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’ INTRODUCTION

The notion that metal-ion coordination might activate 2,20-
bipyridine (bpy) and related polyimines toward addition of water
across NdC bonds was introduced in the 1970s by Gillard and
co-workers to explain unusual spectroscopic and kinetic proper-
ties observed for complex ions containing these ligands.1 These
“covalent hydration” reactions were patterned after analogous
reactions of nitrogen heterocyclic compounds that had been
extensively studied by physical organic chemists.2 However, no
direct evidence could be found in subsequent research for
predicted ligand symmetry reductions or OH addition to the
heterocyclic ring in these coordination complexes. Several alter-
native explanations for their anomalous properties were ad-
vanced, including formation of monodentate intermediates,
expansion of the metal coordination sphere, tight ion pairing,
and carbanion formation.3

These considerations notwithstanding, one set of reactions
that may be initiated by covalent hydration is the hydroxide-
dependent reduction of group 8 M(bpy)3

3+ ions.4,5 In homo-
geneous solutions, these reactions involve primarily ligand
degradation.5,6 However, it has been reported that when en-
capsulated within a zeolite cage, Ru(bpy)3

3+ undergoes one-
electron reduction with quantitative release of O2 via the
reaction 4Ru(bpy)3

3+ + 2OH� f 4Ru(bpy)3
2+ + O2 + 2H+.7

Spectroscopic and EPR evidence suggesting intermediary OH
addition to the ring were obtained. More recently, this model

has been adapted to rationalize an unusual reaction pathway for
water oxidation catalyzed by dimericμ-oxo-bridged ruthenium ions
([RuIII(L)2(OH2)]2O

4+, L = 2,20-bipyridine or a ring-substituted
congener) which18O-isotope-labeling studies have identified as
involving O2 formation from two solvent molecules, as opposed
to the coordinated aqua ligands.8,9 The active formof this catalyst is
a 4e�-oxidized species containing a diruthenyl (RuV(O)�
O�RuV(O)) core10,11 that we proposed initiates water oxidation
by H-atom abstraction; the nascent hydroxyl radical then under-
goes concerted addition to either the adjacent RudO group to
form a hydroperoxy/hydroxyl intermediate ([L2Ru

IV(OOH)�
O�RuIV(OH)L2]

n+) or the bipyridine ligand to form a ligand
radical intermediate (for example, [L2Ru

IV(OH)�O�RuV-
(OH)L(LOH•)]n+), which then decomposes to give an isotopi-
cally distinct O2 molecule. Provisional support for this model
includes detection of anomalous optical and EPR signals during
catalytic turnover that appear consistent with OH addition to
the ring12 as well as demonstration that radiolytically generated
hydroxyl radical adds to the bipyridine ring.13 Theoretical
support for the reaction model has been presented in the form
of DFT calculations, confirming the presence of a low-energy
pathway through the hydroperoxy/hydroxyl intermediate.14 The
proposed pathway involving ligand radical formation is largely
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ABSTRACT: Density functional theory (DFT) has been used
to investigate the plausibility of water addition to the simple
mononuclear ruthenium complexes, [(NH3)3(bpy)RudO]2+/3+

and [(NH3)3(bpy)RuOH]
3+, in which theOH fragment adds to

the 2,20-bipyridine (bpy) ligand. Activation of bpy toward water
addition has frequently been postulated within the literature,
although there exists little definitive experimental evidence for this type of “covalent hydration”. In this study, we examine the
energetic dependence of the reaction upon metal oxidation state, overall spin state of the complex, as well as selectivity for various
positions on the bipyridine ring. The thermodynamic favorability is found to be highly dependent upon all three parameters, with
free energies of reaction that span favorable and unfavorable regimes. Aqueous addition to [(NH3)3(bpy)RudO]3+ was found to be
highly favorable for the S = 1/2 state, while reduction of the formal oxidation state on the metal center makes the reaction highly
unfavorable. Examination of both facial and meridional isomers reveals that when bipyridine occupies the position trans to the
ruthenyl oxo atom, reactivity toward OH addition decreases and the site preferences are altered. The electronic structure and
spectroscopic signatures (EPR parameters and simulated spectra) have been determined to aid in recognition of “covalent
hydration” in experimental systems. EPR parameters are found to uniquely characterize the position of theOH addition to the bpy as
well as the overall spin state of the system.
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unexplored from a theoretical perspective. However, in a very
recent theoretical analysis of water oxidation catalyzed by the
[(tpy)(bpz)RuIVdO]2+ion (tpy = 2,20:60200-terpyridine; bpz =
2,20-bipyrazine) an energetically permissible pathway leading to
OH addition to the terpyridine ligand was found.15

In the present study, we utilize density functional theory (DFT)
to explore the plausibility of water addition to the fac and mer
isomers of simple mononuclear ruthenium complexes ([(NH3)3-
(bpy)RudO]2+/3+ and [(NH3)3(bpy)Ru�OH]3+), in which re-
activity is restricted to the pathway involving “covalent hydration”
of the bipyridine ligand, including considerations of energetic
dependencies upon the metal oxidation state, overall spin state of
the complex, and selectivity for various positions on the bipyridine
ring. Moreover, we identify key electronic structure and spectro-
scopic signatures to aid in future identification of these reactions.
These model complexes are structurally similar to [(tpy)-
(bpm)RudO]2+/3+ and [(tpy)(bpz)RudO]2+/3+ (bpm = 2,20-
bipyrimidine; bpz = 2,20-bipyrazine) mononuclear catalysts,16,17

although we recognize that the presence of the hard NH3 ligands
in the model may restrict electron delocalization over the nuclear
framework of the complex. A common feature of homogeneous
water oxidation reactions catalyzed by polyimine-containing

complexes, particularly when excess oxidants are present, is
competitive oxidative degradation that can inactivate the cata-
lyst after only a few reaction cycles.18 These reactions can
reasonably be expected to involve hydrolytic attack of water on
reaction intermediates.6 Thus, this study provides information
that is useful both to evaluating proposed mechanisms and
interpreting experimental data in water oxidation catalyzed by
the dinuclear ruthenium complexes and to the design of more
robust catalysts in general.

’COMPUTATIONAL METHODS

The structures of the fac and mer isomers of S = 3/2 [(NH3)3-
(bpy)RudO]3+ as well as the S = 1 spin states of [(NH3)3-
(bpy)RudO]2+ and [(NH3)3(bpy)RuOH]

3+ reactants were optimized
with the unrestricted B3LYP combination of density functionals19 using
the LANL2 effective core potential on Ru with the corresponding
LANL2DZ basis set and the aug-cc-pVDZ basis on all main group
elements (Figure 1).20,21 All geometry optimizations were performed
using the NWChem program package.22 The potential products from
water addition to the bpy ligand of S = 3/2 [(NH3)3(bpy)RudO]3+

include [(NH3)3(bpyOH)RuOH]3+ for which 5 different spin

Figure 1. Reactions a�c of the meridional isomers of [(NH3)3(bpy)RudO]3+, [(NH3)3(bpy)RudO]2+, and [(NH3)3(bpy)RuOH]
3+ examined in

this work, with product spin states studied and atom numbering indicated by subscripts.Water addition to only the ortho position (atom label Ca) shown
for clarity.
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arrangements may be imagined: the high-spin S = 5/2, two S = 3/2, and
two S = 1/2 states. Of these, only the intermediate-spin and low-spin
states on the metal center need be considered, leaving S = 3/2 and 1/2
states (those relevant to this study are presented in Figure 1). Water
addition to the bpy ligand of the S = 1 states of [(NH3)3(bpy)RudO]2+

and [(NH3)3(bpy)RuOH]
3+ results in S = 1 and 0 potential spin

products. Each of these products were similarly optimized for addition
at the ortho (atomic label Ca in Figure 1), meta (Cb), and para (Cc)
positions. Normal mode analysis confirmed each species to be a local
minimum with no imaginary vibrations. In cases of open-shell singlet
and doublet states, the broken-symmetry broken-spin methodology was
used.23 Complementary calculations were performed on Ru(bpy)3

n+

(n = 3�5) so as to yield further insight into the electronic structure of
the monomeric model catalysts.
To evaluate the thermodynamics of water addition, the gas-phase

electronic energies, enthalpies, and free energies were examined. The
free energies in solution were obtained through single-point calculations
using a polarizable continuum model (PCM) with cavities generated by
the united atom method.24 While the importance of explicit solvation
has been recently pointed out,15 it is likely that extended H-bonding
networks caused by the first solvation shell will have the largest impact
upon the activation barriers for H2O addition. This work focuses upon
the net thermodynamic features of the covalent hydration reactions, and
thus, only a PCM has been used. The solvent-corrected free energies of
reactions a�c in Figure 1 are defined by

ΔGcorr ¼ ΔG298 þ ΔΔGtot
solv þ SScorr

which has ΔG298 as the free energy of the reaction in the gas phase,
ΔΔGsolv

tot as the solvation contribution to the free energy of the
reaction, and SScorr as the standard-state thermodynamic correction
(�4.3 kcal/mol for the single H2O reactant).25

The electronic structures of the reactants and products, as well as
Ru(bpy)3

5+�3+, were analyzed using natural population analysis (NPA),
obtained with the NBO program26,27 (version 3.1) implemented in
Gaussian03.28 Spin densities were analyzed using both Mulliken and
NPA and found to be similar (see the Supporting Information). The
electronic structure analysis was compared to EPR parameters (such as g
andA tensors) that were calculated using the ORCA program package.29

For calculation of g tensors, the gauge origin was set to the center of
electronic charge (via keyword ori -3). Spin-unrestricted calculations
with B3LYP and the Ahlrichs triple-ζ valence basis set with polarization,
TZVP,30 were employed at the optimized geometries described above.
The isotropic g value, giso, is defined as one-third of the sum of the
principal g values, and the g-tensor anisotropy, ganiso, is defined as the
difference between the largest and the smallest principal g value (gmax�
gmin). The g matrix (g) is given as a sum of the free electron value (ge)
and g shift (Δg), which represents the deviation from ge

g ¼ ge1 þ Δg

Here, the g shift (Δg) consists of three contributions

Δg ¼ ΔgOZ=SOC þ ΔgRMC þ ΔgGC

where the first term is the dominant contribution which arises in second-
order perturbation theory as a cross term between the orbital Zeeman
(OZ) and spin�orbit coupling operators (SOC).31 This term is referred
to as the paramagnetic orbital Zeeman/spin�orbit coupling cross term.
The second and third terms, the relativistic mass correction and diamag-
netic spin�orbit (or gauge correction) terms, are first-order contribu-
tions. The spin�orbit coupling (SOC) operator used in this work is an
accurate mean-field (SOMF) approximation to the full Breit�Pauli
spin�orbit operator.32

’RESULTS AND DISCUSSION

To examine the thermodynamic constraints to covalent
hydration of the bipyridine ligand within our model Ru water
oxidation catalysts, reactions a, b, and c in Figure 1 have been
examined (only the meridional isomer of the model monomeric
catalysts is shown for clarity). In dimeric μ-oxo-bridged ruthe-
nium ions with water-oxidizing capacity such as the “blue dimer”,
i.e., [(bpy)2Ru

III(OH2)]2O
4+, one of the bipyridine ligands is in

an equivalent position with one of the N atoms trans to the
ruthenyl oxo atom. The other bipyridine in the dimer is chelated
with both N atoms occupying positions cis to the oxo atom in a
conformation approximated by the fac isomer of our model
complex. In the study presented here, reactivity of the meridional
isomer (whose bpy is trans to the ruthenyl oxo atom) is first
reported. For those cases where the covalent hydration reaction
is observed to be energetically favorable, the energetics of the fac
isomer are then studied so that the reactivity of each of the bpy
ligands present in [RuIII(bpy)2(OH2)]2O

4+ is examined.
Water Addition to [(NH3)3(bpy)RudO]3+. In solution, mon-

omeric Ru(V)�oxo catalysts such as [(tpy)(bpm)RuVO]3+ and
[(tpy)(bpz)RuVO]3+ are obtained by Ce(IV) oxidation under
acidic conditions.16 The optimized structure of mer-[(NH3)3-
(bpy)RudO)]3+ (Table 1) is very similar to published DFT
structures of both mononuclear catalysts and the Ru “blue
dimer”.14,16,17 Using the atomic numbering presented in Figure 1,
the ruthenyl bond length, rRu�Oa

, is 1.77 Å and a trans effect is
observed such that rRu�Na

0 is 0.17 Å longer than rRu�Na
. A similar

trans effect was also observed in the DFT structure of
[(bpy)2Ru

VO]2O
4+.14 Although the Ru is formally in the +5

oxidation state (d3), both NPA andMulliken population analyses
predict that the formal O2� ligand donates nearly two electrons
to the empty Ru d orbitals and the bpy ligand is electron deficient
by 1.5 electrons, such that Ru has a d occupation of ∼6.5. This
leads to a very interesting distribution of unpaired spin density,

Table 1. Key Bond Lengths (in Å) for Species in Reaction a Illustrated in Figure 1 As Calculated by B3LYP/LANL2DZ/aug-cc-
pVDZa

species S rRu�Na
0 rRu�Na

rNa
0�Ca

0 rNa�Ca
rRu�Oa

rC*�Ob
rOa�Ob

ÆrC�C*æ

[A3(bpy)RudO]3+ 3/2 2.28 2.11 1.33 1.33 1.77 NA NA NA

[A3(o-bpyOH)RuOH]
3+ 3/2 2.12 2.10 1.35 1.47 1.86 1.45 2.60 NA

[A3(m-bpyOH)RuOH]
3+ 3/2 2.08 2.10 1.36 1.31 1.88 1.43 4.90 1.50

[A3(p-bpyOH)RuOH]
3+ 3/2 2.08 2.09 1.36 1.36 1.89 1.43 6.34 1.50

[A3(o-bpyOH)RuOH]
3+ 1/2 2.15 2.05 1.34 1.47 1.92 1.41 2.87 NA

[A3(m-bpyOH)RuOH]
3+ 1/2 2.17 2.12 1.34 1.31 1.93 1.39 4.83 1.49

[A3(p-bpyOH)RuOH]
3+ 1/2 2.17 2.11 1.34 1.39 1.93 1.29 6.54 1.45

aThe C* atom indicates the carbon to which OH has added on the bpy ligand, while ÆrC�C*æ is the average C�C bond distance between C* and its
nearest neighbors. S indicates the overall spin state of the complex. A = NH3.
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with approximately one electron each on the ruthenium, ruthenyl�
oxygen, and the bpy ligand (Table 2). The lone electron on bpy is
delocalized almost symmetrically over the two rings of the ligand
as observed in the singly occupied ligand-based L€owdin natural
orbital shown in Figure 2 and the calculated atomic spin densities
which indicate distribution over the Cb(Cb

0), Cd(Cd
0), and

Ce(Ce
0) atoms (Table S1 in the Supporting Information). This

electronic structure is very similar to that observed in comple-
mentary calculations on S = 3/2 Ru(bpy)3

5+, wherein the
L€owdin spin densities indicate that ∼1.5 lone electrons are
delocalized across the three bpy ligands. EPR calculations on
[(NH3)3(bpy)RudO]3+ indicate that the principal g values are
all above the free electron g value, ge (=2.002319) (Table 2). The
departure of giso from ge, known as the isotropic g-shift, is∼0.02.
The dominant contribution to this shift comes from the metal
atom (∼84%), with a small contribution from metal-bound
oxygen atom (∼13%) (Table S2 in the Supporting Information).
Interestingly, the contribution to the g shift from the bpy ligand is
negligible. These observations can be rationalized by considering
the significantly larger spin�orbit (SO) coupling constant of the
metal (Ru) compared to the small SO coupling constant of the
light ligand atoms. The simulated spectrum of this complex
shows a near axial EPR signal with a small g-tensor anisotropy of
0.022 (Figure S1 in the Supporting Information). While these g-
tensor calculations are not expected to have quantitative accuracy
due to limitations associated with the existing density functionals
and basis sets, use of the hybrid B3LYP functional has been
previously shown to yield good agreement with experimental
data for transition-metal complexes.33,34 Given the treatment of
the SOC operator by an accurate mean-field approximation to
the full Breit�Pauli spin�orbit operator, these EPR calculations
should provide significant qualitative insights into the trends of
the g-tensors of the monomeric Ru catalysts studied in this work.
The thermodynamics of water addition via reaction a in

Figure 1 to form ortho, meta, or para products in either the
3/2 or the 1/2 spin states were calculated. Considering first the

3/2 states of the three isomers, it is observed that water addition
to the RudO, forming Ru�OH, serves to lengthen the metal�
oxygen bond by ∼0.1 Å, the Ru�Na

0 bond, rRu-Na
0, is shortened

by∼0.2 Å, and the Ru�Na bond, rRu�Na
, is slightly shortened by

0.01 Å (Table 1). Upon formation of the addition product,
rCa�Na

is lengthened by 0.14 Å for the ortho isomer. Severe
disruptions in the π-bonding framework of the bpy are observed
due to changes in hybridization of the newly formed�HCOH�
unit in the ligand ring. Here, the C�N bond, rCa�Na

, is 0.1 Å
longer than rCa

0�Na
0 for the ortho product (Figure 1) and the o-

carbon to which the OH has been added is tilted below the plane
of the ligand ring. Similar observations are observed for the meta
and para products (see the Supporting Information).
From an electronic structure perspective, NPA predicts that

the formal reduction caused by water addition leads to only∼0.3
electrons gained by the (NH3)3(bpy)RudO unit, most of which
goes to the ruthenyl oxo atom and bpy ligand while the Ru
becomes more electron deficient by 0.2 electrons. For all three
S = 3/2 [(NH3)3(bpyOH)RuOH]

3+ products (ortho, meta, and
para), 1.3�1.4 unpaired electrons are localized on ruthenium
while ∼0.5 e� are delocalized to the oxo group (Table 2). The
spin density on the bpy ligand slightly increases but still may be
considered a radical. As opposed to the reactant, most of the
unpaired electron density is distributed over the pyridine ring
containing the C atom to which OH has added. There the lone
electron is distributed through the atoms Ca�Ce with alternating
signs. The spin density on Na was found to be negative in the
meta isomer, in contrast to the ortho and para products (Table
S3 in the Supporting Information). The unpaired spin density is
distributed mostly over the Na, Cb, and Cd atoms in ortho and
para products, while it is distributed over the atoms Ca, Cc, and
Ce in the meta isomer, as observed in the singly occupied ligand-
based L€owdin natural orbitals shown in Figure 2. The spin
densities on the o-, m-, and p-C atoms are fairly small.
EPR calculations show that the isotropic g values, giso, deviate

significantly (0.05�0.18) from that of the free electron in all
ruthenium products studied (Table 2). This can be attributed
mostly to the large spin�orbit coupling constant of Ru, as the
dominant contribution to the g-shifts stems from the paramag-
netic orbital Zeeman/spin�orbit coupling cross term.31,33,35

The isotropic g-shifts of spin 3/2 products are ∼0.030 larger

Table 2. Calculated Spin Densities (using NPA) and g Ten-
sors for the Reactant, [A3(bpy)RudO]3+ (where A = NH3),
and Products of Reaction a Illustrated in Figure 1a

spin density S Ru Oa (NH3)3 bpy Ob

[A3(bpy)RudO]3+ 3/2 1.00 1.11 0.00 0.90 NA

[A3(o-bpyOH)RuOH]
3+ 3/2 1.39 0.57 �0.02 1.02 0.05

[A3(m-bpyOH)RuOH]
3+ 3/2 1.40 0.52 �0.02 1.06 0.04

[A3(p-bpyOH)RuOH]
3+ 3/2 1.34 0.49 �0.02 1.12 0.07

[A3(o-bpyOH)RuOH]
3+ 1/2 0.88 0.36 �0.01 �0.22 0.00

[A3(m-bpyOH)RuOH]
3+ 1/2 0.73 0.28 �0.01 0.01 0.00

[A3(p-bpyOH)RuOH]
3+ 1/2 0.73 0.27 0.00 0.01 0.00

electronic g-tensors S g11 g22 g33 giso ganiso

[A3(bpy)RudO]3+ 3/2 2.006 2.023 2.028 2.019 0.022

[A3(o-bpyOH)RuOH]
3+ 3/2 2.012 2.052 2.093 2.052 0.082

[A3(m-bpyOH)RuOH]
3+ 3/2 2.013 2.054 2.093 2.053 0.081

[A3(p-bpyOH)RuOH]
3+ 3/2 2.024 2.049 2.072 2.048 0.048

[A3(o-bpyOH)RuOH]
3+ 1/2 2.084 2.135 2.270 2.163 0.186

[A3(m-bpyOH)RuOH]
3+ 1/2 1.977 2.173 2.360 2.170 0.383

[A3(p-bpyOH)RuOH]
3+ 1/2 1.970 2.189 2.376 2.178 0.406

a S indicates the overall spin state of the complex where ge = 2.002319,
giso = (g11 + g22 + g33)/3, ganiso = gmax - gmin.

Figure 2. Singly occupied ligand-based L€owdin natural orbitals for (a)
[(NH3)3(bpy)RudO]3+ (S = 3/2), (b) o-[(NH3)3(bpyOH)RuOH]

3+

(S = 3/2), (c) m-[(NH3)3(bpyOH)RuOH]
3+ (S = 3/2), and (d)

p-[(NH3)3(bpyOH)RuOH]
3+ (S = 3/2).
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than that of the reactant (Table 2). The dominant contribution to
the g-shifts stems from the metal atom, whereas the metal-bound
oxygen and bpy ligand contribute negligibly (Table S4 in the
Supporting Information). This is consistent with the shift in spin
density from metal-bound oxygen to the metal for the spin 3/2
products. The g-tensor anisotropies of spin 3/2 products are
∼0.03�0.06 larger than that of the reactant, [(NH3)3-
(bpy)RudO]3+, as shown in Figures S1-a and S1-b in the
Supporting Information. The increase in the g-tensor anisotropy
is consistent with the increased spin density on the metal (from
1.0 to 1.3�1.4, Table 2). For the [(NH3)3(bpyOH)RuOH]

3+

products with S = 3/2, the departure of the isotropic g value from
ge is the smallest (0.046) in the para isomer as is the g-tensor
anisotropy, ganiso (0.048, Table 2). This is expected given that the
unpaired spin density on the Ru center is smallest for the para
isomer when S = 3/2.
Figure 1 presents three of the S = 1/2 states that can be

produced from water addition reaction a to the bpy ligand. The
lowest energy S = 1/2 state is found to be closed shell on the
bpyOH ligand and S = 1/2 on the Ru center, forming effectively a
ligandπ cation bound to the reducedmetal center (ÆS2æ =∼0.75,
Tables S6 and S7 in the Supporting Information). A second S =
1/2 state, higher in energy, was found with ÆS2æ = 1.5�1.7
(depending on the product isomer) that is an open-shell doublet
where a bpyOH ligand radical is coupled antiferromagnetically to
the S = 1 Ru metal center (energies presented in Table S6 in the
Supporting Information). A third and final S= 1/2 was attempted
that pairs the four Ru d electrons as S = 0, leaving the S = 1/2
bpyOH ligand radical; however, all of the calculations performed
converged to the ground state. Geometry optimization of the
ortho, meta, and para S = 1/2 isomers was initiated from the
optimized S = 3/2 structures. While the ortho and meta S = 1/2
products have similar geometries to their 3/2 counterparts, the
�HCOH� unit of the ligand ring in the para isomer rearranges
and an H atom is transferred to the neighboring �CH� group,
resulting in a ring structure characterized by �COHCH2�
(Figure 3). It is further observed that the Ru�OH bond of all
product isomers, rRu�OH, is ∼0.05 Å longer than in the S = 3/2
state. The Ru�Na

0 bond, rRu�Na
0, is also longer by 0.03�0.1 Å

(Table 1). The unpaired spin density is mostly located on
ruthenium (∼75%) and oxygen Oa (∼25%) (Table 2), with
essentially no spin density on the bpy ligand. As such, EPR yields

rhombic spectra; the meta and para isomers display two principal
g values larger than ge and one g value smaller than ge (Figure S1
in the Supporting Information), which is in agreement with
typical spectra of low-spin 4d5 (S = 1/2) distorted octahedral
mononuclear ruthenium(III) complexes.36�39 In the ortho iso-
mer, all the g-shifts are positive in sign and themetal contribution
is dominant (Table S9 in the Supporting Information). The
distribution of unpaired spin over the metal d orbitals in the
ortho isomer differs from the other two isomers such that spin
density is primarily located in the dxz orbital in meta and para
isomers while it is distributed between dyz and dxz (slightly larger
on dyz) in the ortho isomer (Table S11 in the Supporting
Information). Moreover, the spin density on dz2 and dx2�y2

orbitals is larger in the ortho isomer than the other two isomers.
The observed g-tensor is attributed to these differences in the
spin populations within the metal d orbitals in the ortho isomer.
To place these results in context, the X-band EPR measure-

ments of ruthenium complexes with redox-active quinonoid
ligands, in particular cationic complexes [Ru(acac)2(L)]

+ (L =
redox-active o-quinonoid ligand), have shown two g components
larger than ge and one smaller than ge with g-tensor anisotropies
of ∼0.2�0.3. These properties lead to the assignment of these
complexes as predominantly RuIII(d5)�L0.40 A later DFT study
on these cationic complexes confirmed this assignment, based
upon spin density analyses which predicted dominant spin
density on the metal.33 Thus, the large g-tensor anisotropies
found in this work for the S = 1/2 products are indicative of the
dominant metal contribution to the singly occupied orbital and
consistent with their electronic structure. The isotropic g-shift of
the S = 1/2 products increases by∼0.12 relative to that of the S =
3/2 products (Table 2). The g-tensor anisotropies are signifi-
cantly larger for [(NH3)3(bpyOH)RuOH]

3+ products with S =
1/2 (Table 2) relative to the 3/2 state, as observed by comparing
Figures S1-b and S1-c in the Supporting Information. Thus, our
EPR calculations predict distinctive EPR signatures for the
“covalent hydration” products as a function of both the position
of OH addition to bipyridine and the overall spin state of the
complex.
In the gas phase, addition to form a 3/2 product is enthalpi-

cally favored only for solvent attack at Ca (ortho position)
(Table 3). The gas-phase free energies for water addition are
all unfavored, which indicates that a single water molecule does
not accurately reflect the entropy of water within the bulk.
Addition of a polarizable continuum model (PCM) does not
address the issue of entropy; however, it does take into account
the significant effect of the bulk dielectric upon the highly
charged reactants and products. In solution, only production of
the meta product may be considered favorable (ΔGcorr = �0.50
kcal/mol) (Table 3); however, this is within the error of the
calculation (at this level of theory), and it is more likely that this is
a thermoneutral process. Interestingly, formation of the “cova-
lent hydration” products in the closed-shell low-spin S = 1/2
states is significantly more favorable than in the 3/2 states.
Reaction to form the S = 1/2 species is predicted to be
characterized by negative energies, enthalpies, and free energies
of reaction (Table 3). Within the PCM, addition to form the
meta product is the most favored (ΔGcorr = �16.30 kcal/mol)
whereas formation of the para product is the least favored
(ΔGcorr = �0.99 kcal/mol) (Table 3). This indicates that the
overall favorability of the “covalent hydration” reaction is highly
sensitive to both the overall spin state of the complex as well as
the position of the OH attack.

Figure 3. B3LYP/LANL2DZ/aug-cc-pVDZ-optimized geometry of
the tautomerized p-[(NH3)3(bpyOH)RuOH]

3+ “covalent hydration”
product (S = 1/2 state).



8182 dx.doi.org/10.1021/ic200646h |Inorg. Chem. 2011, 50, 8177–8187

Inorganic Chemistry ARTICLE

Given the energetic favorability of water addition to the
mer-[(NH3)3(bpy)RudO]3+, the reactivity of the facial isomer
was also examined. The calculated molecular structure of fac-[-
(NH3)3(bpy)RudO]3+ is in good agreement with the mer
isomer (Table S13 in the Supporting Information). The ruthenyl
bond length, rRu�Oa

, is unchanged; however, unlike the mer-
idional isomer, the Ru�N bond lengths are all identical. The
electronic structure of the fac reactant is essentially the same as in
the mer isomer, with approximately one electron each on the
ruthenium, ruthenyl�oxygen, and bpy ligand (Table S14 in the
Supporting Information). This necessarily leads to nearly iden-
tical EPR spectra as for the other isomer (Figure S1 in the
Supporting Information). Addition of OH to the ortho, meta,
and para positions of the bpy ligand in the facial isomer to
produce products in the S = 3/2 or 1/2 state was also considered.
As with the meridional isomer, water addition serves to lengthen
the ruthenium�oxygen bond by ∼0.1 Å, and the Ru�Na bond,
rRu�Na

, was shortened by ∼0.1 Å (Table S13 in the Supporting
Information). Upon formation of the addition product, the
Ca�Na bond, rCa�Na

, was lengthened by 0.14 Å for the ortho
isomer and analogous distortions were observed in the meta and

para isomers. As in the reactant, the electronic distribution of
unpaired electron density for the water addition products was
nearly identical to that of the meridional isomers (see the
Supporting Information).
Interesting quantitative differences are observed in the gas-

and solution-phase thermodynamics of the fac and mer isomers.
First, unlike the reaction with the meridional isomer, addition to
form the S = 3/2 product is energetically and enthalpically
favored in the order para > ortho > meta (Table 4). The gas-
phase free energy for water addition is only favored for solvent
attack at the p-carbon of the bpy ligand. Within the PCM,
addition to form the para product is the most favored
(ΔGcorr =�16.48 kcal/mol) while formation of the meta product
is the least favored (ΔGcorr =�3.19 kcal/mol). This is in contrast
to the relative thermodynamics of formation of the meridional S =
3/2 products, where only the meta isomer was found to be
energetically favorable. As in the reaction with the meridional
isomer, formation of the S = 1/2 products for ortho and meta fac
isomers is significantly more favorable than the S = 3/2 states.
Formation of the S = 1/2 species is predicted to be characterized
by negative energies, enthalpies, and free energies of reaction, as

Table 3. B3LYP/LANL2DZ/aug-cc-pVDZ Gas-Phase Thermodynamic Values (ΔEZPE
298, ΔH298, ΔG298), Free Energy Correc-

tionΔΔGsolv(tot) in Solution, and Final Solution-Phase Free Energy of ReactionΔGcorr (using a standard state correction of�4.3
kcal/mol) for Reactions a�c in Figure 1 (in units of kcal/mol)a

reactant product S ΔEZPE
298 ΔH298 ΔG298 ΔΔGsolv(tot) ΔGcorr

[A3(bpy)RudO]3+ [A3(o-bpyOH)RuOH]
3+ 3/2 �5.67 �6.27 6.06 �0.04 1.72

[A3(m-bpyOH)RuOH]
3+ 3/2 1.20 0.60 9.95 �6.15 �0.50

[A3(p-bpyOH)RuOH]
3+ 3/2 4.60 4.01 13.55 �5.75 3.50

[A3(o-bpyOH)RuOH]
3+ 1/2 �14.69 �15.28 �4.99 1.78 �7.51

[A3(m-bpyOH)RuOH]
3+ 1/2 �21.55 �22.14 �14.17 2.17 �16.30

[A3(p-bpyOH)RuOH]
3+ 1/2 �51.79 �52.39 �3.04 6.35 �0.99

[A3(bpy)RudO]2+ [A3(o-bpyOH)RuOH]
2+ 1 10.40 9.80 20.52 5.68 21.90

[A3(m-bpyOH)RuOH]
2+ 1 16.58 15.99 28.50 1.83 26.03

[A3(p-bpyOH)RuOH]
2+ 1 18.35 17.76 27.12 1.19 24.01

[A3(o-bpyOH)RuOH]
2+ 0 11.37 10.77 22.19 4.00 21.89

[A3(m-bpyOH)RuOH]
2+ 0 25.87 25.28 35.21 2.30 33.21

[A3(p-bpyOH)RuOH]
2+ 0 19.38 18.79 28.98 1.03 25.71

[A3(bpy)RuOH]
3+ [A3(o-bpyOH)RuOH2]

3+ 1 �15.65 �16.24 �6.16 11.73 1.27

[A3(m-bpyOH)RuOH2]
3+ 1 �5.01 �5.60 2.24 6.20 4.14

[A3(p-bpyOH)RuOH2]
3+ 1 �1.81 �2.41 3.88 4.84 4.42

[A3(o-bpyOH)RuOH2]
3+ 0 �18.33 �18.93 �10.07 14.04 �0.33

[A3(m-bpyOH)RuOH2]
3+ 0 �17.56 �18.15 �11.35 15.50 �0.15

[A3(p-bpyOH)RuOH2]
3+ 0 �13.07 �13.66 �6.26 10.39 �0.17

aThe total spin is denoted by S and A = NH3.

Table 4. B3LYP/LANL2DZ/aug-cc-pVDZ Gas-Phase Thermodynamic Values (ΔEZPE
298, ΔH298, ΔG298), Free Energy Correc-

tionΔΔGsolv(tot) in Solution, and Final Solution-Phase Free Energy of ReactionΔGcorr (using a standard state correction of�4.3
kcal/mol) for Reaction a Using fac-[(NH3)3(bpy)RudO]3+ as a reactant (in units of kcal/mol)a

reactant product S ΔEZPE
298 ΔH298 ΔG298 ΔΔGsolv(tot) ΔGcorr

[A3(bpy)RudO]3+ [A3(o-bpyOH)RuOH]
3+ 3/2 �11.65 �12.24 1.51 �0.87 �3.66

[A3(m-bpyOH)RuOH]
3+ 3/2 �2.89 �3.49 7.67 �6.56 �3.19

[A3(p-bpyOH)RuOH]
3+ 3/2 �23.78 �24.38 �10.90 �1.28 �16.48

[A3(o-bpyOH)RuOH]
3+ 1/2 �22.08 �22.67 �9.88 0.99 �13.19

[A3(m-bpyOH)RuOH]
3+ 1/2 �23.61 �24.2 �12.76 1.30 �15.76

[A3(p-bpyOH)RuOH]
3+ 1/2 �53.93 �54.52 �3.12 5.36 �2.06

aThe total spin is denoted by S, and A = NH3.
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also observed for the meridional counterparts. Within the PCM,
addition to form the para product is the least favorable (ΔGcorr =
�2.06 kcal/mol) while formation of themeta product is the most
favorable (ΔGcorr =�15.76 kcal/mol) (Table 4), consistent with
the observations for meridional counterparts. Thus, comparison
of water addition thermodynamics for the facial and meridional
[(NH3)3(bpy)RudO]3+ reactants indicate a slight preference
for reactivity of the bpy ligand that coordinates cis to the ruthenyl
oxo atom. For the facial isomer, water addition products in both
the S = 3/2 and the S = 1/2 states are energetically favorable.
Water Addition to [(NH3)3(bpy)RudO]2+. To fully examine

the “covalent hydration” reaction as a function of Ru oxidation
state, water addition to both the formal Ru(IV)dO and the
Ru(IV)OH units has been studied. The geometry of mer-
[(NH3)3(bpy)RudO]2+ is nearly identical to that of the Ru(V)
analogue, with bond distances generally within 0.02 Å of each
other (Table 5). The exception is rRu�Na

0, which is trans to the
RudO. In this instance a 0.07 Å contraction is observed relative
to [(NH3)3(bpy)RudO]3+, indicating a significantly smaller
trans effect upon reduction of the complex ion. Comparison of
the atomic electron populations on the three NH3 ligands, bpy
ligand, Ru, and ruthenyl oxo atom indicates that the added
electron goes primarily to the bpy ligand, which was 1.5 e�

electron deficient in [(NH3)3(bpy)RudO]3+, and the ruthenyl
oxo atom.Within [(NH3)3(bpy)RudO]2+, the total spin density
is distributed evenly over ruthenium (0.93) and oxygen (1.07)
(Table 6) and the spin density on the bpy ligand is negligible.

Comparable calculations on Ru(bpy)3
4+ indicate a similar trend

(Tables S55 and S56 in the Supporting Information).
Water addition via reaction b in Figure 1 was considered, with

production of ortho, meta, or para products in either the S = 1 or
the S = 0 spin states. In both cases the formal reduction of the
reactant occurs primarily at the ruthenyl oxo atom. For the three
isomeric S = 1 [(NH3)3(bpyOH)RuOH]

2+ products, 0.8 un-
paired electrons are located on ruthenium while 0.2�0.3 lone
electrons are delocalized to the ruthenium-bound O atom (Oa)
(Table 6). The bpy ligand radical has 0.9 unpaired electrons
distributed over the pyridine ring containing the C atom to which
OH is added. The spin density on Na was found to be negative in
the meta product, in contrast to the ortho and para products, and
the density is distributed through the atoms Ca�Ce with alternat-
ing signs in all cases (Table S19 in the Supporting Information).
The unpaired spin density is distributed mostly over the Na, Cb,
and Cd atoms in ortho and para products, while it is distributed
over the atoms Ca, Cc, and Ce in the meta isomer. Water addition
serves to lengthen the Ru�O bond, rRu�Oa

, by ∼0.17 Å in all
products with spin S = 1 (Table 5). The Ca�Na bond, rCa�Na

, is
also lengthened by∼0.1 Å in the ortho isomer, similar to reaction
a. In addition, it was observed that the Ru�Na

0 bond, rRu�Na
0, is

shortened by ∼0.1 Å for all isomers with the S = 1 state.
Three S = 0 states may result from OH addition to the bpy

ligand (Figure 1). The first is an open-shell singlet, where the
lone electron of the ligand radical is coupled antiferromagneti-
cally to the S = 1/2 Ru metal center. Broken-spin broken-
symmetry optimizations, except for the meta isomer, have
converged to this state with ÆS2æ ≈ 1.0, with an overall energy
higher than the S = 1 state (Table S6 in the Supporting
Information). The second S = 0 state has a closed-shell electron
configuration with the bpy ligand having two extra electrons in a
closed-shell configuration, forming a π anion, and the Ru having
four paired d electrons. The third S = 0 state has no extra
electrons on the bpyOH ligand, now aπ cation, and six paired Ru
d electrons (Table S20 in the Supporting Information). Our
calculations have converged to the third S = 0 state as the ground
state of the meta isomer. In contrast, the open-shell singlet state
(the first S = 0 state) was found to be lower in energy than the
closed-shell singlet state for the ortho and para isomers (Table S6
in the Supporting Information). In the S = 0 geometries, the
ortho and para isomers exhibit very similar structures to their
S = 1 counterparts. For example, the Ru�Na bond, rRu�Na

, and
theRu�Na

0 bond, rRu�Na
0, are found to be only∼0.01Å longer for

the ortho and para isomers compared with the S = 1 counterparts.
Also, for these two isomers the Ru�O bond, rRu�Oa

, is the same

Table 5. Key Bond Lengths (in Å) for Species in Reaction b Illustrated in Figure 1 As Calculated by B3LYP/LANL2DZ/aug-cc-
pVDZa

S rRu�Na
0 rRu�Na

rNa
0�Ca

0 rNa�Ca
rRu�Oa

rC*�Ob
rOa�Ob

ÆrC�C*æ

[A3(bpy)RudO]2+ 1 2.22 2.10 1.35 1.35 1.78 NA NA NA

[A3(o-bpyOH)RuOH]
2+ 1 2.14 2.07 1.35 1.47 1.94 1.45 2.99 NA

[A3(m-bpyOH)RuOH]
2+ 1 2.14 2.10 1.35 1.31 1.95 1.44 5.04 1.50

[A3(p-bpyOH)RuOH]
2+ 1 2.12 2.06 1.35 1.37 1.95 1.43 6.61 1.50

[A3(o-bpyOH)RuOH]
2+ 0 2.15 2.08 1.35 1.46 1.94 1.45 3.00 NA

[A3(m-bpyOH)RuOH]
2+ 0 2.02 2.11 1.36 1.30 1.99 1.42 5.26 1.50

[A3(p-bpyOH)RuOH]
2+ 0 2.12 2.07 1.35 1.37 1.95 1.43 6.64 1.50

aThe C* atom indicates the carbon to which OH has added on the bpy ligand, while ÆrC�C*æ is the average C�C bond distance between C* and its
nearest neighbors. S indicates the overall spin state of the complex; A = NH3.

Table 6. Calculated Spin Densities (using NPA) and g Ten-
sors for the Meridional Reactant, [(NH3)3(bpy)RudO]2+,
and Products of Reaction b Illustrated in Figure 1a

spin density S Ru Oa (NH3)3 bpy Ob

[A3(bpy)RudO]2+ 1 0.93 1.07 0.00 0.01 NA

[A3(o-bpyOH)RuOH]
2+ 1 0.80 0.27 �0.01 0.90 0.05

[A3(m-bpyOH)RuOH]
2+ 1 0.76 0.26 �0.01 0.96 0.04

[A3(p-bpyOH)RuOH]
2+ 1 0.81 0.26 0.00 0.89 0.05

electronic g-tensors g11 g22 g33 giso
b ganiso

c

[A3(bpy)RudO]2+ 1 2.006 2.031 2.039 2.025 0.034

[A3(o-bpyOH)RuOH]
2+ 1 1.998 2.095 2.182 2.092 0.184

[A3(m-bpyOH)RuOH]
2+ 1 1.994 2.109 2.226 2.109 0.232

[A3(p-bpyOH)RuOH]
2+ 1 1.992 2.086 2.181 2.086 0.189

a S indicates the overall spin state of the complex; A = NH3. ge =
2.002319. b giso = (g11 + g22 + g33)/3.

c ganiso = gmax. � gmin.
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as that of corresponding isomers with S = 1 (Table 5), whereas
for the S = 0 meta isomer, rRu�Oa

is found to be 0.04 Å longer
than that of the S = 1 meta isomer; the Ru�Na

0 bond, rRu�Na
0, is

∼0.1 Å shorter than that of the S = 1 meta isomer (Table 5).
Unlike the para-substituted S = 1/2 mer-[(NH3)3(bpyOH)-
RuOH]3+ product (Figure 3), the geometries of all isomeric
products conform to that shown in Figure 1, with no structural
rearrangements. As in the water addition reaction to the Ru(V)
reactant, the spin densities on the C atoms to which OH has
added are fairly small. Note that the singlet closed-shell atomic
spin densities are all zero, as expected for all three [(NH3)3-
(bpyOH)RuOH]2+ products with spin S = 0.
EPR calculations show that the departure of giso from ge,

namely, the isotropic g-shift, is 0.023 for the reactant complex
ion, [(NH3)3(bpy)RudO]2+ (Table 6). The isotropic g-shift
and g-tensor anisotropy become larger (∼0.07 and ∼0.17) for
the products with spin S = 1 (Table 6). The EPR spectra of the
S = 1 products are characterized by a rhombic g-tensor with two
principal g values larger than ge and one principal g value smaller
than ge. The products with the total spin S = 0 are EPR silent. In
both the gas and the solution phases, water addition is not
energetically favored, with positive energies, enthalpies, and free
energies of reaction being observed irrespective of product spin
state (Table 3). These results give further indication that the
energetic favorability of the “covalent hydration” reaction is
highly sensitive to the overall oxidation state of the Ru metal.
Water Addition to [(NH3)3(bpy)RuOH]

3+. The geometry of
the [(NH3)3(bpy)RuOH]

3+ reactant is somewhat perturbed
relative to both [(NH3)3(bpy)RudO]2+ and the Ru(V) analo-
gues. In addition to the anticipated lengthening of the metal�
oxygen bond upon protonation, an increase in the N�C bond
lengths is also observed (Table 7). Further, contraction of the
Ru�Na

0 bond length is observed such that rRu�Na
0 and rRu�Na

are
within 0.05 Å of each other. Protonation of the ruthenyl oxo
atom causes a shift in electron density from both ruthenium
and bipyridine to the oxo atom, leading to enhanced unpaired
spin density on the Ru center (∼76% of the total) and a decrease
in unpaired electrons on the oxo atom (22% of the total)
(Table 8).
Water addition via reaction c in Figure 1 was considered, with

production of ortho, meta, or para products in either the S = 1 or
the S = 0 spin states. Considering first the S = 1 products, it is
observed that water addition serves to lengthen the Ru�O bond,
rRu�Oa

, by 0.1 Å in the ortho product and 0.2�0.3 Å in the meta
and para products, respectively (Table 7). Upon formation of the
addition product, the C�N bond, rCa�Na

, is lengthened by 0.1 Å

in the ortho isomer. For the products of reaction c within the S = 1
state (Figure 1), the RuO unit gains ∼0.5 e� relative to the
reactant such that the total spin density is almost evenly distributed
over the ruthenium and the bpy ligand, leaving essentially no spin
density on Oa (Table 8). The unpaired spin density on the bpy
ligand is distributed primarily over the pyridine ring containing the
C atom to which OH is bound (Table S21 in the Supporting
Information), with localization of spin density on Na, Cb, and Cd

for the ortho and para products and the unpaired electron mostly
on Ca, Cc, and Ce for the meta product. Three S = 0 states may be
produced in this reaction. The first is an open-shell state with the
lone electron of the ligand radical antiferromagnetically coupled to
the S = 1/2 Ru center (Table S6 in the Supporting Information).
Two closed-shell S = 0 states can result from having (a) two paired
electrons on the bpyOH, forming a π anion, and four paired d
electrons on Ru or (b) six paired d electrons on the Ru center,
leaving a π-cation ligand. Our calculations have resulted in the
latter closed-shell state (Table S22 in the Supporting In-
formation). Note that the singlet closed-shell atomic spin densities
are all zero as expected for all three [(NH3)3(bpyOH)RuOH2]

3+

products with spin S = 0. In general, the S = 0 geometries for the
three isomers are quite similar to those found in the S = 1 states
with the following exceptions: the Ru�O bond, rRu�Oa

, is
lengthened by 0.08 Å and rRu�Na

is shortened by ∼0.08�0.10 Å
for the ortho and para isomers (Table 7).
EPR calculations predict a substantially larger isotropic g-shift

(0.54) for [(NH3)3(bpy)RuOH]
3+ (Table 8) relative to the

Table 7. Key Bond Lengths (in Å) for Species in Reaction c Illustrated in Figure 1 As Calculated by B3LYP/LANL2DZ/aug-cc-
pVDZa

S rRu�Na
0 rRu�Na

rNa
0�Ca

0 rNa�Ca
rRu�Oa

rC*�Ob
rOa�Ob

ÆrC�C*æ

[A3(bpy)RuOH]
3+ 1 2.11 2.05 1.35 1.36 1.94 NA NA NA

[A3(o-bpyOH)RuOH2]
3+ 1 2.05 2.08 1.35 1.47 2.14 1.45 2.61 NA

[A3(m-bpyOH)RuOH2]
3+ 1 2.05 2.06 1.35 1.32 2.28 1.43 5.05 1.50

[A3(p-bpyOH)RuOH2]
3+ 1 2.02 2.08 1.36 1.37 2.20 1.43 6.47 1.50

[A3(o-bpyOH)RuOH2]
3+ 0 2.07 2.00 1.35 1.48 2.22 1.42 2.67 NA

[A3(m-bpyOH)RuOH2]
3+ 0 2.04 2.11 1.34 1.31 2.28 1.40 5.14 1.49

[A3(p-bpyOH)RuOH2]
3+ 0 2.06 1.98 1.35 1.38 2.28 1.39 6.82 1.48

aThe C* atom indicates the carbon to which OH has added on the bpy ligand, while ÆrC�C*æ is the average C�C bond distance between C* and its
nearest neighbors. S indicates the overall spin state of the complex; A = NH3.

Table 8. Calculated Spin Densities (using NPA) and g Ten-
sors for the Meridional Reactant, [(NH3)3(bpy)RuOH]3+,
and Products of Reaction c Illustrated in Figure 1a

spin density S Ru Oa (NH3)3 bpy Ob

[A3(bpy)RuOH]
3+ 1 1.53 0.44 �0.03 0.06 NA

[A3(o-bpyOH)RuOH2]
3+ 1 0.94 0.04 �0.01 0.99 0.04

[A3(m-bpyOH)RuOH2]
3+ 1 0.95 0.00 0.00 1.00 0.06

[A3(p-bpyOH)RuOH2]
3+ 1 0.92 0.03 �0.01 1.01 0.05

electronic g-tensors g11 g22 g33 giso
b ganiso

c

[A3(bpy)RuOH]
3+ 1 2.025 2.101 3.495 2.540 1.470

[A3(o-bpyOH)RuOH2]
3+ 1 1.996 2.272 2.366 2.211 0.370

[A3(m-bpyOH)RuOH2]
3+ 1 2.004 2.414 2.519 2.312 0.515

[A3(p-bpyOH)RuOH2]
3+ 1 1.990 2.234 2.279 2.168 0.290

a S indicates the overall spin state of the complex; A = NH3. ge =
2.002319. b giso = (g11 + g22 + g33)/3.

c ganiso = gmax. - gmin.
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other oxidation states of the reactants considered in this work.
The significantly larger g-tensor anisotropy and the isotropic g
shift can be rationalized by considering the substantial spin
density (1.53) found on the ruthenium in [(NH3)3(bpy)-
RuOH]3+. Unlike the reactant, the giso and g-tensor anisotropy
values are much smaller for products with spin S = 1, where the
spin density is delocalized between metal and the bpy ligand
(Table 8). Although the total spin density is evenly distributed
over the ruthenium and the bpy ligand, the dominant contribu-
tion to the g shift derives from the Ru with only a negligible
contribution from the bpy ligand atoms (Table S24 in the
Supporting Information). As such, the EPR spectrum is char-
acterized by a rhombic g tensor with one principal g value smaller
than that of the free electron value (except meta isomer) and two
g values larger than ge, in agreement with EPR spectra observed
for low-spin d5 ruthenium complexes.36�39 The largest isotropic
g value and also the largest g-tensor anisotropy were obtained for
the meta product of reaction c in Figure 1 (Table 8), for which
the unpaired spin density on Ru is also the largest (Table 8).
In the gas phase, addition to form the S = 1 products becomes

energetically and enthalpicallymore favorable in the order ortho >
meta > para (Table 3). However, the gas-phase free energy for
water addition is only favored for solvent attack at the o-carbon of
the bpy ligand (Table 3). Within the PCM, none of the S = 1
products are favored (Table 3). Formation of the closed-shell low-
spin S = 0 states is more favorable than the S = 1 states. Here, all
products have negative energies, enthalpies, and free energies of
reaction (Table 3). Within the PCM, all of the S = 0 products are
favored as opposed to the S = 1 products of reaction c in Figure 1.

’RELEVANCE TO WATER OXIDATION CATALYSIS

The notion that bipyridine ligands in catalysts such as Ru-
(bpy)3

3+ and the “blue dimer” might participate in water oxida-
tion through formation of OH-substituted reaction transients has
existed in the literature for some time.4,10 However, to date,
computational methods have not thoroughly examined the
energetics of such a reaction pathway or the nature of the
reaction products. In the present study, we confirm that “covalent
hydration” with addition of OH to the bipyridine ring can be
energetically favorable in our model compound under certain
conditions but that the reaction thermodynamics are highly
dependent upon the metal oxidation state, position of OH
addition to the ring, and overall spin states of the reaction
products (Tables 3 and 4). In general, this reaction is favorable
for [(NH3)3(bpy)RudO]3+ but not for [(NH3)3(bpy)RudO]2+.
Protonation of the oxo atom stabilizes the reaction product
such that the reaction becomes nearly isoenergetic for
[(NH3)3(bpy)RuOH]

3+. Both oxidation and protonation can
be expected to decrease the electron density on the bpy ligand,
thereby increasing its susceptibility to nucleophilic attack by an
OH group. Addition to the ring meta position is generally
energetically favored over the ortho and para positions for the
[(NH3)3(bpy)RudO]3+ reactant, the single exception being
addition to the para position to form the S = 3/2 fac-[(NH3)3-
(p-bpyOH)RuOH]3+ product (Table 4). This pattern was
not observed for [(NH3)3(bpy)RudO]2+ and [(NH3)3(bpy)-
RuOH]3+, where the energetically most favorable addition
occurred at the o-carbon position. For reactions forming stable
products, the driving force was generally greater for the lower
total spin states, the single exception again being the fac-
[(NH3)3(p-bpyOH)RuOH]

3+ (S = 3/2) ion. In every case, the

lowest energy electron configuration for these low-spin states are
closed shell on the bpyOH ligand, which has become oxidized to
a π cation by transfer of an electron to the Ru center. It is notable
that for the Ru(V) isomeric ions, the “covalent hydrates” in the
higher spin states that contain neutral bpyOH ligand radicals are
also isoenergetic with or more stable than the reactants. Another
general trend evident from the data in Tables 3 and 4 is the
greater stabilities of the Ru(V) facial isomers, which may arise
from a strong trans effect of the coordinated oxo atom, leading to
relative destabilization of bipyridine in the corresponding mer-
idionally-bound isomers.

Our model complexes differ significantly from monomeric
ruthenium water oxidation catalysts such as [(tpy)(bpm)-
RudO]2+/3+ and [(tpy)(bpz)RudO]2+/3+ in that ligands capable
of π-backbonding have been replaced by strongly σ-donating
ammine ligands, which are expected to destabilize the coordi-
nated bipyridine toward nucleophilic attack. In this sense, the
model complexes might better represent the electronic struc-
ture of the “blue dimer”, in which the oxo-bridging fragment
{�O�RuIII(OH2)(bpy)2

2+} also acts as a strong σ donor to the
second Ru center.41,42 One remarkable feature of the calculations
is that the most stable adducts are often species in which internal
electron transfer has occurred, effectively generating a one-
electron oxidized ligand π cation coordinated to a reduced
(d5 or d6) Ru atom (Figure 1). These internal electronic rearrange-
ments are reminiscent of bimolecular reactions between free and
Ru-complexed bpyOH radical adducts and weak oxidants which
have been proposed from studies involving radiolytically gener-
ated OH• radicals.43 In these latter studies, the oxidized bpyOH+

π cation appears to undergo rapid addition of hydroxide ion to
produce a ring-substituted diol. This chemistry has provided
experimental support for our hypothesis that the “blue dimer”
can form similar species following “covalent hydration” of one of
its bipyridine ligands en route to net water oxidation. The first
few steps of a possible mechanism for this reaction are repro-
duced in Figure 4. In any event, these considerations suggest a

Figure 4. “Covalent hydration” reactions of the “blue dimer”. The first
two steps of a proposed pathway for O2 formation from two solvent
molecules are shown. In step 1, H-atom abstraction by a ruthenyl oxo
group is accompanied by concerted addition of the OH fragment to the
proximate bipyridine ring, forming a ligand radical intermediate. In step
2, subsequent internal electron transfer is accompanied by addition of a
second water molecule, forming a diol. In this step, water addition need
not be concerted. L = 2,20-bipyridine. Atoms derived from solvent are
indicated in red. Adapted from ref 10.
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second remarkable feature of the calculations, namely, that
despite forming reactive molecules as immediate products,
“covalent hydration” reactions involving the RuVdO and
RuIV�OH model complexes are thermodynamically favorable.
Although this aspect has not been explored in the present studies,
these products are also expected to add a second water molecule
to generate more stable ring-substituted diols. A third remarkable
feature of these reactions is that the electron density on the metal
center does not change appreciably upon oxidation to Ru(V).
Indeed, the calculations show that net oxidation involves removal
of electron density primarily from the bipyridine ligand, i.e., net
oxidation of the ligand. This behavior is reminiscent of results
obtained from DFT analyses of the so-called “Tanaka catalyst”,44

where 4e� cycling of the dinuclear Ru complex to electrocata-
lytically oxidize water involves net changes in apparent oxidation
state within noninnocent peripheral ligands, while the opera-
tional oxidation state of Ru remains essentially unchanged.

Possible addition of OH to the pyridine ring trans to the
RudO bond (in the meridional isomer) has not been considered
in this study. The likelihood of this occurring seems remote based
upon energetic and spatial constraints associated with water
addition. Specifically, there is insufficient driving force to gen-
erate free OH• as a reaction intermediate, so that water addition
must be a concerted process.12a The relatively large distance
between the ruthenyl oxo atom and the Ca

0�Cc
0 atoms of the

trans-coordinated ring therefore preclude this from happening
without encountering a large activation barrier. Ongoing studies
are being directed at analyzing activation barriers for the various
covalent hydrates and potential channels for their secondary
decay to further species.
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