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A series of tripodal alcohols substituted Anderson-type poly-
oxometalates (POMs) including mono-substituted (compounds 1
and 2), asymmetrical bi-substituted (compound 3), and symmetri-
cal bi-substituted ones (compounds 4 and 5) have been synthe-
sized under hydrothermal conditions using a pre-designed step-
by-step strategy, and compounds 1, 2 and 4 have been fully
characterized by single-crystal X-ray diffraction, ESI-MS, and
elemental analysis.

Polyoxometalates (POMs) are a large class of discrete metal-oxo
clusters of early transition metals of V, Mo, W etc. in their high
oxidation states." The structural diversity and interesting
chemical and physical properties of POMs> give rise to many
potential applications in various fields such as catalysis,
materials science,’ and chemical biology.” Previous studies
have shown that the development of POM-based organic/
inorganic hybrids is one of the most efficient ways to extend the
applicability towards multifunctional materials.® The resulting
POM-containing hybrids, which combine not only the advan-
tages of organic moieties and inorganic clusters, but also the
close interactions and synergistic effects between them, have
attracted tremendous attention.” Nevertheless, direct covalent
functionalization of POMs is not easy, and only a few POM
clusters have been covalently modified so far.*'" Among
them, the synthesis of unsymmetrical POMs remains highly
challenging.

In this respect the use of hydrothermal reaction processing,
with carefully controlled reaction parameters, has proved to be
an effective method for the preparation of transition-metal-
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substituted POMs (TMSPs) and it is widely utilized in POM
chemistry.'* However, due to the lack of controllability during
the course of hydrothermal reactions, it is hard to predict the
desired molecular structures. In recent years, Yang and co-
workers successfully tethered (1,1,1-tris(hydroxymethyl)amino-
methane (denoted Tris-NH,) and related tripodal alcohol
ligands onto a Nig-substituted POM, leading to the formation
of a number of interesting covalently functionalized TMSPs."

Herein, we present a stepwise method that has been
adopted during the preparation of two mono-substituted
Anderson-type clusters of compounds 1 and 2 with the
molecular formulae of (TBA);{Cr(OH);Mo0,O;5[(OCH,)3;CCH,-
OHJ}-12H,0 (TBA = tetrabutylammonium cation) and (TBA),-
{Cr(OH);M04045[(0OCH,);CCH;]}-11H,0, one asymmetrical
bi-substituted compound 3 with the molecular formula of
(TBA);{CrMo40,¢[(OCH,);CCH,OH][(OCH,);CCH;]}, and two
symmetrical bi-substituted compounds 4 and 5 with the mole-
cular formulae of (TBA);{CrMogO;4[(OCH,);CCH,OH],}-2DMF
and (TBA);{CrMosO;4[(OCH,);CCH3],}, under hydrothermal
conditions, respectively.

Previous studies have demonstrated that tripodal alcohols
such as Tris-NH, with their unique molecular structures can
be capped onto Anderson clusters.” Encouraged by the suc-
cessful preparation of asymmetrical Mn-Anderson clusters,”?
we tried to apply our approach to graft different tripodal alco-
hols onto Anderson clusters (Naz[Cr(OH)sMo0sO,5], abbreviated
as CrMog). As the first trial, pentaerythritol and CrMog, in a
molar ratio of 1:1, were mixed in aqueous solution for
24 hours under hydrothermal conditions. Subsequently, tetra-
butylammonium bromide (TBA-Br) was added to the solution
yielding the product as pink crystals in a yield of 78% from the
mother liquor in a few days. Compound 2 was prepared in a
similar way to compound 1, except that 1,1,1-tris(hydroxyl-
methyl)ethane (Tris-CH;) was used instead of pentaerythritol.
The molecular structures of compounds 1 and 2 have been
determined by single-crystal X-ray diffraction (single-crystal
XRD, Table S1+t). In the case of compounds 1 and 2, both com-
pounds crystallised in an orthorhombic system adopting the
chiral space group P2,2,2,.1 The chirality might be caused by
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the asymmetric mono-substitution of the achiral tripodal
alcohols on the surface of the Anderson plate. Interestingly
the compounds exist only as monomers without the internal
p*-oxo ligands being protonated, and this is quite different
from what has been reported in the literature.""*

The asymmetric unit of compound 1 consists of three TBA
cations, one {Cr(OH);Mo040,5[(OCH,);CCH,OH]}*~ anion, and
twelve crystallized water molecules. Compound 1 shows a
typical Anderson structure, in which six edge-sharing {MoOg}
octahedra form a hexagon around the central {CrO¢} unit
(Fig. 1a). Moreover, the p’-hydroxo moiety of one side of the
B-type Anderson plate is replaced by three p*-alkoxo ligands,
while the other side of Anderson is left unaffected. The crystal
structure of compound 2 is similar to that of compound 1, and
the only difference is the appended organic moiety (Fig. 1b).

Electrospray ionisation mass spectrometry (ESI-MS) has
been proved to be a successful technique for the characteris-
ation and elucidation of cluster transformation mechanisms
in POM chemistry. The molecular structures and compositions
of compounds 1 and 2 were also confirmed by ESI-MS. Fig. 2
shows the ESI-MS spectrum of compound 1, and the peaks
observed at m/z = 1585.67 (caled 1585.42) could be assigned to
{(TBA)4{Cr(OH);M0,0,5[(OCH,);CCH,OH]},}*~ (Fig. S1%). As
for compound 2, the peak observed at m/z = 1568.99 (cald
1568.92) corresponds to {(TBA){Cr(OH);M0c0;5[(OCH,);CCH, ]k~
(Fig. S27).

Fig. 1 Single-crystal X-ray crystallographic structure of (a) {Cr(OH)sz-
MogO15[(OCH,)3CCH,OHIY™ in compound 1; (b) {Cr(OH)sMogO1s-
[(OCH,)sCCHs}*~ in compound 2. Ball and stick representation with Cr
pink, Mo dark teal, C gray, O red. H atoms have been omitted for clarity.
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Fig. 2 ESI-MS spectrum of 1 with peaks at m/z 1585.67 attributed to

{(TBA)4[Cr(OH)sM06015{(OCH,)sCCH,OH}, I},
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The above results indicate that CrMog tends to form mono-
substituted POM species in the presence of an equivalent
amount of tripodal alcohols under hydrothermal reactions. In
order to control the functionalization, and to synthesize asym-
metrical bi-substituted POMs, pure crystals of mono-substi-
tuted compound 1 were used subsequently for further
modification. Compound 1 and Tris-CH; in a molar ratio of
1:1 were dissolved in a water-acetonitrile mixed solvent and
reacted under hydrothermal conditions. Accordingly, the asym-
metric bi-substituted compound 3 was obtained as a TBA salt
and characterized by ESI-MS spectroscopy (Fig. 3a). The
example peaks of compound 3 observed at m/z = 1653.08 (cald
1652.98) were assigned to {(TBA),{CrMogO;4[(OCH,);CCH;]-
[(OCH,);CCH,OH]}}~ (Fig. S31).

To further confirm the asymmetrical structure of com-
pound 3, bi-substituted symmetrical compounds 4 and 5 were
prepared using the same method. Although these three com-
pounds are distinguished only by one -CH,- unit from their
organic linkers, ESI-MS spectra of compounds 4 and 5 are
totally different from that of compound 3 (Fig. 3b and S57).
For compound 4, peaks at m/z = 1667.05 (cald 1666.96)
could be assigned as {(TBA),{CrMosO,5[(OCH,);CCH,OH],}}~
(Fig. S41), while peaks of compound 5 observed at
m/z = 1635.03 (cald 1634.97) correspond to {(TBA),{Cr-
MosO;5[(OCH,);CCH;),}}~ (Fig. S5t). It should be noted that
compounds 4 and 5 could also be obtained with a relatively
higher yield in a molar ratio of pentaerythritol: CrMos and
Tris-CH;3: CrMog = 2:1, respectively. Block pink crystals of
compounds 4 and 5 could be obtained by ether diffusion into
the DMF or acetonitrile solutions of the corresponding com-
pounds. The molecular structure of compound 4 has been
determined by single-crystal XRD and belongs to the
well-known analogue of the Mn'™-Anderson structure
({MnMo40,4[(OCH,);CCH,0H],}*7),>*  with  two tripodal
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Fig. 3 ESI-MS spectra of compounds 3 (a) and 4 (b).
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Fig. 4 Single-crystal X-ray crystallographic structure of compound 4
({CrMogO15[(OCH,)sCCH,OHIL}7). Ball and stick representation with
Cr pink, Mo dark teal, C gray, O red. H atoms have been omitted for
clarity.

alcohols capped onto both sides of the Anderson clusters
(Fig. 4). The coordination geometry of the central Cr'™" ion of
compound 4 is regular, with a mean Cr-O distance of 1.95(8) A,
and O-Cr-O bond angles between 86° and 94°.

FT-IR spectra of compounds 1-5 were very similar, with
typical Anderson-type POM vibrational bands®® such as ca.
940, 920, and 665 cm™ ", which correspond to the vibrations of
Mo=0 and Mo-O-Mo groups. The bands between 1020 and
1130 cm ™" could be assigned to C-O stretching vibrations indi-
cating that tripodal alcohol had been successfully tethered
onto the Anderson clusters (Fig. S61). Usually, B-type Anderson
anions such as [Cr(OH)s-MogO15]*~ give rise to peaks with very
weak intensity at 576 and 527 cm™ "', which are assigned to
asymmetrical stretching of Cr-O and bending vibrations of
Mo-O-Mo and O-Cr-O bonds." However, the FT-IR spectra of
mono-substituted and bi-substituted chromium Anderson
clusters are different in the region of 400-600 cm™"' meaning
that FT-IR may be useful for distinguishing between com-
pounds before subsequent reactions. Taking compounds 1
and 3 as examples, compound 1 exhibits weak vibrations at
565 and 488 cm™', while compound 3 shows distinct medium
vibrations at 565, 513, and 460 cm™" (Fig. S71). The different
splitting peak numbers and significant shifts of compounds
1-5 in the range of 400-600 cm™" clearly demonstrated that
the tripodal alcohols had been successfully attached to the
Anderson clusters.

Conclusions

In summary, we have demonstrated that it is feasible to co-
valently functionalize POM clusters through a pre-designed
synthetic strategy using a controllable hydrothermal approach.
This led us to develop a series of organic-inorganic POMs
including the mono-substituted, symmetrical bi-substituted
and asymmetrical bi-substituted. All the compounds have
been synthesized in good yields using a step-by-step method
(Scheme 1) and extensively characterized. Further work will
explore the post-modification of the functionalized POMs and
their self-assembly behavior in solution.

This journal is © The Royal Society of Chemistry 2014
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Scheme 1 The synthetic procedure for the preparation of compounds
1-5 under hydrothermal conditions. Colour code: CrOg pink poly-
hedron, MoOg green polyhedron, C gray, O red. H atoms have been
omitted for clarity.
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4; p =1.630 g cm™; T = 153 (2) K; R, = 0.0396; WR, = 0.0910. Crystal data for 2:
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