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Abstract The mechanism of reaction of the di-Ru-substi-
tuted polyoxometalate, {7-[(H,0)Ru™(u-OH),Ru™(H,0)]
[X""W,0036]187™~, LX, with O,, ie. LX + O, >
{7-[(ORu™ (u-OH),Ru™ (O)][X" W03}~ + 2H,0,
(1), was studied at the B3LYP density functional and self-
consistent reaction field IEF-PCM (in aqueous solution)
levels of theory. The effect of the nature of heteroatom X
(where X = Si, P and, S) on the calculated energies and
mechanism of the reaction (1) was elucidated. It was shown
that the nature of X only slightly affects the reactivity of I_X
with O,, which is a 4-electron oxidation process. The overall
reaction (1): (a) proceeds with moderate energy barriers for
all studied X’s [the calculated rate-determining barriers are
X =Si (18.7 kcal/mol) < S (20.6 kcal/mol) <P (27.2
kcal/mol) in water, and X = S (18.7 kcal/mol) < P (21.4
kcal/mol) < Si (23.1 kcal/mol) in the gas phase] and (b) is
exothermic [by X = Si [28.7 (22.1) kcal/mol] > P [21.4
(9.8) kcal/mol] > S [12.3 (5.0) kcal/mol]. The resulting

1{y = [(O)Ru"™ (u — OH),Ru"™ (0") | [X™* W 0036 }* ",
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VI_X, complex was found to have two RuY = O units,
rather than Ru” = O units. The “reverse” reaction, i.e.,
water oxidation by VI_X is an endothermic process and
unlikely to occur for X = Si and P, while it could occur for
X = S under specific conditions. The lack of reactivity of
VI_X biradical toward the water molecule leads to the for-
mation of the stable [{Ru}YO4(OH)>(H>O0)4}[(7-XW 1o
O36]5}™ dimer. This conclusion is consistent with our
experimental findings; previously we prepared the
[{Ru}’O4(OH),(H,0), } [(y — XW19O36),}™ " dimers for
X = Si (m = 10) [Geletii et al. in Angew Chem Int Ed
47:3896-3899, 2008 and ] Am Chem Soc 131:17360-17370,
2009] and P (m = 8) [Besson et al. in Chem Comm
46:2784-2786,2010] and showed them to be very stable and
efficient catalysts for the oxidation of water to O,.

Keywords Density functional - Catalysis -
Polyoxometalate - Water oxidation

1 Introduction

The stability and versatility of polyoxometalates (POM), as
well as the tunability of their size, charge, composition, and
redox properties, make them attractive for applications in
catalysis and many other areas [1-7]. Polyoxometalates
with multinuclear d-electron-containing centers capable of
accepting several electrons in conjunction with oxidation
processes have attracted considerable attention [8—17].
Very recently, we performed detailed computational stud-
ies on the mechanism and governing factors of O, activa-
tion by the di-Ru-substituted y-Keggin polyoxotungstate

{y—[(H,0)Ru™ (1—OH),Ru"™ (H,0)][SiW 03] }*~, I_Si
[18] (throughout this paper, we use the following notations:
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N_X or TSn_X, where N corresponds to an intermediate,
TSn stands for a transition state, and X = Si, P, or S stands
for the heteroatom). These studies showed that the 4-electron
oxidation of I_Si by O, is a highly exothermic [AEgas:
—28.7(AE gas+AGgo1y(watery =—22.1)kcal/mol] reaction and
leads to the formation of {y—[(‘O)Ru" (u1—OH),Ru" (0")]

[SiW O3] }47, VI_Si, and two water molecules. It proceeds
via: (1) an H,O-to-O, substitution that occurs with a
maximum barrier of 23.1 (10.5) kcal/mol and leads to the
formation of a water molecule and {y—[(OO)Ru'
(u—OH),Ru" (H,0)][SiW 19036] }*~, III_Si, complex with
a superoxide (OO™) ligand (the first 1 e-oxidation); (2) a
proton transfer from the coordinated H,O molecule to the
superoxide (OO ™) unit in III_Si to form a hydroperoxo-
hydroxo intermediate {y—[(OOH)RuIV(u—OH)2RuIV(OH)]
[SiW0036]1}*~, IV-1_Si (the second 1 e-oxidation); (3) the
O-OH bond cleavage followed by the spontaneous formation
of a water molecule and (H,0) {y—[('O)Ru" (u—OH),
Ru" (0)][SiW19036]}*~, V_Si, containing two Ru'Y = O
bonds; and (4) dissociation of the H-bound water molecule
from V_Si to form the {y-[(O)Ru"Y(u-OH),Ru"
V(0)][SiW 100361 }*~, VI_Si, product. Each of these ele-
mentary steps (except (4)) is exothermic and occurs with a
moderate energy barrier.

The reverse reaction, water oxidation by VI_Si, was
found to be a highly endothermic and therefore an unfea-
sible process; this finding is different from that reported for
the “blue-dimer” intermediate, {(bpy)z[('O)RuIV(u-O)RuI'
V(0)](bpy),}*", which readily oxidizes an incoming water
molecule to produce O, [19-32]. The main reason for this
difference between VI_Si and its “blue-dimer” analog in
reactivity toward the water molecule was shown [18] to be
the high stability of VI_Si compared with the analogous
“blue-dimer” intermediate relative to the O, formation,
which in turn was found to derive from the electron-rich
nature of [SiW;¢0z6]*™ compared to bpy ligands.

Recently, the role of the heteroatom X in stability and
reactivity of the di-transition-metal substituted y-Keggin
polyoxometalates {y-[M(u-OH)>M][X" T (Mgw) 100361} 57~
was computationally investigated for X = Alm, SiIV, PV, and
SV M = Fe, Mn, and Ru, and Mgy, = Mo and W [33, 34]. It
was shown that the change in X via AI"'-Si"V-PV-S V' slightly
stabilizes the broken-symmetry (BS) state over the high-spin
(HS) state, increases the antiferromagnetic coupling constant,
J, and lowers the energies of the HOMOs and LUMOs of these
species. As a result, the oxidizing power of {y-[M(u-OH),M]
(X" "(Mpw)10036] }® ™~ is expected to increase via
X=Al<Si<P<S.

The present paper is a continuation of our previous
studies [18, 33-35] and addresses the effect of the
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heteroatom X on the mechanism and energetics of the
reaction:

{r — [(HO)Ru" (1 — OH),Ru" (H,0)]
X" W100s6]} 7 + 0, — {7 = [(O)Ru"
(1 — OH),Ru'Y (0)][X™* W 4036 }* ™~ + 2H,0 (1)

for X = Si, [18] Pand S (and n = 4, 3 and 2, respectively).

2 Computational details

All calculations were made using the Gaussian 03 program
[36]. The geometries of all species under investigation were
optimized without any symmetry constraint at the B3LYP/
Lanl2dz level of theory with additional d polarization func-
tions for the X atom (« = 0.55) and the corresponding Hay—
Wadt effective core potentials (ECPs) for W and Ru [37-42].
This method is subsequently referred to as “B3LYP/
[Lanl2dz + d(X)].” The energetics of the optimized struc-
tures were further refined by performing single-point energy
calculations using the Stuttgart pseudopotentials [43] and
associated SDD basis sets for W and Ru and the standard
6 — 31 4+ G* split-valence-polarization basis set for all other
atoms. This method will be subsequently referred to as
“B3LYP/SDD.” Antiferromagnetic exchange coupling con-
stants (J) of the selected structures were calculated by utilizing
Yamaguchi-Noodleman approach [44—47].

Previously, we have demonstrated that the B3LYP/
[Lanl2dz + d(X)] approach reasonably describes the elec-
tronic and geometrical property of di-transition metal
substituted Keggin-POM’s [33, 34, 48]. Single-point
B3LYP/SDD calculations of energies at the B3LYP/
[Lanl2dz + d(X)] optimized geometries provide a better
agreement with the available experiments [49].

Hessians were calculated only for transition states and
confirmed to have one imaginary frequency corresponding
to the reaction coordinate. The solvent effects were esti-
mated at the B3LYP/SDD level of theory using the self-
consistent reaction field IEF-PCM method [50] (UAKS
model) by choosing water as a solvent (dielectric constant
¢ = 78.39). Below, we discuss gas-phase energetics
AE (without zero-point correction) calculated at the
B3LYP/SDD level of theory, as well as the energies
including solvent effects AE + AG,,, in parentheses. The
Cartesian coordinates of all optimized structures at the
B3LYP/[Lanl2dz + d(X)] level along with the results of
their full Mulliken analysis are presented in Supporting
Information (Tables S1, S4 and S5).

One should note that about 81-84% (X = P) or 68-74%
(X = S) of the solvation energy is due to electrostatic
interactions between the solute and solvent. Non-electro-
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static components (including cavitation, dispersion, and
repulsion energies) of this energy are within 16-19%
(X =P) or 32-26% (X = S) for all the calculated struc-
tures (see Tables S2 and S3 of Supporting Information).

3 Results

3.1 Geometry and electronic structure
of the reactant complexes

The reactant of the reaction (1) is a bis-aqua species
{7-[(H0)Ru"(u-OH),Ru" (H0)|[X" "W 00361} 7, LX.
Previously, we showed for I_Si that this complex may have
several different isomers, which differ by the position of
the water molecules [18]. The structure of the energetically
most stable isomer of I_Si, along with its most important
geometry parameters, is presented in Fig. 1.

For I_P and I_S, we investigate only the same (as I_Si)
isomers. Similar to I_Si, the I_P and I_S species are calcu-
lated to have a singlet ground electronic state. As seen in
Fig. 1, all three I_X species, in their ground singlet elec-
tronic state, have water molecules that (a) form hydrogen
bonds with ¢-OH and framework O (located between Ru and
W atoms) centers of the POM and (b) coordinate to the Ru
centers by their oxygen atoms. The orbitals involved in the
Ru-Oy,0 interaction are the bonding/antibonding combi-
nations of d,,- and d»-AOs of the Ru centers and p,-AO of
water molecule (see Figure S1 of Supporting Materials). The
calculated Ru'-0', O>-H', 0°-H?, Ru*-0% O’-H’, and
O®-H* bond distances are 2.19, 2.01, 2.02, 2.28, 2.08 and
2.06, respectively, for X = Si, 2.13, 2.08, 2.09, 2.19, 2.23
and 2.23 A, respectively, for X = P, and 2.09, 2.15, 2.17,
2.12,2.49 and 2.49 A, respectively, for X = S. The average
Ru-Oy,0 bond distance is 2.23, 2.16, and 2.11 A, for com-
plexes I_Si, I_P, and I_S, respectively. These values lie well
within the range of M—Op,o bond distances found for other
POM compounds [51-57] and reduce as X = Si > P > S.
Shortening of Ru—Opy,o for X = P and especially S is con-
sistent with the stabilization of the Ru—Oy, o bonding orbitals
as X = Si-P-S: E(HOMO) = 0.09802 (Si), —0.00576 (P),
and —0.11029 hartree (S) (see Figure S1 of Supporting
Materials). In addition, these trends are consistent with the
decrease in total negative charge of the I_X species [via
X = Si(—4) > P (—3) > S (—2)] via the same order.

Itis worthwhile to notice the existence of low-lying triplet
states of I_P and I_S species with geometries quite close to
those of the singlet structures (excluding the Ru'-Ru? and
0°-0° bond distances, see Figure S2 of Supporting Materi-
als). For X = P and S, these triplet species are located 3.6
(8.0) and 2.3 (5.3) kcal/mol higher than the singlet state,
respectively. The septet states of I_X are 14.4 (38.4), 19.6

(39.0), and 14.3 (29.5) kcal/mol higher in energy than the
singlet ground states, for X = Si, P, and S, respectively.

3.2 Intermediates, transition states,
and products of the reaction (1)

As shown previously [18], the first step of the reaction (1) is
the substitution of one water molecule in I_X by O, to form
the intermediate with a {(0,)Ru"" (u-OH),Ru"(H,0)} core.
As seenin Fig. 1, ligand environments of Ru' and Ru? atoms
in I_X are different. Therefore, it is expected that O, will
substitute the H,O ligand on Ru. In general, this substitution
reaction may proceed via stepwise and concerted pathways
(also called the dissociative and associative pathways). The
stepwise pathway occurs in two steps: (1) dissociation of
water molecule from I_X to form {y—Rum(,u—OH)zRuIlI
(HO)][X" W 10036]} ¥, ILX, and (2) addition of O, to
Ru® to form complex {y-[(Oz)RuIV(u-OH)2RuHI(H20)]
[X""W,0036]}®™™~, IML_X. In the concerted pathway,
substitution of water by O, occurs in a single step via a H,O-
to-O, substitution transition state. Previously [18], we have
shown that the major conclusions obtained from the studies
of both stepwise and concerted pathways are the same.
Therefore, here we report the calculated intermediates and
transition states of only computationally less-demanding
stepwise/dissociative pathway of reaction (1).

3.2.1 Intermediate II_X: the water dissociation
from I_X

The first step of this pathway is the dissociation of one of
the water molecules from I_X to give complex II_X. The
ground electronic states of the resulting II_ P and II_S
species are found to be quintet states, not the singlet state
as found for II_Si previously [18]. The calculated <Sz>
values are 6.02 for both II_P and II_S structures. The
singlet, triplet, and septet states of these species lie by 3.4
(—1.2, i.e. inclusion of solvent effects makes the singlet
state a slightly more favorable than the quintet state), 6.7
(12.0) and 6.2 (15.1) kcal/mol higher for II_P, and 11.1
(8.6), 13.0 (14.4) and 3.5 (10.3) kcal/mol higher for II_S,
respectively. If we consider the ground state-to-ground
state process, then the water dissociation from I_X would
require 21.4 (13.4) and 18.7 (16.8) kcal/mol of energy (see
Figs. 1, 2) for X = P and S, respectively, which compare
with 23.1 (10.5) kcal/mol found for X = Si [18]. Thus, the
endothermicity of this step decreases via X = Si > P > S
in the gas phase, but increases via the same order in the
water solution.

As seen in Fig. 1, the geometry of the resulting guintet
II_P and II_S species is significantly distorted. Indeed, in
II_P/ILS, the Ru'-Ru’, Ru'-O', Ru'-Ox and Ru’*-Ox

@ Springer
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Fig. 1 Calculated important geometry parameters (distances in A,
angles in deg.) of the reactants, transition states, intermediates, and
products of the stepwise pathway for the reaction {y-[(H,O)Ru™
(1-OH),Ru"(HO)|[X" "W 10036}~ + O, — {3-[(O)Ru"V(4-OH),

bond distances are longer by 0.45/0.43, 0.03/0.02, 0.03/
0.03, and 0.37/0.46 A, respectively, but the O°~O° distance
is shorter by 0.40/0.43 A than those in the pre-reaction
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Ru™Y(0)][X" "W 100361}~ + 2H,0, for X = Si (taken from Ref.
[18]), P, and S. Electronic states and imaginary frequencies (for the
transition states) are presented as for X = Si/P/S

complex I_P/I_S, respectively. Mulliken analysis of II_P/
IL_S shows highly non-symmetrical distribution of spin
density over Ru centers (see Table 1). The Ru' center bears
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\AE (AE+AGy,) (in kcal/mol)

23.1(10.5)
21.4(13.4)
18.7(16.8)

27(3.3)
1.3(9.4)

1.0(6.5) 13.1(19.2) 1835((525)8)
100 -5.4(.7) 11.430.3)
6.1(13.9) 430
2000 N 28.7(-22.1)
-19.9(-10.0) -19.5(-6.4) 21.4(:9.8)
300 -10.6(3.6) -10.1(6.3) -123(:5.0)
-2.7(9.7) -2.4(14.0)
-40.0 47.0(-23.6)
347(-11.3)
500 22.4(-4.1)
1X+0, ILX ILX TS2X IV-1.X TS3.X 1IV2X TS4X V. X VLX Structures
T T 1 1 1 1 1 1 T
[Ru Ry} — [RuV,Ru] — [RuUVRWY] —mM——» [(CORu'Y),"ORu'Y)]

Fig. 2 Schematic presentation of the potential energy surfaces of the
reaction  {y-[(H0)Ru"(1-OH),Ru"'(H0)][X" "W 40361} "~ +
0, = {7-[(O)Ru" (u-OH),Ru"™ (O)][X"*W 00361}~ + 2H,0
for X = Si (taken from Ref. [18]), P and S. The presented relative

energies AE (and AE + AGsoiv(watery I parentheses) are given in
kcal/mol. The numbers for X = Si, P, and S are presented in the 1st, 2nd,
and 3rd lines, respectively

Table 1 The Mulliken atomic spin densities (in e) of the important atoms, as well as <Sz> values of the ground state intermediates, transition
states and products of the reaction (1) for X = P (before slash, “/”) and S (after slash, /)

I_X m_X TS2_X IV-1.X Iv-2. X TS4_X V_X
Ru' 0.79/0.76 0.84/0.81 1.41/0.90 1.40/1.38 1.40/1.45 1.39/1.38 1.62/1.62
Ru? 2.48/2.48 1.36/1.38 0.51/1.34 1.22/1.18 1.29/1.25 1.51/1.45 1.62/1.62
(o} -0.01/-0.01 —0.01/0.01 0.06/0.00 0.12/0.16 0.21/0.17 0.25/0.25 0.87/0.84
(o} - —0.38/0.38 —0.48/0.44 0.35/0.35 0.26/0.23 0.70/0.55 0.87/0.84
o* — —0.58/0.57 —0.24/0.38 0.11/0.10 —0.03/0.03 —0.73/-0.57 0.02/0.02
0’ 0.00/0.00 0.05/0.01 0.07/0.03 0.08/0.09 0.07/0.03 0.08/0.09 0.07/0.06
0° 0.05/0.05 0.08/0.12 0.03/0.15 0.04/-0.01 0.03/0.03 0.05/0.06 0.07/0.06
o’ 0.09/0.32 0.26/0.41 0.10/0.43 0.13/0.13 0.13/0.13 0.17/0.19 0.21/0.22
o® 0.30/0.08 0.17/0.09 0.08/0.12 0.12/0.18 0.21/0.18 0.25/0.25 0.21/0.22
<Sz> 6.02/6.02 2.82/6.02 2.99/6.02 6.02/6.03 6.02/6.02 6.62/6.41 12.04/12.04

0.79/0.76 e of spin density (a-spin), whereas the Ru” center
bears 2.48/2.48 e («-spin), and 0.73/0.76 e is distributed
over the POM framework atoms, especially on the oxo
centers that bridge Ru and W atoms. Thus, formally the
Ru' center could be considered as low-spin Ru'™, while the
Ru? center could be considered to be an intermediate-spin
(quartet, 3 spins) Ru"".

Charges at the Ru centers also increase upon water
dissociation compared to the singlet I_P/I_S species,
slightly from 0.73/0.74 e to 0.77/0.79 e at the Ru' center
and substantially from 0.56/0.62 e to 0.92/0.97 e at the Ru?
center. Comparison between the singler II_P/II_S (see
Table 2) and singlet 1_P/I_S species shows insignificant

geometry changes, in very close similarity to the X = Si
case; [18] the Ru'—Ru? bond distance is elongated by mere
0.02/0.01 A and O°-O° distance is shortened by 0.09/
0.13 A, respectively. Ru'-0' and Ru'-Ox bond distances
remain unchanged. The RuZ—OX bond distance, after the
water molecule dissociation from the Ru® center, is short-
ened by 0.04/0.06 A.

3.2.2 Intermediate III_X: the O, coordination to II_X
The next intermediate on the reaction pathway is the

product of O, coordination to II_X, the complex {y-[(O,)
Ru™(u-OH),Ru™ (H,0)][X" "W 00361} 7, TLX.
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Table 2 The Mulliken atomic charges (in e) of the important atoms of the calculated ground state intermediates, transition states and products

of the reaction (1) for X = P (before slash, “/”) and S (after slash, “/”)

LX, 'A7'A  ILX,3AFA  ILX,APA  TS2.X,5AFA  IV-1.X,5AFFA  IV-2.X,5AFPA TS4.X,5AFPA  V_X,7A/A
Ru'  0.73/0.74 0.77/0.79 0.80/0.85 0.96/0.87 0.93/1.01 0.99/1.00 0.99/1.02 1.11/1.20
Ru?  0.56/0.62 0.92/0.97 0.98/1.02 0.91/1.02 0.96/1.01 0.97/0.98 1.01/1.07 1.11/1.20
O'  —0.64/-0.63 —0.63/—-0.62 —0.66/—0.65 —0.66/—0.69  —0.64/—0.54 —0.56/—0.53 —0.56/—0.53  —0.42/—0.35
0> —0.65/—0.65 - - - - - - -
o - - —0.17/-0.16 —0.18/—=0.15  —0.22/—0.19 —0.24/—0.21 —0.28/=0.25  —0.42/—0.35
ot - - —0.21/-0.19 —0.32/—0.23  —0.36/—0.32 —0.39/—0.35 —0.45/-043  —0.79/-0.77

0.03/0.06*

0’  —0.63/-0.61 —0.71/—0.70 —0.64/—0.64 —0.66/—0.63  —0.66/—0.73 —0.66/—0.66 —0.66/—0.68  —0.69/—0.76
0%  —0.63/-0.61 —0.72/—0.70 —0.66/—0.69 —0.64/—0.69  —0.64/—0.74 —0.72/—0.72 —071/—-0.70  —0.69/—0.76
0’ —0.65/-0.64 —0.64/—0.66 —0.61/—0.60 —0.60/—0.58  —0.61/—0.61 —0.60/—0.61 —0.60/—0.62  —0.61/—0.62
0%  —0.65/-0.64 —0.65/—0.65 —0.61/—0.61 —0.60/—0.61  —0.61/—0.62 —0.61/—0.62 —0.60/—0.62  —0.61/—0.62

2 Total charge (in e) of the transferring O*H'-fragment

Complex III_P is found to have the triplet ground elec-
tronic state, as in the case of III_Si [18], whereas the
complex III_S is found to have the quintet ground elec-
tronic state, again in agreement with the fact that SV' favors
higher-spin electronic states [33, 34]; the triplet state of
III_S was calculated to be 2.4 (2.4) kcal/mol higher than its
quintet state. The calculated <Sz> values are 6.02 for both
complexes. As seen in Figs. 1 and 2, the overall ground
state-to-ground state H,O-to-O, substitution reaction, i.e.
IX > 1IILX - IIIX, is found to be exothermic by
5.4 kcal/mol in the gas phase for X = P, but endothermic
by 6.1 kcal/mol for X = S. In water, it is calculated to
be endothermic for both heteroatoms: (5.7) and (13.9)
kcal/mol for X = P and S, respectively. Comparison of
these results for X = P and S with —1.0 (6.5) kcal/mol
reported earlier for X = Si [18] shows that the driving
force for the overall H,O-to-O, substitution slightly redu-
ces via X = P > Si > S, which can be explained by the
geometry change upon going from I_X to III_X (specially
the change in Ruz—Ox bond distance, see below).

As seen in Fig. 1, the coordination of O, to the ground-
state quintet II_P and II_S to form the corresponding
IILP (A) and IILS (°A) species results in significant
shortening of the Ru’~Ox bond distances: from 2.49 to
2.24 A for X =P and from 2.62 to 2.34 A for X = S.
However, the calculated Ru’>~Og distance in IIL_S (CA) is
still quite long, 2.34 A, implying no bonding between the
Ru? and Og centers. It is worth noting that for X = Si, in
contrast to the X = P and S, the Ruz—OSi bond distance
elongates from 2.07 to 2.17 A upon the O, coordination to
II_Si, which leads to slight destabilization (rather than
stabilization as it is the case for X = P) of the resulting
III1_Si intermediate. This trend in change in the calculated
Ru2—OX distance upon the coordination of O, to II_X is
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consistent with the reported exothermicity of the reaction
II_X 4+ O, — III_X, which reduces via X = P [26.8 (7.7)
kcal/mol] > Si [24.1 (4.0) kcal/mol] [18] > S [12.6 (2.9)
kcal/mol].

As shown previously [18] for X = Si, the coordination
of O, to Ru? in IL X flattens the entire {Ru(u-OH),Ru}
core; the calculated (Ruz, Rul, O(’, 05) dihedral angles in
III_X are 16.8°, 19.1°, and 21.8° versus 33.7°, 31.2°, and
35.1° in IIX, for X = Si, P, and S, respectively. As seen
in Fig. 1, in III_X, the oxygen molecule is coordinated to
the Ru®-atom with one of its O-atoms, and its other O-atom
is H-bonded to the Ru'-coordinated water molecule; the
Ru2—03(02) and O*~H! bond distances are calculated to be
2.00, 1.97, and 2.00 A, and 1.68, 1.74, and 1.81 A,
respectively, for X = Si, P and S. Elongation of the O*~H'
bond distance in cases of X = P and S versus X = Si could
be explained by slightly smaller Mulliken charge at the O*
center in III_P/III_S (—0.21/—0.16 e) compared to III_Si
(—0.25 ¢). The calculated O’~O* bond distance in ITL X is
1.37, 1.36 and 1.35 A for X = Si, P and S, respectively, by
0.15-17 A longer than that in the free dioxygen molecule,
which implies superoxo character of the coordinated O,-
unit. Indeed, the calculations performed at the same level
of theory gave 1.42 and 1.68 A for O—O bond distances in
free O3 and O,>~ species, which is in reasonable agree-
ment with experimental value of 1.35 A for 05" [58, 60]
and calculated values of 1.64 A (with the SD-CI approach)
and 1.67 A (with the SAC-CI approach) [59] for 0,°",
respectively. The superoxide character of the O,-unit in
III_X is also supported by the results of spin density
analysis; the O, unit bears about one unpaired spin (0.38 e
on the O*-atom and 0.57-0.58 e on O%) (Table 1).

The Ru® and Ru' atoms of TII_P/ITI_S bear 1.36/1.38 e
and 0.84/0.81 e o-spin density, respectively, and about
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0.76/0.84 e a-spin density is delocalized over other atoms.
It should be noted that the calculated (S*) value for the
triplet III_P is 2.82, which is significantly larger than its
ideal value of 2.0. As in the case of III_Si [18], this
indicates some mixing of high-spin states into the triplet
III_P; the calculated quintet state of III_P has a very
similar geometry and lies only 5.1 (5.7) kcal/mol higher in
energy than its ground triplet state; in the quintet state, the
superoxo unit bears about 1.0 e a-spin density (rather than
f-spin density in the triplet). Nevertheless, the calculated
exchange coupling constant, J, is only 19.9 cm™'. As seen
in Table 1, in the ground quintet state III_S, the Ru” and
Ru' centers are ferromagnetically coupled both with each
other and with the O°~O" superoxo unit. The calculated <Sz>
value is 6.02. These results show that in both III P and
IIL_S, the Ru? and Ru' centers could be considered as having
oxidation states of +4 (with two spins) and +3 (with one
spin), respectively, i.e., upon water substitution by O,, the
Ru’-center of II_P/II_S is oxidized by one electron.

3.2.3 The H-atom transfer: transition state TS2_X

From the complex III_X, the reaction proceeds via the
H-atom (H') transfer transition state TS2_X to give the
hydroperoxo-hydroxo complex {y-[(OOH)Ru"(u-OH),
Ru™(OH)][X" "W ,0036]}® ™, IV_X (Fig. 1). Calcula-
tions show that the transition states TS2_P/TS2_S have
triplet/quintet ground electronic states as their pre-reaction
complexes III_P/III_S, respectively. The atoms of the
activated superoxo unit 0°~O* in TS2_P/TS2_S bear spin
densities of 0.48/0.44 e on the O® and 0.24/0.38 e on the
o* (see Table 1). However, in TS2_P, similar to III_P,
these spins are antiferromagnetically coupled with spins on
the Ru centers, while in TS2_S, similar to IIL_S, they are
ferromagnetically coupled with spins on the Ru centers.
The Mulliken charge (see Table 2) on the transferred H'
atom in TS2_P/TS2_S is +0.46/40.46 e. Comparison of
important geometry parameters of TS2 P/TS2_S with
those of III_P/III_S shows the following: (a) in TS2_P/
TS2_S the dissociating O'-H' bond becomes significantly
elongated, by 0.41/0.24 A, (b) the forming Ru'-O' and
O*-H' bonds are shortened by 0.14/0.04 and 0.55/0.65 A,
respectively, (c) the O°-O* and Ru?~O? bond distances are
elongated by 0.06/0.03 A and shortened by 0.02/0.03 A,
respectively, and (d) Rul—OX and Ruz—OX bond distances
are elongated by 0.04/0.05 A and shortened by 0.01/
0.05 A, respectively. Also, the {Ru(u-OH),Ru} unit in
TS2_P/TS2_S is further flattened compared with the
complex III_P/III_S. As can be seen, geometry changes
upon going from III_P/ITI_S to the transition state TS2_P/
TS2_S are quite significant; therefore, TS2_P/TS2_S
should be considered as a late transition state. In contrast,

for X = Si, these changes were found to be relatively
insignificant, and the located TS2_Si is concluded to be an
early transition state [18]. The energy of transition states
TS2_P/TS2_S relative to III_P/III_S are 6.7 (3.7) and 7.0
(5.3) kcal/mol. Thus, these energy barriers are slightly
higher for X = P and S than for X = Si, which previously
was reported to be —1.7 (—3.2) kcal/mol [18] but still
should be considered as small.

3.2.4 The H-atom transfer: hydroperoxo-hydroxo
intermediates IV_X

Overcoming of the barrier at TS2_X leads to the formation
of the quintet hydroperoxo-hydroxo intermediates IV-1_X
(Fig. 1). For X = P, our extensive studies showed the
existence of an almost degenerate quintet state and an
antiferromagnetically coupled open-shell singlet state; the
latter state is by mere 0.1 (0.4) kcal/mol lower than the
quintet state. For X = S, we have found a low-lying triplet
state located by 2.4 (3.4) kcal/mol higher than the quintet
ground state. Its closed-shell singlet was found to be 10.8
(12.0) kcal/mol higher than the quintet ground state.

The calculated Ru'-0" (1.95/1.91 A) and Ru*-0* (1.92/
1.91 A) bond distances in IV-1_P/IV-1_S show the exis-
tence of the covalent bonding between the Ru centers and
OOH and OH groups, respectively, similar to the case
of IV-1_Si structure [18]. During the reaction
II_X - TS2_X — IV-1_X, (a) the geometry of the
{Ru(u-OH),Ru} core and the Ru’-Ox bond distance
change only slightly, (b) the Ru'-Ox bond distance elon-
gates by 0.03, 0.07 and 0.18 A, and (c) the formed Ru'-0O'
and Ru?-O° bond distances shorten by 0.06, 0.05, 0.09 A,
and 0.19, 0.17, 0.18 A, for X = Si, P and S, respectively.
Interestingly, in contrast to X = Si and P, in IV-1_S H' can
form only very weak, if any, hydrogen bond to the terminal
O'H?-ligand; the calculated H'-O* distance is 1.69, 1.78,
and 2.98 A for X = Si, P, and S, respectively. Comparison
of the presented geometry changes along the reaction
III_X —» TS2_X — IV-1_X, for X = Si, P and S shows
that the X = S species acquires pronounced “out-of-
pocket” configuration.

The Mulliken charges and spin densities are signifi-
cantly changed during the reaction II_X — TS2_X
— IV-1_X: (1) the total spin density on the O°-O* moiety
changes from —0.96 e (f3-spin) to 0.46 e (x-spin) for X = P
and from 0.95 e (a-spin) to 0.45 e (a-spin) for X = S; (2)
the total spin density on the Ru' and Ru” atoms increases
from 2.2 e to 2.62 e (a-spins), for X = P, and from 2.19 e
to 2.56 e (a-spins), for X = S, (3) about 0.87, 0.92, and
0.99 e spin is distributed over the framework atoms for
X = Si [18], P and S, respectively. Both Ru' and Ru? of
IV-1_X can be considered formally as Ru'" for all three
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X’s. We were also able to locate the antiferromagnetically
coupled open-shell singlet state of III-1_P, which has
geometry very similar to the quintet state, with spin den-
sities 1.41 e (x-spin) at the Ru' center and 1.22 e (fp-spin)
at the Ru” center and 0.45 e (f-spin) on the O°~0* moiety.
Cartesian coordinates and full results of Mulliken analysis
of the antiferromagnetically coupled open-shell singlet are
provided in Supporting Information (see Table S4 and S5,
respectively). Formation of the hydroperoxo-hydroxo spe-
cies IV-1_P/IV-1_8S is found to be exothermic by 5.2 (2.1)/
8.8 (4.2) kcal/mol, calculated relative to the complex
III_P/IIL_S, respectively (see Fig. 2). These values are
smaller than the 18.9 (16.5) kcal/mol reported for X = Si
[18].

Further, the intermediates IV-1_X rearrange into iso-
mers IV-2_X, where bridging O°H-group is H-bonded to
the OOH-group [18]. Calculations show that both IV-2_P/
IV-2_S have the quintet ground state as previously studied
IV-2_Si [18] and are located only 0.5 (2.7)/0.3 (4.3) kcal/
mol higher in energy than the IV-1_P/IV-1_S isomers,
respectively. During the IV-1_X — IV-2_X rearrange-
ment, the O]Hz-group is rotated around the Ru]—O], which
is expected to proceed via a small rotational barrier [18].
As in the case for X = Si [18], we were not able to locate
the transition state (TS3_X) associated with this barrier.
Comparison of the calculated geometries of IV-1_P/IV-
1_S and IV-2_P/IV-2_S shows that in the latter, the
Ru'-Ru?, 0°-0* Ru'-0°, and Ru’>-0° bond distances are
elongated by 0.04/0.01, 0.04/0.02, 0.03/0.03, and 0.05/
0.03 A respectively. The calculated Hl—O(’, Rul—Ol, and
Ru?-O° bond distances are shortened by 0.70, 0.03, and
0.01 A, for X = P. Forthe X = S, the H'-0O° bond distance
elongates by 0.08 A, and the Ru'-0' and Ru>-O® bond
distances do not change at all. In IV-2_S, the H>-O* dis-
tance is calculated to be 2.56 A, i.e., by 0.38 and 0.29 A
longer than in IV-2_P and IV-2_Si, respectively, which
again could be explained by more pronounced “out-of-
pocket” configuration of IV-2_S.

3.2.5 The water formation: transition state TS4_X

From the intermediate IV-2_X, the reaction proceeds to
the formation of water, O*H'H? and the product complex
{7-[(O)Ru(u-OH),Ru(O)|(H0)[X" W 100361} ™7, V_X,
containing an {ORu(u-OH),RuO)} core (the next 2
e-oxidation step) (Fig. 1). This reaction proceeds via the
transition state TS4_X, which is found to have a quintet
ground state for all three X atoms, as the pre-reaction
complexes IV-1_X and IV-2_X. As mentioned above,
isomers IV-1_X and IV-2_X are energetically close to each
other and separated with a small energy barrier. Therefore,
we calculate barriers at the TS4_X from the energetically
most stable intermediate IV-1_X. These energy barriers are
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12.6 (18.7), 21.1 (27.2), and 14.1 (20.6) kcal/mol for
X =Si [18], P, and S, respectively (see Fig.2). The
comparison of the calculated bond distances of O’—
O* = 2.00/1.88 A, O*-H? = 1.97/1.87 A, H'-0° = 1.81/
1.96 A, and Ru*-O’® = 1.80/1.80 A, for TS4_P/TS4_S,
with their values in the pre-reaction complex IV-2_P,
shows that in TS4_P/TS4_S the O°-0*, 0'-H?, and H'-0°
bonds are dissociated, and the Ru?>-0O® and H>-O"* bonds
are formed in a concerted fashion. Based on these geom-
etry analyses, one may describe the TS4_P/TS4_S transi-
tion state as an OH-transfer transition state rather than a
proton transfer one, as in the case of the transition state
TS4_Si [18]. In TS4_X, the total charge of the moving
OH-group is calculated to be very small (Table 2). Spin
density analysis shows that in the ground quintet state of
TS4 X, the 0°-0* bond acquires significant biradical
character (Table 1); the oxygen atoms, originated from the
dioxygen molecule, bear significant fractions of unpaired
spin density with opposite signs, implying the O-O bond
breaking at the transition state. The {Ru(u-OH),Ru} core is
noticeably flattened in TS4_X, in comparison with
IV-2_X, although the Ru'-Ru?, Ru'-O°, Ru’>-0° bond
distances are changed only slightly (Fig. 1).

The calculated geometries of TS4_X are closer to those
of the reactants IV-2_X; therefore, TS4_X should be
considered as early transition states, as expected for an
highly exothermic reaction; the IV-2_ X — TS4_ X —
V_X transformation is calculated to be exothermic by 27.1
(13.6) [18], 24.1 (14.9), and 19.7 (13.8) kcal/mol for
X = Si, P, and S, respectively (Fig. 2).

3.2.6 The final products V_X and VI_X

The resulting complexes V_X have a septet ground elec-
tronic state for all studied X, and the formed H204 mole-
cule formed is H-bonded to their Ru = O units. Similar to
the previously studied V_Si complex [18], the spin density
analysis (see Table 1) shows that the V_P and V_S also
have a strong biradicaloid character. In these complexes,
the Ru centers bear spin density of 1.62 e each, and their
O' and O® centers (oxo oxygens) have 0.87 e (X = P)/
0.84 e (X = S) spins each. All unpaired spins in V_X are
o-spins. Thus, again, as in previously studied X = Si case
[18], the final complexes V_X for X = P and S should be
formulated as species with the Ru"-O" units, rather than
species having the Ru' = O groups. In V_P/V_S, the
Ru'-Ru? bond distance is elongated by 0.07/0.10 A, while
0°-0° bond distance is shortened by 0.08/0.14 A in
comparison with the reactant IV-2_P/IV-2_S. The most
drastic changes, however, occur in Ru'-O' and Ru*-0O°
bond distances; they are shortened by 0.14/0.14 and 0.15/
0.14 A, upon going from IV-2_P/IV-2_S to V_P/V_S.
This indicates the formation of RuO unit with multiple
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ruthenium-oxygen bond character in V_X. In V_P/V_S
elongates the Ru—Ox bond distances up to 2.39/2.51 A,
thus dictating a pronounced “out-of-pocket” configuration
to the complex V_X. Interestingly, the H'-O* and H*-O'
bond distances in V_X species are steadily elongated from
X =3Si (1.94 and 1.93 A, respectively) to P (2.01 and
2.00 A, respectively) to S (2.04 A).

Dissociation of H-bonded water molecule from V_X
leads to final product VI_X. Since geometry and electronic
structure of VI_X are very close to those of V_X, we will
not discuss them here: they are presented in Supporting
Materials.

4 Discussion

The overall potential energy surface of the reaction (1), i.e.,
the reaction of di-Ru-substituted y-Keggin polyoxotung-
state {7-[(HO)Ru"(-OH),Ru" (HO)I[(X" "W 190361} * 7,
I_X (where X = Si, P and S), with O, molecule, is pre-
sented in Fig. 2. As seen from Fig. 2, this reaction is
exothermic by 28.7 (22.1), 21.4 (9.8), and 12.3 (5.0) kcal/
mol for X = Si, P, and S, respectively. In other words, the
exothermicity of the reaction (1) reduces upon changing
heteroatom via X = Si > P > S.

As mentioned above, this reaction is a 4-electron oxi-
dation process. Its first step is the H,O-to-O, substitution
that transforms the reactant {y-[(H,O)Ru™(u-OH),Ru™
(HO)[(X" "W 1003561} * ™7, LX, to the {y-[(OO)Ru"
(u-OH),Ru™(H,O)[(X" W 00361} ® ™7, ILX inter-
mediate with the superoxide (OO™) ligand (the first
1 e-oxidation step). This step may proceed via the step-
wise/dissociative and concerted/associative pathways,
which lead to the same conclusions. The stepwise pathway
occurs via the dissociation of the water molecule from I_X
to form {y-Ru"'(u-OH),Ru™(H,0)][X"*W,(036]}® ™",
II_X, followed by the addition of O, to the coordinatively
unsaturated Ru center to form the intermediate III_X. In
the concerted pathway, the H,O-to-O, substitution occurs
in a single step via a concerted transition state TS1_X.
Despite substantial efforts, we were not able to locate the
H,0-to-O, substitution transition state TS1_X. In any case,
the upper limit of the H,O-to-O, substitution barrier is the
energy required for the water dissociation from I_X, which
is calculated to be 23.1 (10.5), 21.4 (13.4), and 18.7
(16.8) kcal/mol for X = Si, P, and S, respectively.
The energy of the H,0-to-O, substitution reaction,
I.X + O, » III_X + H,O, is found to reduce in the
following sequence: X =P [-5.4 (5.7) kcal/mol] > Si
[—1.0 (6.5) kcal/mol] > S [6.1 (13.9) kcal/mol]. This trend
can be explained by stabilization of the Ru’-Ox bond
distance upon going from II_X to III_X for X = P and S,
but its destabilization for X = Si.

The next step of the reaction is the proton transfer from
the coordinated H,O molecule to the superoxide (OO )
unit in III_X to form the hydroperoxo-hydroxo intermedi-
ate {7-[(OOH)Ru" (1-OH),Ru" (OH)][X" "W 0036]}* ™",
IV-1_X (the second 1 e-oxidation), followed by
IV-1_X — IV-2_X isomerization and occurs with a max-
imum of —1.7 (=3.2), 6.7 (3.7) and 7.0 (5.3) kcal/mol
energy barrier at the transition state TS2_X, for X = Si, P
and S, and is a facile process.

From the intermediate IV-2_X (or its energetically more
stable isomer I'V-1_X), the reaction proceeds via the O-OH
bond cleavage followed by the spontaneous formation of
the water molecule and two Ru = O bonds. The resulting
product, (H,0)"*{7-[(O)Ru" (u-OH),Ru" (0)][X"*
W 10056117, V_X, is formulated to be a radical species
with two Ru'Y = O units. Similar biradicaloidal character
of the Ru = O-fragments of the {(bpy)z[(‘O)RuIV(u-O)
RuIV(O')](bpy)2}4+ intermediate of the “blue-dimer” was
reported by Yang and Baik [19]. As seen in Fig. 2, this step
of the reaction, i.e., the IV-1.X - TS4 X - V_X
transformation, is exothermic by 27.1 (13.6) [18], 24.1
(14.9), and 19.7 (13.8) kcal/mol and occurs with a 12.6
(18.7), 21.1 (27.2), and 14.1 (20.6) kcal/mol energy barrier
at the transition state TS4_X, for X = Si [18], P, and S,
respectively. Comparison of these barriers with those
reported for the H,O-to-O, substitution step [23.1 (10.5),
21.4 (13.4), and 18.7 (16.8) kcal/mol for X = Si, P, and S,
respectively] shows that the former are smaller (almost the
same for X = P) in the gas phase but are somewhat larger
in water. In other words, in the gas phase, the rate-deter-
mining step of overall reaction (1) is the HO-to-O, sub-
stitution step, while in the water solution, the pre-final step,
i.e., the O-OH bond cleavage and formation of the two
Ru = O bonds, becomes the kinetically most demanding
step for the reaction (1). As a result, the hydroperoxo-
hydroxo intermediate IV-1_X of the reaction (1) becomes a
kinetically stable species for all studied X, especially for
X=P.

At the final step, the dissociation of the formed water
molecule from V_X occurs, i.e. V.X — {"/-[('O)RuIV
(1-OH),Ru™(O)][(X" T 04)W 10032 }* ™~ (VLX) + H,0,
which requires 18.3 (1.5), 13.3 (—1.5), and 10.1 (—0.9)
kcal/mol for X = Si, P, and S, respectively (negative
values indicate that this reaction is exothermic).

Thus, the above presented discussion shows that reac-
tion (1) is a kinetically and thermodynamically facile
process for all studied X. The “reverse” reaction, i.e., O,
formation by reaction of water with {7-[CO)Ru"Y
(1-OH),Ru™ (O)[(X" W 100561}~ is an endothermic
process by 28.7 (22.1), 21.4 (9.8), and 12.3 (5.0) kcal/mol
for X = Si, P, and S, respectively. In other words, the water
oxidation by the complex {y-[(O)Ru"(u-OH),Ru'Y(0)]
[(X"TW 00361}~ is unlikely for X = Si and P, while it
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could occur for X = S at specific conditions. This con-
clusion is drastically different from that reported for
the “blue-dimer” {(bpy).[ ORu"(u-0)Ru'¥(0")](bpy),}*"
intermediate, which oxidizes the incoming water mole-
cule to produce O, [19-32]. This difference in reactivity
of {7-[(O)Ru" (u-OH),Ru™(O)][(SiW10036]}*" and its
“blue-dimer” analog { (bpy)z['ORuIV( u-0O)Ru"v (0]
(bpy).}*" toward H,O molecule has been explained in
terms of the electron-rich nature (better ¢ donor and =
acceptor character) of [SiW10036]4_ relative to bpy [18].

It is noteworthy that the lack of reactivity of the
{7-[CORU" (u-OH)Ru"™ (O)[(X" W 100361}* ™~ radi-
cal toward the water molecule facilitates its reaction
with another {y-[(H,O)Ru™(u-OH),Ru™(H,O)|[(X" "W
0361}~ reactant/molecule leading to the formation of
[{Ru3’O4(OH)>(Hy0)4} [(7-XWO361}™~  dimer.  Our
experimental studies (and preliminary calculations) are
fully consistent with this prediction. In fact, the dimer
[{Ruz’O4(OH)2(H;0)4} [(7-XW 1903612} is prepared and
carefully studied for the X = Si (m = 10) [62, 63] and P
(m = 8) [64]. It was shown that these dimers are very
stable in aqueous solution and catalyze the oxidation of
water. More detailed computational studies on the mech-
anism of the dimerization reaction:

VI+ {y— [(H,O)Ru" (1 — OH),Ru" (H,0)]
(X" OW 19036} ™~
— [{Ru}’04(OH), (H,0), } [(y = XW 19036}, }™ + 2HT,

are in progress.

5 Conclusions

From the above presented data, we can draw the following
general conclusions.

1. The nature of the heteroatom X only slightly affects the
reactivity of the di-Ru-substituted polyoxotungstates
{7-[(H0)Ru"'(u-OH),Ru" (H,0) ] [(X"F W 19036] 4,
I_X (where X = Si, P and S), toward the O, molecule.
This reaction proceeds with a moderate energy barrier
for all studied X’s and produces the {7-[CO)Ru"Y
(u-OH),Ru™ (O)[(X" "W 100361 }® ™~ radical. The
exothermicity of the reaction decreases as X = Si
[28.7 (22.1) kcal/mol] > P [21.4 (9.8) kcal/mol] > S
[12.3 (5.0) kcal/mol].

2. The “reverse” reaction, namely water oxidation by
{7-[CORU™ (u-OH),Ru™(O)]  [(X"*W 00361} 77,
is an endothermic process and unlikely to occur for
X = Si and P, while it could take place for the X = S
under specific conditions.
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3. The lack of reactivity of the {y-[( O)Ru""(u-OH),Ru""
(ONIX"TO)W 100351} ® 7 biradical species toward
water leads to the formation of stable [{Ru£V04(OH)2
(H,0)4}[(7-XW 9036]5}™" dimer. This conclusion
is consistent with our experimental findings; the
[{Ru}’O4(OH)>(H,0)4 }[(7-XW¢036],}™ dimers for
the X = Si (m = 10) [62, 63] and P (m = 8) [64] are
stable in aqueous solution and catalyze water oxidation
by strong oxidants.
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