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ABSTRACT: The alkoxido germanium-substituted tungstate (TBA)3[(PrO)GeWsO1g] (TBA)31 (TBA* = "BusN*) has
been synthesised from (TBA)2[WsO19] by degradation of the hexatungstate with (TBA)OH followed by treatment
with Ge(O'Pr)4. The X-ray crystal structure of the solvate (TBA)31.CH2Cl2 enabled comparison of the heteroatom
coordination environments in the [(PrO)MWSs01g]*~ homologues (M = Ge, 1; Sn, 2; Ti, 3). This showed 1 to have
the shortest M—OC (1.747 A), M—OW(ax) (2.215 A) and average M—OW(eq) (1.872 A) bonds in these anions. 'H,
3C and 7O NMR spectra were consistent with the {(PrO)GeWs} structure, and the '#3W NMR spectrum contained
peaks at 56.7 and —84.9 ppm for equatorial and axial tungsten sites respectively, while v(W=0) was observed at
948 cm~" in the FTIR spectrum of 1. Protonolysis of the Ge—OPr bond in (TBA)31 with MeOH was slower than the
analogous reaction with [(PrO)SnWsO1g]*~ 2, but clean conversion to (TBA)s[(MeO)GeWsO1s] (TBA)34 was
observed after warming. The X-ray crystal structure of (TBA)s4 showed disorder of the smaller {GeOMe} moiety
within the hexametalate, as was previously observed for [(MeO)SnWsO1g]®*~ and [(MeO)TiWsO1g]*~. DFT
calculations on 1, 2, and 3 provided insight into their structural, electronic, and spectroscopic properties and were
consistent with experimental data.
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1 INTRODUCTION hexametalates [MsO19]>~ (M = Mo, W), which
are readily prepared in non-aqueous solvents,
are generally stable and the tungstate in
particular is rather unreactive. Some time ago,
we embarked on an extended research
programme to develop convenient and reliable
synthesis routes to [LMWsO1g]™ derivatives,
where the introduction of a heterometal
provides a reactive site within the tungstate
framework. The properties of these POMs are
expected to vary with M, L and n, and a major
goal of our studies was to obtain sufficient data
from systematic studies for a level of
understanding that will enable reactivity in

The fascinating relationship between
molecular polyoxometalates (POMs) and
extended solid metal oxides provides
opportunities not only for tailoring metal oxide
properties at the atomic level by systematic
variation in POM composition and structure but
also for detailed solution studies of reactivity.
Within the family of isopolyoxometalates, the
[MsO19]™ Lindqvist structure provides a
convenient platform for systematic modification
and reactivity studies, where the high symmetry
facilitates  characterisation and detailed
spectroscopic investigations. The Group 6


https://doi.org/10.26599/pom.2022.9140001

homologous {LMWs} systems to be tuned in a
rational fashion, with a view towards the design
and optimisation of molecular analogues of
single-atom metal oxide catalysts.

Our initial efforts provided new alkoxido
derivatives of M"V-substituted [(RO)MWs0O1g]*>~
(M = Ti, Sn) and dimeric [{(u-OR)MWs5O1g}2]?
(M = Zr, Hf) from hydrolytic reactions between
soluble tungsten precursors WO(OMe)s and
(TBA)2[WO4] (TBA* = "BusN*) and heterometal
alkoxides M(OR)4, and we also showed that this
hydrolytic approach could be used for the
synthesis of Group 5 {MWs} derivatives (M =V,
Nb, Ta) [1-9]. Using a slightly modified
procedure, we were able to obtain the cobalt-
substituted {CoWs} derivatives [(CoWsO1sH)2]%~
and [(py)CoWsO1gH]*~ [10]. More recently, we
developed the high-yield synthesis of
(TBA)2[WeO19] directly from tungstic acid
(WO3.H20) and have shown that the
hexatungstate can be converted to {MWs}
species by base degradation and subsequent
reaction with a heterometal alkoxide, providing
simpler and more efficient access to {MWs}
derivatives without the need for WO(OMe)s and
(TBA)2[WO4] precursors [11].

Access to a range of {LMWs} homologues
enabled us to compare the reactivities of
[((MeO)MWSs01g]*~ (M = Ti, Zr, Hf, Sn) and show
how the different behaviours of these anions
can be related to the underlying electronic
properties of the constituent transition metal or
main group heteroatom [8, 9, 11], and
spectroscopic and computational studies of
{MWs} Lindqvist anion reactivities towards H20-
have provided a detailed understanding of
comparative activities for alkene epoxidation
catalysis [12-14].

Hydrolytically-stable germanium substituted
Keggin anions [(XGe)EW11039]™ were first
described by Knoth (E = Si, X = Et) [15] and by
Pope (E = B, Si, Ge, Ga; X = COOH, COOMe,
CONHz, CN) [16, 17], while Lindqvist
derivatives (TBA)3[(PhGe)WsO1s] were briefly
reported by Krebs [18]. The organic
functionality in [(RGe)PW11Os9]* has been
exploited for the covalent grafting of these
anions onto silicon surfaces by Proust and co-
workers [19] but, to our knowledge, no Ge-
substituted POMs have been reported which
provide reactivity directly at the Ge heteroatom.
With this in mind, we have now extended the

homologous series of {(RO)M"Ws} Lindqvist
derivatives to germanium and report here the
synthesis and crystal structure of
(TBA)3[(PrO)GeWs0O1s] (TBA)31 and compare
its structural, spectroscopic properties and
protolytic reactivity with those of
(TBA)3[(PrO)SnWs01s] (TBA)32 and
(TBA)3[(PrO)TiWs01s] (TBA)33. The conversion
of (TBA)31 to (TBA)s[(PrO)GeWsO1s] (TBA):4
and its structural and spectroscopic
characterisation are also described.

2 EXPERIMENTAL

2.1 General methods and materials

Reactions and manipulations were carried
out under an atmosphere of dry, oxygen-free
nitrogen in screw-top flasks fitted with J Young
PTFE screw valves using Schlenk and dry-box
techniques [20]. Acetonitrile was dried over and
distilled from calcium hydride, diethyl ether was
dried over and distilled from sodium
benzophenone ketyl, methanol was dried over
and distilled from Mg(OMe)2, 'PrOH and CD3CN
were dried over activated 3A molecular sieves
and all solvents were stored over activated 3A
molecular sieves under dry nitrogen. 40% '"O-
enriched water and deuterated solvents were
purchased from Goss Scientific. Tungstic acid
(99%,  Sigma-Aldrich) and  Ge(O'Pr)a
(Epivalence) were used as supplied.
(TBA)2[WsO19] was prepared from WO3.H20 as
previously described [11].

2.2 Spectroscopy

FTIR spectra were recorded on a Bruker
Alpha spectrometer fitted with a Platinum ATR
module (4000 - 400 cm™). NMR spectra were
recorded on a Bruker Avance Il 300
spectrometer operating at 300.0 MHz ('H),
75.48 MHz ('3C), 40.67 MHz ('"0O), or a Bruker
Avance Il HD 500 spectrometer operating at
500.15 MHz ('H), 67.84 MHz ('7O) or 20.84
MHz ('83W). NMR spectra were referenced by
sample replacement to SiMe4 ('H and 3C), H20
(""0) and aqueous 2 M NaxWO4 ('®W). 'H and
3C NMR resonances due to "BusN* (TBA)
cations are not listed in NMR data, but appear
as multiplets centred at about 1.0, 1.4, 1.7 and
3.2 ppm in "H NMR spectra and as singlets at
about 13, 19, 24 and 58 ppm in "*C{'H} NMR
spectra.

2.3 X-ray crystallography



Single crystal X-ray diffraction data were
collected on a XtaLAB Synergy-S HyPix-Arc
100 diffractometer using copper (Acuka =
1.54184 A) or molydenum (Amoka = 0.71073 A)
radiation at 150 K using an Oxford Cryosystems
CryostreamPlus open-flow N2 cooling device.
Intensities were corrected for absorption using
a multifaceted crystal model created by
indexing the faces of the crystal for which
data were collected [21]. Cell refinement, data
collection and data reduction were undertaken
using the software CrysAlisPro [22] The
structure was solved using XT [23] and refined
by XL [24] using the Olex2 interface [25]. All
non-hydrogen atoms were refined
anisotropically and hydrogen atoms were
positioned with idealised geometry, with the
exception of those bound to heteroatoms, the
positions of which were located using peaks in
the Fourier difference map. The displacement
parameters of the hydrogen atoms were
constrained using a riding model with U set to
be an appropriate multiple of the Ueq value of
the parent atom.

2.4 Computation

All calculations were performed using
Gaussian 16 package [26]. All structures were
optimised using B3LYP hybrid functional [27].
The LANL2DZ(f) effective core potentials basis
set was applied for W, Ge, Ti and Sn while 6-
31G(d,p) pople basis set was used for the
remaining atoms.[28, 29] Solvent effects were
included via implicit continuum model (IEF-
PCM) [30] to simulate the effects of acetonitrile.
The nature of all the stationary points were
verified with frequencies calculations.

NMR chemical shifts calculations were
performed using ADF2022 package. [31] The
molecular geometries were optimised using
PBE [32] functional with a TZ2P basis set.
NMR calculations were then performed using
OPBE [33] functional and a TZP basis set,
including relativistic effects (ZORA) and solvent
(COSMO) [34-36]. The '3W NMR chemical
shifts were obtained using WO4* as the
reference compound, whereas H20 was used
as a reference for 7O NMR. The calculated
chemical shifts were determined as dcal = Oref —
Ox, Where oxand Oref are the isotropic shielding
constants of the target and reference
compounds, respectively. [37, 38]

2.5 Synthesis of (TBA)s3[(PrO)GeWsO1s]
(TBA)s31.

(TBA)OH (1Min MeOH, 0.85 mL, 0.85 mmol)
was evaporated under reduced pressure,
dissolved in MeCN and then pumped dry. This
process was repeated twice more and the
residual oil dissolved in MeCN (10 mL) before
addition of (TBA)2[WesO19] (1.00 g, 0.53 mmol).
After stirring for 25 min, the solid had dissolved
to give a clear colourless solution, to which was
added 40% '"O-enriched H20 (10 uL, 0.55
mmol) with stirring for a further 25 min. After
addition of Ge(O'Pr)s (0.20 mL, 0.67 mmol) the
resulting solution was stirred overnight before
removal of the volatiles under reduced pressure
to give a colourless gel, which was
triturated/washed with toluene (2 x 15 mL) and
diethyl ether ( 20 mL) and then dried to give a
white solid (1.36 g). After recording '’O and 'H
NMR spectra, the product was dissolved in
MeCN (2 mL) and treated with 'PrOH (0.5 mL).
After 5 days, the volatiles were removed and
the residue dissolved in MeCN (5 mL)/ 'PrOH
(0.5 mL), warmed and pumped dry. The residue
was dissolved in CHxCl2 (4 mL) filtered,
concentrated under a stream of nitrogen and
set up for diffusion of diethyl ether vapour into
the solution to give large colourless prisms over
several days (Figure S1). "H NMR (300.13 MHz,
CD3CN) & (ppm): 4.19 (septet, 3J('H'H) 6.1 Hz,
OCHCMe), 1.07 (d, 3J('H'H) 6.1 Hz,
OCHCMe2). *C{'"H} NMR (75.48 MHz, CD3sCN)
0 (ppm): 64.6 (OCHCMez), 26.5 (OCHCMez).
7O NMR (40.7 MHz, CD3CN) & (ppm): 726, 702
(W=0), 400, 387 (WOW), 377 (GeOW), 6 (Ye-
0). "8W NMR (20.8 MHz, CD3CN) & (ppm):
56.7 (4W, W(eq)), —84.9 (1W, W(ax)). Vmax/cm™’
2959, 2934, 2873, 1481, 1380, 1245, 1151,
1129, 948 (vs), 883, 798 (vs), 775 (vs), 665,
635, 618, 580, 439 (vs), 420 (vs).

2.6 Methanolysis of (TBA)s1 — synthesis of
(TBA)3[(MeO)GeWs01s] (TBA):4

(TBA)31 (0.078 g, 0.038 mmol) was weighed
into a screw-top NMR tube with a septum cap
and dissolved in CDsCN (0.5 mL). After
recording the 'H NMR spectrum, MeOH (10 pL,
0.245 mmol) was added and the spectrum was
re-recorded. The sample was then heated to
boiling for ca. 5 min and 'H, '3C and 7O NMR
spectra were recorded. Diethyl ether vapour
was then diffused into the resulting solution to
give colourless crystals (0.052 g, 68%). 'H



NMR (300.13 MHz, CD3sCN) & (ppm): 3.85 (s,
OCHs). ®C{'H} NMR (75.48 MHz, CDsCN) &
(ppm): 52.1 (OCHs). 7O NMR (40.7 MHz,
CDiCN) & (ppm): 725, 700 (W=0), 400, 388
(WOW), 373 (GeOW), 8 (Hs-O). Vimax/cm™! 2959,
2934, 2873, 1481, 1364, 1151, 1107, 1070,
1026, 950 (vs), 883, 798 (vs), 776 (vs), 663,
635, 618, 581, 556, 441 (vs), 422 (vs).

3 RESULTS AND DISCUSSION

3.1 Synthesis and characterisation

We have previously shown that non-
aqueous base degradation of (TBA)2[WsO19]
generates species in solution that react with
suitable heterometal precursors to form {MWs}
Lindqvist anions [11]. We therefore used the
stoichiometry shown in Equation (1) to target
the alkoxido Ge"  substituted POM
(TBA)3[(PrO)GeWsOxs].

5 [WeO19]>~ + 8 OH- + 5 H20 + 6 Ge(OPr)s —

6 [(PrO)GeWs0O1g]*~ + 18 'PrOH )
*
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Figure 1. 7O NMR spectra of products from treatment of
base-degraded (TBA))[WsO1o] with Ge(OPr), before (a)
and after (b) treatment with PrOH and crystallisation. Peaks
marked * at 777 and 416 ppm are due to a small amount of
(TBA)2[WsO1+o] impurity.

The reaction was monitored by O NMR
spectroscopy by using '"O-enriched H20 and
the initial product showed broad peaks in the
regions for W=0 (~ 700 ppm) and WOW (~ 400
ppm) in addition to peaks for [WeO19]* at 777
and 416 ppm. Other significant peaks are at

502 ppm and a single broad peak at —18 ppm
for central ps-O (Figure 1(a)). After five days in
MeCN/PrOH, removal of the solvent and
crystallisation from CH2Cl2/Et20, the 7O NMR
spectrum of the crystalline product shown in
Figure 1(b) was consistent with the expected
pseudo Csv symmetry of 1 with terminal W=0
peaks at 726 and 702 ppm for equatorial W(eq)
and axial W(ax) sites respectively and a peak
at 6 ppm for the central pe-O. Assignment of the
GeOW peak is ambiguous due to overlap with
WOW resonances, but our unpublished {SnWs}
POM protonation studies suggest that these
oxygen atoms are associated with the broader,
most upfield of the peaks in this region, which
differs from our previous assignments [7, 8]. 17O
NMR data for all [(PrO)MWsO1s]*~ homologues
(M = Ge, 1; Sn, 2; Ti, 3) are listed in Table 1
together with '®3W NMR data.
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Figure 2. "H NMR spectrum of (TBA);1 in CD;CN.

Table 1. Observed 7O and "W NMR chemical shifts (ppm)
for homologues [(PrO)MW;0.¢]* (M = Ge, 1; Sn, 2; Ti, 3).

1 2° 3

W(eq)=0 726 726 722
W(ax)=0 702 684 715
MOW(eq) 377 367 528
wow 400, 387 396, 383 392, 382
pe-O 6 18 -57
W(eq) 56.7 74.5 42.6
W(ax) -84.9 -128.3 76.3

2 Ref. 8

® Ref.1

It is noteworthy that products obtained from
reactions after only a short treatment with
'PrOH (hours rather than days) gave 7O NMR
spectra similar to that shown in Figure 1(a), and
ultimately produced low yields of (TBA)s1. CH
and CMe: resonances for the OPr ligand of
(TBA)3s1 were observed at 4.19 (septet) and



1.07 (doublet) ppm in the 'H NMR spectrum
(Figure 2) and at 64.6 and 26.5 in the "3C{'H}
NMR spectrum respectively. Comparative 'H
and "C NMR data for the homologues
[(RO)MW5018]* (R = Me, 'Pr; M = Ge, Sn, Ti)
are collected in Table S1.

The 83W NMR spectrum of (TBA)31 shown
in Figure 3 contains peaks for W(eq) and W(ax)
at 56.7 and —84.9 respectively in addition to
minor impurity peaks that likely arise from ca.
20% hydrolysis due to the long (four-day)
acquisition time and elevated temperature (333
K). The comparative "W NMR data for
[(PrO)MWs018]*~ homologues (M = Ge, 1; Sn,
2; Ti, 3) in Table 1 illustrate the sensitivity of
Owax) to the the nature of the heteroatom. The
weighted averaged dw values for 1, 2 and 3 are
28, 34 and 49 ppm respectively.
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Figure 3. "W NMR spectrum of (TBA);1 recorded in
CDsCN at 333 K. Smaller peaks are likely due to the
hydrolysis product (TBA)s;[(HO)GeWs0O;g].

Figure 4. Structure of the anion in (TBA)31.CH.Cl,.

Single-crystal X-ray crystallography
revealed the structure to be a CH2Cl2 solvate of

1, with some disorder on the anion sites. The
structure of the highest occupancy anion is
shown in Figure 4. Averaged bond lengths and
angles for the homologues [((PrO)MWs01s]*~ (M
= Ge, 1; Sn, 2; Ti, 3) are compared in Table 2
(using both anion structures of 1) and, as
expected, the most notable differences are
associated with the heteroatom site M. The C-
O and Ge-OC bonds in the {GeO'Pr} unit are
shorter than corresponding bonds in {SnOPr}
and {TiO'Pr}. The GeOC angle shown in Table
2 is the average of the values for the two anions
in the structure (126.2° and 137.5°) and is
larger than SnOC, but not as large as TiOC,
where Ti d orbitals enable Ti—O 1-bonding. The
Ge—0OW(eq) bonds in 1 are significantly shorter
than Sn—OW(eq) and Ti—-OW(eq) bonds in 2
and 3 respectively, demonstrating the
coordinative flexibility of the lacunary k°0O-
{Ws0O1g} ligand framework. Indeed, Ge is the
smallest heteroatom to be incorporated into the
Lindqgvist-type [XMW50O1s]"™~ POM structure to
date. The volume of the pyramidal ligand
'pocket' as defined by the five oxygen donor
atons of the kK°O-{Ws0O1s} pentadentate ligand in
1, 2, and 3 are 5.00, 6.22 and 5.26 A3
repectively.

Table 2. Averaged bond lengths (A) and angles (°) for
anions [(PrO)MW;01]* (M = Ge, 1; Sn, 2; Ti, 3).

1 2 3
c-0 1.305 1.375 1.330
M-O(C) 1.747 1.947 1.768
MOC 131.9 123.9 160.0
M-OW(eq) 1.872 2.035 1.919
M—psO 2.215 2.248 2.240
W(eq)=0 1.713 1.718 1.718
W(ax)=0 1.725 1.734 1.702
W(eq)-OM 1.871 1.866 1.887
W(eq)-OW(eq) 1.935 1.933 1.938
W(eq)-OW(ax) 1.954 1.955 1.966
W(eq)-psO 2.315 2.337 2.328
W(ax)-OW(eq) 1.915 1.907 1.920
W(ax)—psO 2.291 2.359 2.334

2 Ref. 8, P Ref.1

The FTIR spectrum of (TBA)s1 is typical of
Lindqvist-type hexametalates, with a terminal
v(W=0) absorption band at 948 cm~' which
compares to 953 and 946 cm™' for 2 and 3
respectively, suggesting that {Ge(O'Pr)}** and
{Ti(OPr)}* moieties have similar electronic
effects on the anionic charge distribution and
terminal W=0 bond strength in these anions.
The overlapping bands at 750 - 800 cm~" are



assigned to v(W-0) of the WOW and WOGe
bridging linkages.
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Figure 5. ATR FTIR transmittance spectrum of (TBA);1

3.2 Methanolysis reactivity

We have shown previously that M—OR bond
protonolysis in {{RO)MWs} Lingvist anions is
sensitive to the nature of heterometal M [9], so
we were interested to compare the reactivity of
1 with that of {(RO)SnWs} analogues. Sn—OR
protonolysis is facile for [(RO)SnWsO1s]*
anions such that alkoxide exchange may be
achieved readily in reactions with alcohols,
while hydrolysis readily produces the stable
hydroxido analogue (R = H) [9]. When a sixfold
excess of MeOH was added to an NMR sample
of (TBA)31 in CD3CN, alkoxide exchange was
slow until the sample was heated, whereupon
clean conversion to (TBA)3[(MeO)GeWs0O1s]
(TBA)34 was achieved, as evidenced by the
disappearance of the GeOCHMe: septet at
4.19 ppm in the '"H NMR spectrum and the
appearance of a singlet for GeOCHs at 3.48
ppm along with peaks for 'PrOH (Figure S2).
The corresponding peak for GeOMe in the '*C
NMR spectrum was observed at 52.1 ppm
(Figure S3). 'H and "C chemical shifts for
methoxido ligands in homologous
[((MeO)MWSs501g]*- POMs are 3.64 and 53 ppm
(M = Sn) and 4.08 and 62.4 ppm (M = Ti)
respectively (Table S1).

The 7O NMR spectrum of this reaction
solution is shown in Figure 6 and confirms the
clean conversion to the methoxido derivative 4.
As expected, the chemical shifts are similar to
those for (TBA)s1 but with a slight upfield shift
for the GeOW(eq) bridging oxygens from 377 to
373 ppm. The peak at 8 ppm is assigned to the
central pe-O oxygen and the significantly
broader peak at -6 ppm to H20 formed by
methanolysis of small amounts of hydrolysed
species present in the sample of (TBA)31 used
for the reaction, and/or the OH ligand of trace
hydrolysis product [(HO)GeWs01s]*".
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Figure 6. 7O NMR spectrum of (TBA):4 formed by addition
of 6 mole-equivalents of MeOH to a solution of (TBA);1 in
CD;CN with heating for 5 min. Peaks marked * at 777 and
416 ppm are due to a small amount of (TBA),[WgO19]
impurity.

Diethyl ether was diffused into the resulting
NMR solution to give colourless prisms of
(TBA)s4 which were analysed by single-crystal
X-ray diffraction (Table S3). Replacement of
OPr with the smaller OMe ligand introduces
disorder into the {GeWs} structure, as was also
the case in the structure of the tin analogue
(TBA)3[(MeO)SNWs01s]  [7]. The least
disordered of the two anion sites in the
structure of (TBA)s4 shows trans-disorder of the
{GeOMe} moiety (Fig. S4), which limits the the
precision of bond length and angle
measurements and averaged values are listed
in Table S4 for comparison with those in Table
2.

The FTIR spectrum of (TBA):4 was similar
to that of (TBA)s1 with the terminal v(W=0)
band at 950 cm™" and bands between 750 and
800 cm™ due to bridging bonds (Figure S5).
When the crystals were handled in air, the FTIR
spectrum also showed a weak band at 3654
cm~" due to v(OH) of [(HO)GeWsO1s]* resulting
from trace hydrolysis, which compares to a
similar band at 3648 cm™" for [(HO)SnW501s]*".



This preliminary reactivity study indicates
that, while 1 is less reactive than {(RO)SnWs}
species, it shows similar protonolysis behaviour
to {(RO)TiWs} species [9]. Further experiments
are planned to obtain detailed comparative
kinetic data and fully characterise hydrolysis
products, which should help to explain the 7O
NMR spectra of intermediate stages of the
synthesis. It is possible that incomplete removal
of MeOH from the methanolic (TBA)OH used in
the degradation step, together with trace
hydrolysis is likely to produce a mixture of 1, 4,
[(HO)GeWsO1g]*~ and possibly oxido-bridged
[(u-O)(GeWsO1g)2]®~ prior to treatment with
iPrOH, as was observed in the synthesis of tin-
substituted [(RO)SnWs01g]*~ anions  [9].
Subsequent exchange with 'PrOH to form 1 is
expected to be slow due to the steric bulk of the
isopropoxido ligand [5], which would account
for the incomplete conversions observed with
shorter reaction times.

3.3 Computation

Calculated molecular electrostatic potentials
and selected bond distances for
[(PrO)MWs018]*~ homologues (M = Ge, 1; Sn,
2; Ti, 3) are presented in Figure 7 and Table 3
respectively. A clear variation in the charge
density of the oxygen atoms bonded to M is
observed across the series. The oxygen atoms
bonded to Sn and Ge exhibit a more negative
charge density than for Ti. This trend is
consistent with the higher positive Mulliken
charges calculated for the Ge and Sn
homologues compared with Ti, with values of
+1.8176 for Ge, +1.9636 for Sn, and +1.2760
for Ti, following the order Sn > Ge > Ti.

™

1.105

-0.40

1 2 3

Figure 7. Calculated Molecular Electrostatic Potencial
(MEP) for [(PrO)MWS50+g]*~ homologues (M = Ge, 1; Sn, 2;
Ti, 3). The more negative regions are coloured red, and the
more positive regions in blue.

Table 3. Representative bond distances and angles from
optimised geometries for [(PrO)MW;5045]*~ homologues (M
=Ge, 1; Sn, 2; Ti, 3).

M-O(C) 1.786 1.929 1.791
M-OW,q 1.902 2.039 1.956
o-C 1.436 1.437 1.424
MOC 121.9 123.5 146.6

The representative distances and angles,
i.e., those associated with the heteroatom site
(M), are well reproduced in Table 3. As
discussed above, Sn-OC bonds are larger than
Ge-OC and Ti-OC, while the Sn-O-C and Ge-
O-C angles are smaller than Ti-O-C due to the
availability of the 3d orbitals, which enables
oxygen to Ti m bonding (Figure S6). This is
consistent with a greater negative charge
associated with MOC (M = Ge, Sn) than with
TiOC and with a bond ionicity in the order Ti <
Ge < Sn. This trend is also reflected in the M-
OW(eq) bonds.

Table 4. Calculated 'O and "W NMR chemical shifts for
homologues [(PrO)MWs04s]**(M = Ge, 1; Sn, 2; Ti, 3).

1 2 3
W(eq)=0 718 715 717
W(ax)=0 680 669 71
MOW(eq) 441 427 567
wow 440, 455 438,451 434,443
1e-O 64 67 -25
W(eq) 73 94 72
W(ax) -104 -138 100

Calculated 'O and '83W chemical shifts are
listed in Table 4. 7O chemical shifts are in
excellent agreement with the experimental data
in Table 1, confirming that the largest
differences occur at the M-O-W(eq) oxygens
sites and arise from the differences in the
nature of M. Although the experimental
assignment of the GeOW peak is ambiguous,
the calculated 7O chemical shift provides
support for the proposed assignment. The
calculated GeOW shift (441 ppm) is similar to
those calculated for WOW (440 and 455 ppm),
consistent with the overlap of the
corresponding resonances observed in the
experimental spectra. The calculated ©(pe-O)
values are also in line with experimental data,
showing that the &(us-O) shift of 3 is
substantially more upfield than those of 1 and 2.
The calculated W NMR chemical shifts
support the sensitivity of d8W(ax) to the nature
of the metal M. It is known that the NMR
chemical shifts are largely governed by the
coupling between occupied and unoccupied
orbitals [39]. In the present systems, the



energy gaps are similar for 1-3 (as seen in
Figure S6), suggesting that differences in
orbital overlap and composition may contribute
significantly to the observed differences in '83W
chemical shifts. This is particularly evident for 3,
where the Ti d orbitals contribute to the LUMO
and may therefore significantly influence the
resulting shifts.

4 CONCLUSIONS

The successful substitution of alkoxido
germanium moieties into the Lindqvist
hexatungstate structure to give
[(PrO)GeWs01s]*~ 1 and [(MeO)GeWsO1g]*~ 4
has enabled detailed comparisons with the Sn'v
and Ti"V homologues 2 and 3 respectively, and
the accommodation of the small Ge atom
illustrates the flexible nature of the lacunary
{Ws01s} metal oxide ligand. Methanolysis of the
Ge—OPr bond in 1 was slower than that of Sn—
O'Prin 2, but proceeded cleanly to methoxide 4
upon warming. Both 1 and 4 are sensitive to
hydrolysis and evidence for the formation of
[(HO)GeWsO1g]*>~ was observed in NMR and
FTIR spectra. Given that bulkier O'Pr groups
hydrolyse more readily than OMe, the results
from these investigations suggest that the best
strategy for the efficient preparation of a
{(RO)GeWs} POM for wider reactivity studies
would appear to be the direct methanolysis of
the initial reaction mixture from Equation 1 to
give (TBA):4.

Intriguingly, the dimensions of the
coordination 'pocket' in 1 may be compared
with the structural parameters for the
octahedral silicon bis(B-diketonato) complex
[Si(thd)2Me2] (thd = 2,2,6,6-tetramethyl-3,5-
heptanedionato) [40] suggesting that it might be
possible to incorporate silicon as an octahedral
heteroatom into kK?O-[W5O1s]%".
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