and 0138
in @253 were —0.23711 and 0.31068, respectively, and those in
3253 were —0.22571 and 0.29790, respectively), whereas the p,
orbital of the SiO, unit in A was observed at HOMO-1.

In order to determine the deprotonation pathway from 1,
DFT calculations for the anionic moieties of the deprotonated
species in water were carried out at the same level of theory,
and the corresponding single-point energies in water were
calculated with the 6-311++G** (O, H)/6-31G* (Si)/
LanL2DZ (V, W) hybrid basis set with the B3LYP level of

(b)

Figure 1. (a) Optimized structure and (b) energy diagram (isosurface value 0.100) of [y-SiVY,W,034(u-OH),]*" (1) with DFT calculations.

Energies in parentheses are in eV.
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theory (Table 1 and Table S9 (Supporting Information)).
There are six possible deprotonation pathways for (W—)O—H

Table 1. AG® and pK, Values of the Deprotonations of
(TBA),[y-SiV,W,,0;4(u-OH),] (1) with DFT Calculations

reaction® AG°P~ pK,
1,y = 2, + H;O" (step 1 — a) 63.22 11.32
1,4 = a'yq + H;O" (step 1 — ') 94.16 16.86
a,q = by + H;O" (step a — b) 99.30 17.78
a,y = b", + H;0" (step a —» b”) 127.92 2242
b,q = €,q + H;O" (step b — ¢) 141.96 2542
Cag = dog + H30" (step ¢ — d) 208.90 3741

“H,0 was evaluated as the conductor-like polarizable model
(IEFPCM) considering the relative permittivity. bAGS°lV(H3O+) =
—1112.52 kJ mol™" (—265.9 keal mol™") cited from ref 11 was taken
into account. “Energy in kJ mol™".

and (V—)O—H moieties in 1 (Figure S7 (Supporting
Information)), and the main deprotonation pathway is depicted
in Figure 2. At the first deprotonation, the AG® values of the
steps 1 — a and 1 — a’ were 63.22 and 94.16 kJ mol ™},
respectively, showing that the deprotonation proceeds at the
hydroxide between two tungsten atoms. Successively, at the
second deprotonation, the AG® values of the stepsa — b and a
— b” were 99.30 and 127.92 kJ mol™!, respectively, also
showing that the deprotonation proceeds at the hydroxide
between two tungsten atoms. Finally, the deprotonations
proceed from two hydroxides between two vanadium atoms.
The deprotonation from the (W—)O—H moieties proceeds
prior to the deprotonation from (V—)O—H moieties. As a
result, the most probable deprotonations proceed in the order 1

— a— b = c¢— d and the pK, values of the steps 1 = a,a —
b,b > ¢, and ¢ —» d are 11.32, 17.78, 25.42, and 37.41,
respectively.

Basic Property of (TBA),[y-SiV'V,W,;00;6(u-OH),1 (1).
Reactions of 1 with excess alcohols and formic acid as Brensted
acids gave the corresponding alkoxo and formate derivatives
(TBA),[y-SiV!,W,0054(1-OH);(u-OR)] (2-R, R = Me (55%),
R = Et (63%), R = Pr (82%); 3 (61%), R = C(O)H) and the
dehydrative condensation reactions proceeded at the divana-
dium core (Figure 1¢,d).”°~® CSI-MS measurements for 2-R (R
= Me, Et, n-Pr) and 3 (R = C(O)H) showed signals at m/z
3839.22 (3838.63, TBA-2*Me*), 3852.14 (3852.74, TBA-2-
Et"), 3866.30 (3866.67, TBA-2:Pr), and 3852.59 (3852.62,
TBA-3"), respectively, indicating the formations of the
corresponding monosubstituted derivatives (Figures S15—S18
(Supporting Information)).

Molecular structures of all compounds were successfully
determined by X-ray crystallography (Figure 3a,b, Figures S1—
S4 (Supporting Information), Tables 2 and 3, and Tables S1
and S2 (Supporting Information)). The methoxo and formate
bridging ligands were disordered and observed at both sides of
bridging oxygen sites between two vanadium atoms with an
occupancy of ca. 0.5.'*'? Therefore, one of two bridging
oxygen atoms between two vanadium atoms is assignable as a
hydroxide. The bond valence sum (BVS) values for O(114),
0(125), and O(127) of 2:Me were 1.296, 1.520, and 1.145,
respectively, and those of 3 were 1.157, 1.611, and 1.667,
respectively, suggesting that these valences in 2°Me and 3 are
—1 (Tables SS and S8 (Supporting Information)).'* The BVS
values for V (4.454, 4.351), W (5.865—6.313), O (1.644—
2.055), and Si (4.065) of 2*Me and those for V (4.172, 4.303),

v‘:‘ OH g
O

OH &%
- 4&—

%
v

Figure 2. Deprotonation pathways from [y-SiV™",W;4054(u-OH),]*™ (1) to [y-SiVYY,W;00,401% (d).
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Figure 3. ORTEP views of (a) (TBA),[y-SiV'¥,W4034(1-OH);(1-OMe)] (2-Me), (b) (TBA),[y-SiV"Y,W,,0;4(u-OH),(u-OCH(0)H)] (3), and
(c) (TBA),(PyH)[y-SiV",W,05,(u-OH),] (PyH4) drawn at the 50% probability level.

Table 2. Crystallographic Data for (TBA),[y-SiV",W,,0;4(#-OH);(1#-OMe)] (2-Me), (TBA),[7-SiV"¥,W;0034(u-OH);(u-
OCH(O)H)] (3), (TBA),(PyH)[y-SiV',W,,03,(u-OH);] (PyH"4), and (TBA);[7-SiV",W,,0;,(u-OH);] (TBA4)

2:Me 3 PyH-4 TBA4
empirical formula CsN4O40SiVL,W o CgsN40,4,SiV,W CeoN50,40SiV,W o C160N 1005081, V4 Wayo
formula wt 3445.16 3461.16 3572.57 3639.2582
cryst syst orthorhombic orthorhombic orthorhombic monoclinic
lattice type primitive primitive primitive primitive
space group P2,2,.2; (No. 19) P2,2,2; (No. 19) P2,2,2; (No. 19) P2, (No. 4)
lattice params
a A 14.85630(10) 14.83890(10) 14.5951(2) 29.5573(6)
b, A 23.7771(2) 24.4643(2) 18.0490(4) 15.5841(3)
oA 31.1135(3) 31.1980(2) 39.4695(8) 29.7037(7)
v, A3 10990.52(16) 11325.60(14) 10397.3(3) 12934.3(5)
zZ 4 4 4 2
dueqy g cm™ 2,082 2.147 2241 1.876
Foco 6152 6596 6276 6592
4(Mo Ka), mm™" 10.658 10344 11.268 9.062
no. of rflns 16448 15555 30125 35475
no. of observns 14044 15047 10818 25079
no. of variables 314 335 316 624
R1% 0.0547 0.0445 0.0806 0.0874
wR2“ 0.143S 0.1168 0.2117 0.1789

“Data with I > 2.006(I).

Table 3. Selected Bond Distances (A) and Angles (deg) for (TBA),[y-SiV'¥,W,(O35(u-OH);(u-OMe)] (2-Me), (TBA),[y-
SiVI)Vz]V\Eloosa(ﬂ)'OH)3(I"OCH(O)H)] (3), (TBA)4(PYH)[Y'SiVN2W10037(I"OH)3] (PyH-4), and (TBA)S[Y'SiVW2W10037(ﬂ'
OH);] (TBA*4

TBA-4"
2:-Me 3 PyH-4 molecule A molecule B

V=0 1.591(16), 1.600(15) 1.599(13), 1.576(13) 1.59(2), 1.57(3) 1.61(2), 1.63(2) 1.55(3), 1.65(3)
V-0(-V) 1.953(14), 1.984(14) 2.010(11), 2.009(12) 1.99(3), 1.98(2) 1.97(2), 1.971(18) 1.97(2), 2.00(2)

1.970(14), 1.925(15) 2.009(12), 1.991(11) 2.01(3), 1.98(2) 1.981(19), 1.974(18) 1.99(2), 1.96(2)
V-0(-W) 1.879(13), 1.893(14) 1.915(11), 1.910(10) 1.95(2), 1.95(2) 1.931(18), 1.93(2) 1.96(2), 1.95(2)

1.930(14), 1.876(13) 1.905(11), 1.898(10) 1.86(2), 1.97(2) 1.920(18), 1.929(18) 1.96(2), 2.02(2)
V---O(=Si) 2.74(1), 2.77(2) 2.75(1), 2.74(1) 2.78(2), 2.66(2) 2.74(2), 2.71(2) 2.73(2), 2.77(2)
Si—0 1.601(11), 1.613(12) 1.620(9), 1.619(9) 1.60(2), 1.64(2) 1.638(15), 1.634(18) 1.644(17), 1.603(16)

1.633(11), 1.626(11) 1.630(9), 1.644(9) 1.621(19), 1.619(19) 1.688(18), 1.639(16) 1.658(17), 1.632(16)
VeV 3.094(5) 3.146(4) 3.076(8) 3.125(6) 3.085(8)
V-0-V 104.1(7), 104.6(7) 103.0(5), 103.7(5) 100.4(11), 101.9(11) 104.5(9), 104.8(9) 102.4(11), 102.3(11)
torsion angle” 2231 0.893 2.341 1.018 1.022

“0101-V101---V102—0102 angle. “Molecules A and B are crystallographically independent.

W (5.926—6.325), O (1.694—2.108), and Si (3.956) of 3
suggested that the respective valences of V, W, O, and Si in 2-

Me and 3 are +4, +6, —2, and +4.151¢ The V—O-V angles for
2:Me (104.1(7) and 104.6(7)°) and 3 (103.0(5) and
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103.7(5)°) were comparable to each other. On the other hand,
the V---V distances for 2-Me (3.094(5) A) and 3 (3.146(4) A)
were slightly different from each other. The difference is
probably due to the different electronic effects of the bridging
ligand (ie., electron-donating ligand vs electron-withdrawing
ligand). The V'V---O(—Si) distances for 2-Me were 2.74(1) and
2.77(2) A, and those for 3 were 2.75(1) and 2.74(1) A,
respectively. These V'V---O(—Si) distances for 2:Me and 3 were
longer than those of 1 and the vanadium(V) derivative A
(2.53(1)—2.58(1) A).”¢ In 3, the CIA—O1A and CIA—O113
distances were 1.21(12) and 1.24(5) A, respectively, and the
OIA—ClA—O113 angle was 134(7)° suggesting the =«
conjugation of O1A—C1A—O113 orbitals in the formate
ligand."” The 7-conjugation of the carboxyl moiety was also
found in SOMO2 of 3 (Figure S8 (Supporting Information)).
There have been only a few examples of monodentate bridging
formate complexes to date.'®

Acidic Properties of (TBA),[y-SiV"V,W,,034(u-OH),] (1).
Compound 1 was dissolved in acetonitrile containing ca. 2.5
equiv of pyridine, and the successive addition of diethyl ether
gave dark brown solids in a moderate yield (66%). Single-
crystal X-ray crystallography revealed the formation of
(TBA),(PyH)[y-SiV",W,,04,(u-OH);] (PyH-4), in which
pyridinium interacted with the [y-SiW,;,O54]®” framework via
a hydrogen-bonding interaction (Figure la; N11--O(125)
(0(128)) 2.81(6) A (2.92(6) A)). One of two hydroxides
spanning tungsten atoms reacted with pyridine to form
pyridinium.'> The BVS values were V (4.094, 4.368), W
(5.774—6.558), Si (4.046), and O (1.658—2.127), suggesting
that the respective valences are +4, +6, +4, and —2. The BVS
values for O(113), O(114), and O(126) were 1.146, 1.209, and
1.576, respectively, suggesting that all these valences are —1 and
that the OH moieties are retained. The W(104)—0(126)
distance (2.07(2) A) was longer than the W(106)—0(128)
distance (2.02(2) A), which was comparable to unprotonated
W(103)—0(125) and W(105)—0(127) distances (2.02(2) and
2.04(3) A). The BVS value for O(128) was 1.903. All of these
results show that the deprotonation takes place at O(128).

The VIV(101)---VV(102) distance was 3.076(8) A, shorter
than that of 1 (3.101(5) A). In addition, the VVV—O—V" angles
(100.4(11) and 101.9(11)°) were smaller than those of 1
(103.1(9) and 103.1(6)°). The VV(101)--0(137) and
VIV(102)--0(138) distances were 2.78(2) and 2.66(2) A,
respectively, longer than VV:---O(—=Si) distances of the
vanadium(V) species (TBA),[7-SiV,YW,,0;5(u-OH),]
(2.511(11) and 2.531(11) A). The phenomena are character-
istic of the Jahn—Teller effect.

The acidic nature of the hydroxyl groups of 1 was also
confirmed by the reaction of 1 with 1 equiv of aqueous
TBAOH (10 wt %) in 1,2-dichloroethane. A dark brown solid
was obtained by the addition of toluene as a poor solvent
(34%). Cold-spray mass spectroscopy (CSI-MS) showed a
signal centered at m/z 4065.46 (m/z 4066.18 calculated for
{(TBA)[SiV,W,,05,(OH);]}"), suggesting the formation of a
monodeprotonated product from 1. Single-crystal X-ray
crystallography confirmed the formation of (TBA)s[y-
SiV,W,0O5,(4-OH);] (TBA-4), where one of the protons
between two tungsten atoms were deprotonated (Figure S6 in
the Supporting Information).*’

Amphiprotic Properties of (TBA),[y-SiV,W,,056(u-
OH),] (1). As described above, compound 1 exhibited
amphiprotic behaviors and acted as both an acid and a base.
Reduction of the vanadium centers from +5 to +4 produces
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additional protons on the POM framework to form more acidic
OH groups between tungsten atoms. To the best of our
knowledge, few inorganic compounds with different kinds of
hydroxide groups inside the same molecule have been reported
to date. Since the pK, value for pyridine is 12.53,' pyridine
effectively acts as a Lewis base to react with a proton (pK,(1) =
11.32) residing on the bridging oxo moiety between two
tungsten atoms. Upon the addition of an excess amount of
pyridine, additional pyridinium was not formed. This is because
pK,(2) is calculated to be 17.78 from DFT calculations and is
larger than that of pyridine. On the other hand, pK, values for
MeOH and HCOOH are 15.5 and 3.75, respectively, and these
molecules can act as acids toward hydroxides (pK,(2) = 16.46)
between two vanadium atoms. Generally, the basic property in
a polybasic acid such as H,CO; does not evolve without
deprotonation. Therefore, it is noteworthy that the more basic
hydroxide in 1 reacts with more acidic substrates without the
deprotonation of acidic hydroxides.

B CONCLUSION

In summary, the amphiprotic propertiies of a bis(u-hydroxo)-
divanadium (IV)-substituted y-Keggin-type silicodecatungstate,
(TBA),[y-SiV?¥,W,,054(u-OH),] (1), with two different kinds
of hydroxyl groups were investigated. The isoelectronic
substitution of “V>*” in (TBA),[y-SiV¥,W,o035(u-OH),] with
“V¥* + H*” resulted in the formation of (TBA),[y-
SiVYY,W,(O;5(4-OH),] with more acidic protons at oxygen
atoms between two tungsten atoms. Dehydrative condensation
reactions of 1 with methanol and formic acid proceeded on
more basic hydroxyl groups between two vanadium atoms
without the deprotonation of more acidic hydroxides between
two tungsten atoms to form (TBA),[y-SiV',W,Os4(u-
OH);(1-OR)] (2'R, R = Me, Et, Pr; 3, R = C(O)H), showing
Bronsted base properties of the hydroxyl groups between two
vanadium atoms. On the other hand, the hydroxyl groups
between tungsten atoms exhibited Bronsted acid properties and
reacted with pyridine (Py) and TBAOH to form (TBA),A[y-
SiVlV,W,,0;,(u-OH),] (PyH4, A = PyH; TBA*4, A = TBA).
DFT calculations for [y-SiV'¥,W,,054(1-OH),]* in water also
supported both the acidic and basic nature of hydroxyl groups
in 1.

B EXPERIMENTAL SECTION

General Procedures. Compound 1 was synthesized according to
our previous report.”* The manipulations were carried out under argon
except for the synthesis of 1. Dehydrated solvents such as 1,2-
dichloroethane, acetonitrile, and toluene and a 10 wt % aqueous
solution of TBAOH were used as purchased. 'H (500 MHz), *C{'H}
(124.50 MHz), *Si{'H} (98.37 MHz), and *'V{*H} (130.23 MHz)
NMR spectra were recorded on a JEOL ECA-500 instrument.”
Infrared spectra were recorded on a JASCO FT-IR 580 instrument.
CSI-MS spectra were measured with a JEOL T100-CS instrument.

Synthesis of (TBA),[y-SiV"Y,;W,0;4(u-OH);(u-OMe)] (2-Me).
Compound 1 (0.0501 g, 0.0014 mmol) was dissolved in 1 mL of
acetonitrile, followed by the addition of MeOH (0.1 mL; 2.4 mmol).
n-Butyl methyl ether was layered onto the acetonitrile solution, and
the resulting solution was allowed to stand overnight. The dark brown
solid of (TBA),[y-SiV'Y,W,035(1-OH);(u-OMe)] (2:Me; 0.0276 g,
0.0077 mmol) was obtained in 54.9% yield. IR (KBr): 2961 m, 2932
m, 2873 m (Ve_y), 1484 m, 1383 m, 1152 w, 1096 w, 1070 w, 1003 m,
976 m, 960 s, 915 vs, 898 s, 865 vs, 811 s, 774 s, 736 m, 701 m, 552 m,
510 w, 400 w, 387 m, 364 m, 352 m, 331 w, 310 m, 302 m, 286 m
cm™. CSI-MS (positive, MeCN): m/z 3839.36 (3838.63, TBA-2:
Me"). Anal. Caled for CgH,5oN,SiV,W 00, C, 21.71; H, 4.20; N,
1.56. Found: C, 22.29; H, 4.36; N, 1.49. The ethoxo and propoxo
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derivatives 2°Et and 2:Pr were obtained by similar procedures. Data
for 2-Et (0.0321 g, 0.0089 mmol, 63.3% yield) are as follows. IR
(KBr): 2961 s, 2935 m, 2873 m (vc_y), 1483 m, 1380 m, 1152 w,
1095 m, 1042 m, 1000 m, 961 s, 916 vs, 902 vs, 869 vs, 797 vs, 779 vs,
737 s, 703 s, 553 m, 456 w, 388 m, 356 m, 330 m, 310 m, 300 m, 286
m cm™!. CSI-MS (positive, MeCN): m/z 3852.36 (3852.74, TBA-2-
Et"). Anal. Caled for CeH,N,SiV,WyoO4: C, 21.96; H, 4.24; N,
1.55. Found: C, 21.96; H, 4.24; N, 1.55. Data for 2+Pr are as follows
(0.0418 g, 0.00115 mmol, 82.0% yield). IR (KBr): 2961 m, 2934 m,
2873 m (ve_y), 1483 m, 1381 m, 1151 w, 1106 w, 992 m, 963 s, 918
vs, 903 vs, 871 vs, 791 vs, 702 m, 554 m, 458 w, 407 m, 389 m, 356 m,
332w, 310 w, 302 w, 287 w, 277 w cm™ .. CSI-MS (positive, MeCN):
m/z 3866.42 (3866.67, TBA-2°Pr*). Anal. Calcd for
CeH 4N SiV, W00, C, 22.20; H, 4.28; N, 1.55. Found: C, 21.95;
H, 4.35; N, 1.49.

Synthesis of (TBA),ly-SiV"V,W,,034(u-OH);(u-OCH(O)H)] (3).
Compound 1 (0.0498 g, 0.014 mmol) was dissolved in 2 mL of 1,2-
dichloroethane, followed by the addition of formic acid (10 uL; 0.27
mmol). Diethyl ether (1 mL) was layered onto the 1,2-dichloroethane
solution, and the resulting solution was allowed to stand overnight.
The dark brown solid of (TBA),[y-SiV",W,,0s4(1-OH);(u-OCH-
(O)H)] (3; 0.0287 g, 0.0074 mmol) was obtained in 61.2% yield. IR
(KBr): 2961 m, 2935 m, 2873 m, 1671 m (v¢p), 1483 m, 1382 m,
1217 w, 1152 w, 1107 w, 1063 w, 1006 m, 976 m, 963 s, 909 vs, 866 s,
800 s, 766 s, 716 s, 551 m, 389 m, 359 m, 319 w, 303 w, 291 w, 283 w,
268 w cm™!. CSI-MS (positive, MeCN): m/z 3852.59 (3852.62, TBA-
3*). Anal. Caled for CeH, 46N, SiV,W,,0,4: C, 21.62; H, 4.13; N, 1.55.
Found: C, 21.44; H, 4.23; N, 1.29.

Synthesis of (TBA),(PyH)[y-SiV!V,W,,05,(u-OH);1 (PyH-4).
Compound 1 (0.0498 g, 0.014 mmol) was dissolved in 1 mL of
acetonitrile, followed by the addition of pyridine (3 xL; 0.037 mmol).
Diethyl ether (3 mL) was layered onto the acetonitrile solution, and
the resulting solution was allowed to stand overnight. The dark brown
solid of (TBA),(PyH)[y-SiV",W,,05,(u-OH);] (PyH+4; 0.0338 g,
0.0092 mmol) was obtained in 66.4% yield. IR (KBr): 3483 w (vo_p),
3131 w, 3065 w (vc_y), 2961 m, 2934 m, 2873 m (vc_y), 1535 w
(PyH), 1484 m, 1382 m, 1152 w, 1106 w, 994 m, 965 s, 904 vs, 871 vs,
838 m, 789 vs, 694 m, 604 w, 548 m, 482 w, 455 w, 405 m, 389 m, 366
w, 355 m, 330 m, 310 w, 302 w, 292 w, 281 m cm™'. The CSI-MS
spectrum of 2 could not be detected due to instability in solution.
Anal. Caled for CooH N SiV,W,0040: C, 22.64; H, 421; N, 1.91.
Found: C, 22.08; H, 4.19; N, 1.77.

Synthesis of (TBA)s[y-SiV"Y,W,00;,(-OH);] (TBA:4). Com-
pound 1 (0.0500 g, 0.0014 mmol) was dissolved in 1 mL of 1,2-
dichloroethane, followed by the addition of 1 equiv of TBAOH (10 wt
%). The addition of toluene onto the solution gave dark brown crystals
of (TBA),[y-SiV?¥,W,(0y,(4-OH),] (TBA*4; 0.017 g, 0.476 umol,
34% yield). IR (KBr): 3670 w, 3491 w (vo_y), 2961 s, 2934 s, 2872 s,
1634 m, 1484 s, 1381 m, 1281 w, 1152 w, 1107 w, 1057 w, 1027 w,
997 m, 984 m, 966 s, 952 s, 907 vs, 892 vs, 863 vs, 820 s, 791 s, 698 s,
551 m, 475 w, 459 w, 396 m, 389 m, 377 m, 355 m, 311 m, 291 w, 283
w, 277 w cm™. CSI-MS (positive, MeCN): m/z 406546 (m/z
4066.18 calculated for {(TBA)[SiV,W;005,(OH);]}". Anal. Calcd for
CyoH,50NsSiV,W,0O040: C, 25.13; H, 4.82; N, 1.83. Found: C, 25.40;
H, 4.55; N, 1.77.

X-ray Crystallography. Diffraction measurements were made on
a Rigaku MicroMax-007 instrument with Mo Ka radiation (4 =
0.71069 A). The data collections were carried out at 153 K. Indexing
was performed from 12 oscillation images, which were exposed for S s.
The crystal to detector distance was 45 mm. Readout was performed
with a pixel size of 72.4 X 72.4 mm. A sweep of data was done using @
scans from —110 to 70° at k = 45° and ¢ = 0, 90°. A total of 720
images for each compound was 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.?® For 2-Me, 3, and
TBA*4 the SQUEEZE program of PLATON was used to remove the
electron density on the Fourier map derived from the disordered
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solvents of crystallization.”” More detailed information on X-ray

crystallography is provided in the Supporting Information.
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