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The microwave-assisted reaction of (TBA)4[p-MogO,4] and
(TBA)z[H3V100,g] with pentaerythritol or tris(hydroxymethyl)lamino-
methane yields polyanions with the general formula (TBA),[VzMo0304¢-
(O3—R)] (R: CsHgOH — 1; R: C4HegNH, — 3). Post-synthetic esterification
of 1 yields the acylated derivative 2, with all compounds being
characterized in the solid and solution state.

Isopolyoxometalates are oligomeric molecular metal oxides with
notable structural diversity, while incorporation of heteroatoms
into the metal oxide framework in the form of organic,"
organometallic,” main group,” transition metal," lanthanoid™® and
actinoid” components yield heteropolyoxometalates. Consequently,
the properties of polyoxometalates (POMs) are equally extensive,
resulting in their investigation in research areas encompassing
molecular magnetism,® catalysis,”'" nano-materials,"”>"* energy
storage,"*'® and sensing applications.®"”

Modification of POM surfaces by covalently grafting organic
ligands has been a long-standing strategy to generate hybrid mole-
cular materials via one-pot or post-synthetic methodologies."®'® The
selection of synthetic approach is driven by the most efficient
method to yield analytically pure products due to difficulties
associated with the separation of POM mixtures.* Post-synthetic
modification is therefore most commonly utilized when target-
ing the introduction of sophisticated organic components that
are challenging to cleanly install in one step.'®' Despite the
impressive range of inorganic-organic hybrids reported to date,
the number of polyoxometalate (POM) platforms available for
functionalisation is somewhat limited. The most intensively
studied alkoxo functionalised POMs include the hexavanadate
Lindqvist [V4O;4{R},]>~ and the one and two-sided Anderson-
Evans [M(MogO,4){(OCH,);C-R}Y], [M(M0gO,4){(OCH,);C-R},]
(R = CH3, NO,, CH,OH, NH,...) species.”"** Additionally, the
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Wells-Dawson phosphovanadotungstates of general formula
[RC(CH,0);V5P,W,5050]°" (R = CHj;, NO,, CH,OH) firstly
reported by Hill et al. have been utilized as building blocks for
structural and compositional diversification.>® Overall these
compounds can generally be prepared in good yield and relatively
high purity.

Recently, we reported the initial findings of our investigation
targeting the microwave-assisted synthesis of molybdovanadates.>*
As part of that work we discussed the facile preparation of the
alkoxo-functionalized molybdovanadate (TBA),[V;M03;0;6{CsHgO5}]
from (TBA),[B-M0gO,,], (TBA)3[H3V100,s] and tris(hydroxymethyl)-
ethane.>® As a continuation of that study, we established that
the methodology could be extended to yield more synthetically
useful derivatives.

Herein, we report the microwave-assisted synthesis and char-
acterisation of alcohol, acetyl and amine terminated molybdo-
vanadates of general formula (TBA),[V;M0;0;6(0O5-R)]; where
R = (CsHo04) 1, (C;H110,) 2 and (C4HgN) 3. The three com-
pounds are characterised in the solid state by single crystal
X-ray diffraction, FT-IR and elemental analysis, meanwhile the
solution stability and structural isomer distributions of 1-3
in acetonitrile using ESI-MS, UV-Vis, and NMR spectroscopy
are reported.

Compounds 1 and 3 were prepared by reacting (TBA),-
[B-Mo0gO,¢] and (TBA);[H3V;100,5] in acetonitrile with either
pentaerythritol (Tris-OH) or tris(hydroxymethyl)aminomethane
(Tris-NH,) respectively, in the stoichiometric ratios found in the
products. Microwave irradiation of the reaction mixture for
5 minutes at 110 °C and 4 bar, results in the formation of a dark
brown solution that is subsequently purified via ether precipi-
tation multiple times to yield crystalline products of 1 and 3
in 56% and 43% yield based on vanadium (see the ESIt).
An acylation reaction of compound 1 with acetic anhydride,
N,N-dimethylaminopyridine (DMAP) and triethylamine (TEA) in
acetonitrile afforded compound 2 in 11% yield. The compositions
of 1-3 were confirmed by ESI-MS (Fig. S11-S13 and Tables S1-S3
in ESIt), with the spectra of each compound containing
two distinctive isotopic envelopes that are attributed to the
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Fig. 1 Simplified mixed polyhedral, ball and stick representation of
the structural isomers A—C and their distributions for compounds 1-3.
Vanadium, orange spheres; molybdenum, blue spheres; carbon, black
spheres; hydrogen, white spheres; oxygen, red spheres.

mono- and di-anions of the parent clusters. The mono-anion
envelopes for 1-3 are centred at m/z 1072.52, 1114.64 and
1072.37 respectively.

Crystallographic analysis of 1-3 reveals a mixture of struc-
tural isomers as observed for (TBA),[V3:M030,6{CsHO3}], with
the tripodal ligand being condensed to a vanadium rich triad,
({vs} or {V,Mo,}).*?> This non-random distribution of V and
Mo results in the polyanion metal-oxo core having Cs, — 1A-3A,
Cs - 1B-3B or C; — 1C-3C point symmetry (Fig. 1). Despite the
inability to distinguish isomers due to the averaging nature of
X-ray diffraction, assignment of three distinct crystallographic
metal sites with the following occupancies (site A -V, 0.75; Mo,
0.25, site B - V, 0.5; Mo, 0.5, site C - V, 0.25; Mo, 0.75) is
possible (Scheme 1). Correspondingly, the metal-oxo bond
lengths within the hexametallates can be clearly differentiated
for the three crystallographically defined sites A-C (Fig. 1,
Table 1). As expected the vanadium rich site A has the shortest
average terminal M-O, bonds (M-O; 1.615 A), with the corres-
ponding molybdenum rich site C having the longest average
terminal M-O, bonds (Mo-Oy; 1.666 A). The molybdenum rich
and ligand free triad ({Mos} or {Mo,V,}) is somewhat com-
pressed in comparison to the ligand grafted triad. Additional
crystallographic details are provided in the ESI{ (Table S7).

In addition to the crystallographic comparisons, NMR has
proven very informative, with excellent correlation between the
experimentally observed and theoretically predicted distribu-
tion of structural isomers for [VsM030,6(0;CsHo)]>~, with no
structural re-arrangement in MeCN at room temperature. We
anticipated that the same distribution and stability would be
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1: Tris-OH
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Scheme 1 Synthetic scheme for the preparation of 1 and 3. Carbon, black
spheres; hydrogen, white spheres; nitrogen, blue spheres; molybdenum,
light blue spheres; oxygen, red spheres; vanadium, orange spheres. Metal
site occupancies: site A: V 0.75, Mo 0.25 purple polyhedra; site B: V 0.5,
Mo 0.5 teal polyhedra; site C: V 0.25, Mo 0.75 green polyhedra.

observed for 1-3, however, our findings reveal a more compli-
cated situation (Fig. 1). Assignment of the "H NMR spectrum of
freshly prepared samples of 1 and 2 in D;-acetonitrile revealed
the same preferential substitution pattern (A > B > C) as for
[V3M0;046{CsHo05)]*~ with slightly higher populations of isomers
B and C (Fig. 1 and Fig. S1, S2, ESI{). Unexpectedly this trend is
reversed for the amine terminated polyanion (3C > 3B > 3A) with
the relative populations determined by integration of 'H peak areas
(Fig. 1 and Fig. S3, ESIT). The "H NMR spectra of 1-3 resemble that
of the previously reported [V;Mo3;0,6{CsHsO3}]>~, with deshielded
methylene proton resonances between 4.50 and 5.25 ppm being
due to their proximity to the electron deficient V¥ or Mo"" (Fig. 1
and Tables S4-S6, ESIt). The Cs;, symmetry of isomers 1A-3A
results in a single resonance for the methylene —(CH,);-R protons
of the grafted ligand, meanwhile a broad singlet and two sets of
broad doublets- are observed for the C; symmetrical 1B-3B isomers
—(CHa,)(CHgc),-R (Fig. S1-S3 and Tables S4-S6, ESIt). The singlet
is observed for the two equivalent protons bisected by the mirror
plane with the pair of doublets (J = 11.5 Hz) due to coupling
between the two diastereotopic geminal protons Hg and Hc¢
(Fig. 2). The meridional arrangement of the V atoms in isomers
1-3C/C’ results in chiral polyanions, where each of the methylene
protons are inequivalent. Significant peak overlap complicates the
unambiguous assignment of the methylene protons, nonetheless
two doublets of doublets with coupling constants of (J = 11.5 Hz
and 1.5 Hz) attributed to geminal and 4-bond “W” coupling are
clearly identifiable in 2C/C’. Integration of peak areas associated
with the methylene (3.9-4.02 ppm) and methyl (2.83-3.01 ppm)
resonances of acetyl functionalised 2 assists with the assignment
and relative population of isomers A-C.

Cyclic voltammetric analysis of compounds 1-3 in MeCN
were conducted to gain some understanding of their
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Table 1 Site occupancies and corresponding average bond lengths (A) of 1-3. Sites A-C are as defined in Scheme 1. O; — terminal oxo ligand; Op, — p?

bridging oxo ligand; O, — central p® oxo ligand

Site A Site B Site C
Compound

M-O, M-0y, M-O, M-O, M-0y, M-O, M-O, M-0, M-O,
1 1.615 1.820-2.054 2.231 1.650 1.848-2.012 2.281 1.665 1.921 2.356
2 1.614 1.712-2.087 2.247 1.640 1.812-2.088 2.284 1.664 1.871-1.957 2.299
3 1.615 1.825-2.048 2.228 1.639 1.880-2.090 2.277 1.667 1.921 2.365

A'C3V B'Cs

C - Cq

Fig. 2 Mixed polyhedral, ball and stick representation of isomers A-C
emphasising the methylene proton environments. Vanadium, orange
polyhedra; molybdenum, grey polyhedra; carbon, black spheres; hydro-
gen, white spheres; oxygen, red spheres.

electrochemical properties. All three compounds possess a
one-electron quasi-reversible reduction wave (with E,,

—0.584 V vs. Fc/Fc¢' for 1, E;, = —0.615 V vs. Fc/Fc' for 2 and
Eyp = —0.572 V vs. Fe/Fe' for 3); that we have assigned as
reduction of one V" to V"', based on previous data reported by
Zubieta et al. on hexavanadates.”® Comparison of this redox
couple with hexavanadate derivatives indicates a significant
electron withdrawing influence of the three electron-deficient
Mo"" centres, with the one-electron reduced derivatives of
[V,¥V,"™"M0;0,6(0OCH,);-R]*~ being stabilized with respect to
the nitroso derivative of the structurally related hexavanadate
[V5'V1™V0,3{(0OCH,);CNO,},J*~ in line with the more positive
first reduction wave.>® Furthermore, the insensitivity of the
UV-Vis spectra to modifications of the organic ligand is in
agreement with this observation, with the lowest lying electronic
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Fig. 3 Cyclic voltammogram of 0.1 mM 2 in a 0.1 M TBA-PF¢ electrolyte
solution showing a quasi-reversible one-electron redox process.
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transition (for 2, 365 nm, ¢ = 0.7670 x 10* M~"' em ') being
assigned as an LMCT band (Fig. 3).

In conclusion, we report the extension of our previously
established microwave-assisted synthesis of the hexamolybdo-
vanadate [V3M030,6{C5Hs03}]> to include alcohol 1 and amine
3 terminated derivatives. Post-synthetic derivatization of 1
to yield acetylated 2 verifies that this POM platform holds
significant potential as a new building block that can be utilized
in a wide range of functional materials. Attempts to separate the
isomeric mixtures of these compounds is ongoing.
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