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Stabilization of adjacent transition metal centers through multiple-
u-hydroxo/oxo bridging units, is a powerful strategy adopted by
Nature to effect multiple/cascade transformations.' In particular,
the photosynthetic conversion of water into dioxygen is performed
by photosystem II, using a polynuclear metal cluster, with four
manganese and one calcium atom (MnyCa).> The natural oxygen
evolving complex (OEC) is able to mediate the required four-
electron-four-proton process while undergoing a stepwise oxidation
to a series of states S; (i = 0—4), whereby the substrate waters are
proposed to react when bound as terminal ligands.* The design of
synthetic mimics capable of water oxidation in aqueous solution
poses a formidable challenge.*> In this quest, ruthenium complexes
occupy a prominent role.® Among them, Meyer’s “blue dimer”,
cis,cis-[(bpy)>(H,O)Ru™MORu"(H,0)(bpy),]*" (bpy= 2,2"-bipyri-
dine), was the first one described in literature.” Catalyst activation
in vitro is achieved electrochemically or in the presence of a bulk
oxidant as Ce'V.>®” However, because of a competing anation
process, it deactivates after a few turnovers. Improvement of this
system has been based on the use of a nitrogen-rich set of
dinucleating ligands placing two ruthenium atoms in close proximity
and in adequate orientation for catalysis.®

A recent breakthrough in the field is the innovative adoption of
a totally inorganic and robust ligand system, taken from the
polyoxometalate (POM) pool.”'® We have contributed by devising
a straightforward, and high yield, protocol for the embedding of a
catalytically active, tetraruthenium(IV)-u-oxo core by two divacant
y-decatungstosilicate ligands, y-SiW 0036~ (SiWyp). The resulting
complex, Mo[Ruy(H>0)4(u-0)4(u-OH)o(y-SiW¢036)2] (Mjol, M =
Cs, Li), obtained in >80% yield, has been characterized in the solid
state and in solution by multiple techniques.” Water oxidation
catalyzed by 1 occurs in the presence of an excess of Ce(IV) with
high turnover frequencies (>450 cycles+h™") and no deactivation.>*
In this chemistry the kinetics are first-order with regard to the
catalyst concentration, thus suggesting that the four-ruthenium core
can master the mechanistic complexity expected for oxygen
evolution, in an autarchy regime.® The four Ru'V—H,O groups,
within the catalyst core, are thus able to mediate the 4 /4H" overall
process by accessing such a multielectron catalysis, through
sequential electron and proton loss, in a relatively narrow potential
range (redox potential leveling).'"-'?

We report herein a combined investigation, addressing the
evolution of 1 to high-valent intermediates, by means of Cyclic
Voltammetry (CV), UV —vis, rRaman (rR), Electron Paramagnetic
Resonance (EPR), and DFT calculations. In analogy with the natural
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Scheme 1. Stepwise Transformation of the POM-Embedded Ruy
Core in 1, along the Sy—S, Oxidation States, under Oxygen
Evolving Catalysis®

Ce(V)
Ru, (VVV,V) ——— Ry, (VVV.V)
S, S,

“ The structure of the POM ligand is omitted for clarity reasons (see the
Supporting Information for the complete structure).

enzyme,3 five different oxidation states, generated from 1, have
been found to power the catalytic cycle for water oxidation (Scheme
1).

The CV, performed for Li;ol (1 mM in H,O, pH = 0.6) under
anaerobic conditions, shows four anodic and three cathodic waves
in a potential range from 0.35 to 1.15 V (vs SSCE). Three nearly
reversible redox couples are observed at E;, = +0.48, +0.61,
+0.86 V with a peak separation of AE, (= E,, — E,) of 80, 60,
120 mV, respectively, corresponding to one-electron oxidations.
The last anodic wave is observed at E,, = +1.06 V (Figure S1).
The electrochemical analysis points to a stepwise transformation
of the Ruy core, involving the Ru,{IV,IV,IV,IV} starting state, (Sy),
and ultimately yielding a high valent, reactive, state (S4) ascribable
to Rus{V,V,V,V} (vide infra). The latter is the competent OEC,
as electrocatalytic oxygen evolution is observed at £ = 1.15 V
(Figure S2). A four-step oxidation is also apparent from UV —vis
spectrophotometric experiments, by monitoring the evolution of the
absorption maximum at A, = 443 nm, in water at pH = 0.6, upon
oxidation of 1. While no significant A, shift is observed, the plot
of A*? as a function of sequential one-electron titration yields a
segmented line with four distinct slope changes (Figure 1; full
spectra are reported in Figure S3).

Along the 4e /4H™ oxidative pathway, the first step leading to
the S; state, Ru,{V,IV.IV.IV}, is readily accessed by aerial
oxidation of 1 in water at pH = 0.6 (Scheme 1). Indeed, aerobic
oxidation of diamagnetic 1 yields a paramagnetic species, as
monitored by cryo-EPR, showing the formation of a broad rhombic
signal (Inset in Figure 1). Spectral simulations provide a good
description of the three main spectral components, with gy, gy, and
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Figure 1. UV—vis spectrophotometric monitoring of A*3 variation,
normalized by concentration, of 1 (107> M) in H,O (pH = 0.6), through
So—S4 states (see Scheme 1): Sy generated by addition of SnCl, to Sy (1
equiv); Sy, resting state under aerobic conditions; S,—Sy4, generated by
addition of 1—3 equiv of Ce(IV) to S;. Inset: experimental and simulated
X-band EPR spectrum of the Sy state (1 mM in H,O/ H,SO4, pH = 0.6), at
10 K.

gz values of 1.97, 1.67, and 1.43. This is in agreement with a metal-
centered S = '/, ground state, thus identifying a Ru(V) species.'> '
Noteworthy, restoration of diamagnetic 1 occurs by addition of 1
equiv of ascorbic acid or SnCl,, as confirmed by the quantitative
abatement of the EPR signal and by 1R studies (vide infra).

The electronic and structural modification of 1 as a result of
sequential electron/proton loss has been further addressed by
rR spectroscopy and DFT calculations. The rR features, in the
range 250—600 cm™!, provide a sensitive tool to pinpoint the
redox evolution of the Ruy core (Figure 2, Figure S4). To this
aim, band deconvolution analysis has been associated with DFT
computation of the vibrational frequencies of [Rus(H»O)(u-
OH),(1-0)4Clg]>". Such calculations were not possible for the
entire molecule; instead the tetraruthenate core capped with eight
chloride atoms replacing the POM ligands was considered. This
model for 1 was proven reliable by direct comparison of the
calculated vs experimental UV —vis spectra, indicating an optimal
matching of the electronic properties (see Figure S5).'® Accord-
ing to calculations, the low wavenumber rR bands are assigned
to Ru—(OH,) stretching modes (250—400 cm™'), while the
prominent feature, at 456 cm™!, is associated with vibrations of
the Ruy-core (Figures 2a and S6—S7). Upon oxidation of 1, this
latter band undergoes significant broadening, with the build up
of new components at wavenumbers >500 cm ™! (Figure 2b—d).
Noteworthy, no bands are observed in the region 750—850 cm™!,
thus ruling out the formation of Ru-oxo groups (Figure S4 in
the Supporting Information).'> On the contrary, the conversion
of each pristine Ru(IV)—OH, to a Ru(V)—OH function may be
envisaged, by the release of one single proton coupled to one-
electron oxidation. Indeed, the calculated Raman modes of the
bis-Ru(V)-hydroxo model, [Ru¥,(OH),Ru',(H,0),(u-OH),(u-
0)4Clg]*", predict the appearance of Ru—OH absorptions at >500
cm™! (see the calculated modes at 577 and 595 cm™!, Figures
S8—S9). Such combined computational/experimental evidence
is instrumental to address the structure of postulated intermedi-
ates S;—Sy4, generated from 1, within the ruthenium-based OEC
manifold. Accordingly, the Sy state is associated with [Ru¥(OH)-
Ru'v3(H,0)3(u-0)4(1-OH)(y-SiW 19036)2]'07, 2, featuring a mono
Ru(V)—OH moiety and a coherent rR band at 501 cm™! (Figure
2b). DFT calculations (Table S1 and Figures S10—S11),
performed on the whole system, provide the optimized geometry
and indicate an open-shell doublet ground state for 2, in
accordance with the EPR observation (Inset in Figure 1).'7-'8
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Figure 2. 1R spectra (107> M in H,O at pH = 0.6, 250—600 cm ™, exciting
line 488 nm) of (a) 1, generated in situ upon reduction of 2 with 1 equiv
of ascorbic acid; (b) 2; (c and d) 2 upon addition of 1 and 2 equiv of Ce(IV),
respectively.

Addition of 1 equiv of Ce(IV) to 2 yields an EPR silent species.
Along the same line of reasoning, the formation of diamagnetic
[Ruvz(OH)zRUIVZ(Hzo)2(#'0)4(#'01‘1)2()’-SiW10036)2]107, 3, can
account for the S, state, where two of the four Ru(IV)—OH, are
oxidized to Ru(V)—OH, with associated rR bands at 512 and
541 cm™! (Figure 2c)."?

Treatment of 2 with 2 equiv of Ce(IV) yields an EPR active
system with composite features and a larger g-anisotropy in the
spectral region expected for ruthenium species (Figure S14 in the
Supporting Information).>® The paramagnetic S state is then
associated  with  [RuY3(OH);Ru" (H,0)(1-0)4(u-OH)»(y-
SiW,¢036)2]'7, 4, displaying rR bands at 511 and 541 cm™!, with
a doublet ground state lying 2.1 kcal mol~! below a quartet state.
Thus, the building up of paramagnetic intermediates in alternate
sequence, as predicted by computations and corresponding to the
S and S; states, is confirmed experimentally.

No variation of both the rR and the EPR spectra is registered
upon further addition of Ce(IV), indicating that the high valent S4
intermediate is not observable under the conditions adopted.?' The
fate of 1 undergoing the overall 4¢ /4H" loss has been addressed
in silico. The formation of a Ruy(V) complex, [Ru"4(OH)4(u-O)4(u-
OH),(7-SiW¢034),]'°", 5, and of a mixed valent Ru,{ VL,VLIV,IV}
isoelectronic analogue, namely [Ru“,(O),Ru!»(H,0)x(u-O)4(uu-
OH)»(y-SiW0036),]'"", 6, has been considered. Both 5 and 6 are
predicted by DFT to have diamagnetic singlet ground states, as
the triplet state for 5 is unstable and that for the 6 species is quasi-
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Figure 3. Plots of the quasi-degenerated LUMO (left) and LUMO+1 (right)
of § (the POM ligand system is omitted for clarity).

degenerated. Noteworthy, 5 results in being energetically favored
with respect to 6. The proposed structure of 5 contains four highly
electrophilic Ru¥(OH) moieties, prone to nucleophilic attack by
an external water molecule. Plots of the quasi-degenerated LUMO
and LUMO+1 Khon—Sham orbitals of 5§ show a significant
contribution of the terminal, Ru-bonded, OH sites (Figure 3).%* The
nucleophilic attack of water on the high valent ruthenium centers
appears to be the only reasonable mode for O—O bond formation.
Indeed, an intramolecular reaction between two adjacent ruthenium
sites is herein neglected by geometrical constraints,>***> and
alternative bimolecular pathways, involving two molecules of
catalyst, are ruled out by first-order oxygen evolution kinetics.’

Such a mechanistic perspective foresees the formation of a
peroxo-ruthenium intermediate, again in analogy with the enzymatic
Sy state,® which can finally release oxygen after a complex
sequence of electron and proton transfer events.”’

In conclusion, 1 is found to be a unique molecular catalyst for
water oxidation, where the synergistic action of the four ruthenium
sites sets forward an unprecedented bridge with the natural system.®
At the same time it provides a functional paradigm to address some
fundamental issues on oxygen—oxygen bond formation via a
nucleophilic pathway, as delineated by convergent structural,
kinetic, and computational evidence.
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