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The synthesis of tailored multimetal catalysts is becoming
increasingly important for high efficiency and multifunctionality
in various applications. In particular, polyoxometalates (POMs)
provide unique models for the investigation of structure—activity
relationships at the borderline between molecules and extended
solids." In this respect, a research frontier is POM encapsulation
of transition metal clusters, whereby redox-active substituents
give rise to heterometal-oxo phases, interconnected with the
polyoxometalate framework.'” Stabilization of adjacent d-
electron centers through multiple-u-hydroxo/oxo bridging units
is one of the most powerful strategies adopted by natural
enzymes to effect multiple/cascade transformations.® In the quest
for functional, bioinspired catalysts, ruthenium analogues occupy
a prominent role, vis-a-vis its unmatched range of accessible
oxidation states coupled with some unique mechanistic and
selective performance.*> Moreover the electron-withdrawing
nature of the POM ligand is predicted to stabilize high-valent
intermediates and assist deprotonation equilibria on the poly-
oxygenated surface.®’ Despite their appeal, the synthesis of Ru-
substituted POMs poses a major challenge, owing to the
inertness of ligand exchange and to purification issues.®

We report herein the facile isolation of a new di-y-deca-
tungstosilicate embedding a tetra-ruthenium(I'V)-oxo core which
shows promise as a water oxidation catalyst.5 Cso[Rug(u-O)a(u-
OH)>(H20)4(y-SiW9036)2] (Csjol) is obtained by reacting the
divacant POM, [y-SiW9O36]% (y-SiWy9) with u-oxo-bis-
pentachlororuthenate(IV), Ru,0OClip* ", in aqueous solution
(Scheme 1). POM metalation is fostered by the in situ generation
of the tetranuclear ruthenium(IV) aqua-ion, [RusO¢(H,0),]*",
whose existence and adamantane-like solution structure have
been proposed on the basis of EXAFS studies.” The unprec-
edented entrapment of the RusO¢ fragment occurs readily by
the complementary assembly of two y-SiW g units under mild
temperature conditions. Both the templated vicinal substitution
and the lability of the aqua ligands at the ruthenium core,'® are
instrumental for the straightforward formation of 1. The product
precipitates with CsCl in 85% yield; single-crystals suitable for
X-ray diffraction are obtained upon recrystallization at pH =
2. The XRD analysis shows a skewed dimeric structure for 1,
where two y-SiWjo units are connected in a 90° staggered
arrangement, by an electrophilic [Ruy(u-O)4(u-OH),(H,0)4]°"
central core. The polyanion has an overall D,; symmetry
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Scheme 1. Metalation of SiW1o by Complementary Lego Assembly
of [RusOg(H20)n]**

I

R

\
T

-

_~Rul’
/ Ru=/

POM 0 “\\o

y-SiWso RusOg** Csiol

(Scheme 1). The tetraruthenate core displays the expected
adamatane-like arrangement, with four ruthenium and six oxy-
gen atoms at the apexes of a tetrahedron and of an octahedron,
respectively. The bond valence sum (BVS)'' calculations, of
4.08(12) for Ru atom, support this description and indicate that
two oxygen atoms of the RuyOs*" core are monoprotonated
(average bond length of 2.00(2) A with a BVS of 1.27(4)).
These two symmetry related hydroxo bridges are bent and
connect the two adjacent Ru(IV) centers linked to the POM
binding site (Ru—O—Ru bond angle of 131.2(9)°). Moreover,
they each give rise to a strong three-center H-bond with two
proximal Si—O—W bridges (average O—O distance: 2.89(3) A)
(Figure 1). The small BVS values calculated for the terminal
oxygen atoms bound to each Ru(IV) center (average coordina-
tion length of 2.09(2) A with BVS of 0.50(4)) are consistent
with aqua ligands. Significantly, the y-SiWoRu, unit adopts
an “out-of-pocket” structural motif, whereby the two adjacent
d-electron metals are corner sharing and ligated only by the
four oxygen sites of the POM lacuna, with no direct bonding
interaction from the internal O—Si tetrahedron.'? The mainte-
nance of the POM structure in aqueous solution is confirmed
by converging evidence, provided by electrospray ionization
mass spectra (ESI-MS), resonance Raman (rR), and UV-vis
spectroscopy. The ESI-MS spectrum of the water soluble Lijl
complex shows envelopes at m/z = 1798 and m/z = 1348 which
can be assigned respectively to ions [HoRu4Si;W»0075]> and
[HsRu4Si;WayO75]*, containing the tetraruthenate core after loss
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Figure 1. The rR spectra of 1, in the solid state and in H,O (pH = 2,
excitation at 488 nm). The structures show the top-front views of the central
[Ruy(u-0)4(u-OH)2(H,0)4]°* fragment.
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Figure 2. Kinetics of O, evolution by Lijol, (4.3 umol) with Ce(IV) (1720
umol), in H,O (10 mL) at 20 °C. The inset shows a plot of initial rates vs
Lijol (0.045-1.45 umol), with Ce(IV) (10.9 mmol).

of the four labile water ligands (Supporting Information, Figure
S7). Direct evidence for retention of the multiple u-oxo-
ruthenium connectivity is provided by superimposable rR
experiments performed for 1, on a solid sample and in water
(pH = 2). Both rR spectra exhibit a prominent feature at 483
cm~ !, which falls in the range expected for a veym(Ru—O—Ru)
vibrational mode (Figure 1).°*'?

The UV-vis spectrum collected in water (pH = 0.6-2.0)
shows a sharp absorption band at A = 443 nm (log €*** = 4.57).°
Acid-base, spectrophotometric titration of Lijol at 4 = 443 nm,
and fitting of the €*** variation, indicates a reversible mono-
protonation equilibrium with a pK, of 3.62 (Supporting Informa-
tion, Figures S4—S6). Structurally related Ru(H,O) functions
exhibit pK, in the range 1.8-3.3."* Furthermore, the acid—base
equilibrium is not concentration-dependent, thus ruling out POM
dissociation or aggregation phenomena. Moreover, the FT-IR
spectra are unchanged upon titration of 1, confirming the
maintenance of the POM framework. Multiple-redox states
associable to the Ru(IV), core'>'® and reversible protonation
equilibria are critical components for efficient oxygen evolving
catalysis, whereby deprotonation of ligated H,O triggers the
formation of OH /O reactive sites.” Thus, the catalytic activity
of Lijol toward water oxidation has been evaluated by reacting
it (4.3 umol) with an excess of Ce(IV) (1720 umol), in H,O
(pH = 0.6) at 20 °C. GC sampling of the reactor headspace,
with continuous monitoring of the pressure variation, confirms
evolution of molecular oxygen in the system, generating 385
umol of Oy in 2 h, with an overall 90% yield on the added
oxidant.'®® A recharge of Ce'” induces an equivalent evolution

of oxygen. The water-oxidation rate exhibited by Lijol is
remarkable (maximum TOF > 450 h™", see Figure S9). A linear
dependence of the initial rate on [Lijgl] is observed, with a
pseudo-first-order kinetic constant of 9.92 x 107> s, (up to
500 turnovers based on the evolved oxygen, inset in Figure 2
and Figure S10). Its high efficiency is indicative of a very robust
catalyst, compared to other previously reported ruthenium
systems, bearing classical organic ligands.>'**!7 IR, 1R spectra
confirm the integrity of the POM structure after treatment with
Ce(IV) excess (Figures S11-S12). Future studies will investigate
the insertion of the RusOg fragment within other POM structures,
with the final goal of optimizing the oxygen evolving catalytic
performance of the system, in the quest for a modular approach
to artificial photosynthesis.'®
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