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ABSTRACT: The reaction of [Sb,W,,0,,(OH),]*>~ and
[Fe4(H20)lo(ﬁ—TeW9033)2]4_ with (NH,),[RuClg] in
aqueous solution resulted in the novel ruthenium(IV)-
containing polyanions [{Ru'Y,04(H,0),},-
szwzooss(OH)z]4_ and [{RUIV406(H20)9}2{F3'
(H,0),},{-TeW,043},H] ", exhibiting two cationic,
adamantane-like, tetraruthenium(IV) units
{Ru,04(H,0)s}* bound to the respective polyanion in
an external, highly accessible fashion.
P olyoxometalates (POMs) exhibit a unique structural and
compositional variety and much potential for applications
in catalysis, materials science, and bioinorganic, analytical, and
medicinal chemistry, and this explains the constantly increasing
interest in this research area." In particular, vacant (or lacunary)
POMs have attracted special attention because they are
thermally and oxidatively robust, inorganic ligands able to
incorporate various numbers of oxophilic heterometal ions in
many different ways, leading to a virtually unlimited structural
diversity."> Among all lacunary polytungstates, those contain-
ing central heteroatoms with a stereochemically active lone pair
(e.g, As™, Sb™, Bi", Sn", Se', and Te') are particularly
attractive ligands."”

In 1997, Krebs and co-workers reported the 22-tungsto-2-
antimonate (1) [Sb,W,,0,,(OH),]"*” comprising two trilacu-
nary Keggin-type {-Sb"™W,0;;}°~ units linked via a belt of
two internal {WO,}** and two external {WO,(OH)}* groups,®*
and later the Bi"" analogue was also reported.*” The groups of
Krebs and Pope also demonstrated that the two external W'
centers in such structures can be easily substituted by various
first-row transition-metal ions, resulting in the large polyanion
family [(WO,),M,(H,0)(B-XW,053),]" (X = Sb'", Bi'"; M™*
Mn“, Fe3+, C02+, N12+, V02+),33,4,Sa—c and
[(Woé)z(woz(OH))o.ssan(ﬂ'XW9O33)2]10'5_ (X = sp",
Bi"").>® Then Krebs’ and our groups showed that derivatives
of this structural type can be prepared with all internal and
external tungsten ions replaced by transition-metal ions, leading
to [M,(H,0) (- XWo033),]"~ (X = As", Sb'", Se'V, Te'V; M =
F63+, Mn2+, C02+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, In3+),3a,5f—h or
with two external and only one internal tungsten being
substiguted, [(WO,)M,(H,0)4(TeW,05,),]18 (M = Co*,
Niz+)‘ e

Amongst the transition metals, ruthenium is a highly
interesting element, due to its multiple oxidation states, redox
properties and reactivity. However, until recently the main
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focus in Ru-POM chemistry has been on compounds
containing ruthenium in low oxidation states such as 2+ and
3+, especially on organoruthenium(II)-containing polyanions.®
An example is the organoruthenium(II) POM family
[X,W50050(Ru'™L), ]~ (X = sb™, Bi'f), with the two Ru"L
groups (L = benzene, p-cymene) in the external positions.h’b
The dimethyl sulfoxide (DMSO) derivative
[Sb,W,,045(H,0),{Ru™(DMS0),},]* is also known.”

To date, only a handful of structurally characterized
ruthenium(IV)-containing polyanions have been reported.*’
This area received major attention in 2008, when three research
groups reported essentially the same compound at the same
time. The groups of Bonchio and Hill independently prepared
[Ru,(4-0),4(u-OH),(H,0),,(r-8iW,(036),]'*", where the
cationic {Ru'V,(4-0),(u-OH),}*" unit with an adamantane-
like structure is sandwiched between two decatungstosilicate
units {y-SiW,(0534},>*® whereas Mizuno’s group independently
prepared the structural analogue [Ru",(u-O),(u-OH),Cl,(y-
SiW,0034),]""."¢ Interestingly, [Ru,(4-0),(u-OH),(H,0),(-
SiW,0034),]'°” was shown to be one of the most active, and
robust, water oxidation catalysts.”

We were inspired by the above work and therefore decided
to try and merge the chemistries of {X,W,,0,,(OH),} and
{M,(H,0),4(B-XW,05;;),} with that of Ru" ions.

Herein we report on the synthesis and structural character-
ization of two novel tetraruthenium(IV)-containing hetero-
polytungstates, [{Ru",04(H,0)s},Sb,W,0043(OH),]*~ (1;
Figure 1) and [{RUIV406(H20)9}2{F3(Hzo)z}z{ﬂ'
TeW,053},H]™ (2; Figure 2), isolated as the hydrated
ammonium salts (NH,),1-42H,0 (NH,-1) and (NH,)
2-36H,0 (NH,-2). Polyanions 1 and 2 were synthesized by
the reaction of [Sb,W,,0,,(OH),]'*™ and [Fe,(H,0),,(s-
TeW,0,;),]*, respectively, with (NH,),[RuCl] in an aqueous
acidic medium at pH 1.5 (at pH values 2—S5, we obtained
insoluble precipitates of unknown composition).'® Both
reactions require heating of the reaction mixture in an oil
bath, at 90 °C for polyanion 1 and at 110 °C for 2, because no
interaction between the reagents was observed at lower
temperature. The exact temperature conditions were identified
based on optimal yields of NH,-1 and NH,-2. Because of the
low solubility of the ammonium salts of 1 and 2, probably due
to their very small negative charge, the reaction mixtures should
be filtered while hot, best right after heating. At times, the
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Figure 1. Combined polyhedral/ball-and-stick representation of 1.
Color legend: WOy, pink octahedra; Sb, orange balls; Ru, green balls;
O, red balls.

Figure 2. Combined polyhedral/ball-and-stick representation of 2.
Color legend: WOy, lilac octahedra; Te, brown balls; Fe, blue balls; Ru,
green balls; O, red balls.

synthesis of NH,-1 resulted also in an unidentified byproduct
that could not be easily distinguished from the black, fine
crystalline material of NH,-1. Therefore, only large crystals
(>0.2 mm) of NH,-1 should be collected, in order to prevent
impurities in the bulk sample of NH,-1. On the other hand, we
did not observe any such problems during the synthesis of
NH,-2.

Single-crystal X-ray diffraction analysis on NH,-1 revealed
that polyanion 1 is closely related to Krebs’ 22-tungsto-2-
antimonate(III), [Sb,W,,0,,(OH),]"*", but with the two
external {WO,(OH)}* groups replaced by two tetraruthenium-
(IV) units {Ru,04(H,0),}*, leading to a structure with
idealized C,;, point group symmetry (Figure 1). The two {Ru,}
units are crystallographically equivalent and exhibit an
adamantane-like structure and bond lengths similar to that
observed in the water oxidation catalysts [Ru,(u-O),(u-
OH),(H,0)4(r-SiW4034),]'°" and  [Ruy(u-O)5(u-OH)-
(H,0),(y-PW,0046),1°7.%7* "¢ However, in 1, the {Ru,}
units are linked to the polyoxotungstate fragment by only
one of the four Ru" ions, via three Ru—O(W) bridges [Ru—O
2.099(11)—2.144(11) A]. The remaining three Ru' ions
complete their coordination sphere via three terminal aqua
ligands [Ru—O 2.107(14)—2.216(12) A]. The four octahe-
drally coordinated Ru'" ions in each {Ru,} motif are connected
via six oxo bridges [Ru—O 1.830(11)—1.889(11) A; Ru-Ru
3.389(2)—3.463(2) A], which are all nonprotonated, according
to bond valence sum (BVS) calculations (for details, see the
Supporting Information, SI)."® This is in marked contrast to the
aforementioned {Ru,X,Wy,} (X = Si, P).****" The Sb—O and
W=0 bond lengths in 1 are within the usual ranges (see Table
S2 in the SI).

On the basis of BVS calculations,"" one of the two protons in
1 is disordered over the four terminal O atoms of the two
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internal {WO,}** groups. The second proton is disordered over
the two equivalent y,-O-(Ru,W) atoms (see the SI for details).

The structure of polyanion 2 is very similar to that of 1, but
the two internal {WO,}** groups are replaced by {Fe(H,0),}*"
units [Fe—O(W) 1.950(12)—1.999(11) A; Fe—OH,
2.046(12)—2.053(12) A]. Both Fe®* ions have an octahedral
coordination environment (Figure 2). In analogy to 1, none of
the y3-oxo bridges in the {Ru,} motifs of 2 is protonated, and
the single proton on 2 is disordered over the two equivalent fi,-
O-(Ry,W) atoms (see the SI for details). The bond lengths
within the {Ru,} units of 2 are in the ranges 1.825(13)—
1.869(13) A for Ru—O, iy 1.853(11)—1.885(11) A for Ru—
O(W), and 2.089(11)—2.199(13) A for Ru—OH,. The Ru---Ru
distances are in the range of 3.391(2)—3.444(2) A, and the
Te—O and W—O bond lengths are provided in Table S2 (see
the SI). The bulk composition of NH,-1 and NH,-2 was
established based on elemental analysis and thermogravimetric
analysis (TGA; Figures S1 and S2 in the SI).

In summary, we have synthesized and structurally charac-
terized the two novel, discrete, high-valent, ruthenium(IV)-
containing polyanions 1 and 2, which represent the first
bis(tetraruthenium)-containing POMs and only the second
POM structural type containing the {Ru'",} unit. Polyanions 1
and 2 possess tremendous catalytic potential because the
{Ru",} units are bound in a highly accessible, external fashion.
In addition, three of the four Ru'" ions are coordinatively
unsaturated, with three terminal water ligands each. A very
interesting aspect of our work is also the fact that we have
found a route for the formation of the {Ru",} unit in sity,
which, in principle, should allow us to incorporate this fragment
in or graft to various lacunary POM precursors, potentially
leading to a large number of novel and exciting compounds. We
believe that our work could be a door opener for the systematic
synthesis and structural chemistry of high-valent Ru-POMs.
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Synthesis and crystallographic details, CIF files, IR spectra,
TGA curves, BVS calculations for NH,-1 and NH,-2, and a
complete list of references on ruthenium(IV)-containing
POM:s. This material is available free of charge via the Internet
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