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Abstract: A series of [{(terpy)(bpy)Ru}(u-O){Ru(bpy)-
(terpy)}]"" ([RuORu]", terpy =2,2";6',2"-terpyridine, bpy=
2,2'-bipyridine) was systematically synthesized and character-
ized in three distinct redox states (n=3, 4, and 5 for Ru™™,,
Ru™™, " and Ru™,, respectively). The crystal structures of
[RuORu]"™" (n=3, 4, 5) in all three redox states were
successfully determined. X-ray crystallography showed that
the Ru—O distances and the Ru-O-Ru angles are mainly
regulated by the oxidation states of the ruthenium centers. X-
ray crystallography and ESR spectra clearly revealed the
detailed electronic structures of two mixed-valence complexes,
[Ru™ORU"]** and [Ru"ORu™[?*, in which each unpaired
electron is completely delocalized across the oxo-bridged
dinuclear core. These findings allow us to understand the
systematic changes in structure and electronic state that
accompany the changes in the redox state.

M ixed-valence (MV) complexes are excellent model sys-
tems for the investigation of electron-transfer phenomena in
biophysical processes such as photosynthesis and in artificial
electronic devices based on conjugated materials.!! A pio-
neering example of an MV compound is the dinuclear Ru
complex [(H;N)sRu"(u-pz)Ru™(NH;)s]** (pz = pyrazine), the
so-called “Creutz-Taube ion,” in which the charge is com-
pletely delocalized across the dinuclear core.? Following the
discovery of the Creutz-Taube ion, numerous dinuclear MV
complexes have been reported over the past decades.*
Given that the electronic properties of MV states could be
strictly controlled by the oxidation state of the dinuclear core,
systematic investigations on the several oxidation states of
dinuclear metal complexes are an interesting and important
research topic. In principle, dinuclear MV complexes in two
different oxidation states can be simply prepared by one-
electron oxidation or reduction of their corresponding
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Figure 1. Two distinct MV states derived from a homovalent dimer.

homovalent compounds (Figure 1). However, although stud-
ies on dinuclear MV complexes are abundant, there have
been no reports of the isolation and structural determination
of a dinuclear metal complex in such three oxidation states,
including two different MV states, with the same molecular
framework. Such systematic investigation would provide
a comprehensive understanding of the structures and proper-
ties in conjunction with the oxidation states.

We report herein the syntheses and structures of the three
distinct redox states of an oxo (O*7)-bridged dinuclear
ruthenium  complex, [{(terpy)(bpy)Ru}(u-O){Ru(bpy)-
(terpy)}]rHr ([RullORulll]3+’ [RUIIIORUIII]4+, and
[Ru™ORu™Y]*" for n=3, 4, and 5, respectively; terpy=
2,2,6',2"-terpyridine, bpy =2,2"-bipyridine). Two MV com-
plexes, [Ru™ORu"]*" and [Ru"ORu™]*", were synthesized
by the one-electron oxidation or reduction, respectively, of
a homovalent complex, [Ru™ORu™]*". Unpaired electrons in
[RuU™ORu"™]*" and [Ru"ORu™]** were observed to be fully
delocalized across the dinuclear cores.

As a strategy to access two distinct MV states within the
same molecular framework, we focused on dinuclear metal
complexes bearing a p-oxo-bridging ligand because these
complexes often exhibit multiple well-defined redox process-
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es and interesting electronic structures that arise from an
electronic coupling between metal ions across the p-oxo
bridge as demonstrated by Meyer et al.”!

[Ru™ORu"]*" was synthesized by the reaction of [Ru-
(terpy)(bpy)(OH,)](NO), ([Ru"OH,](NO;),) with
1.25 equiv of Ce"V(NH,),(NO;), in an aqueous 1M nitric acid
solution (Scheme 1, yield: 51 %). Notably, the highly soluble

[Ru"0H2]2+

Ce(NH,),(NO3)g
1 M HNO,

[RuIIIORuIII]4+

FeCp*,

acetone

Ce(NH,),(NO3)s
1M HNO,

3+

[RUIIORUIII]3+ [RuIIIORuIV]5+

Scheme 1. Syntheses of oxo-bridged dinuclear complexes.

NO;™ salt of [Ru"™OH,]*" was employed as a starting material
because the formation of the Ru—O—Ru core through
dimerization requires a high concentration. The obtained
homovalent dimer was characterized by elemental analysis,
electrospray ionization time-of-flight mass spectroscopy
(ESI-TOF MS), and X-ray crystallography.

In the electrochemical measurements of [Ru™ORu™]*,
the reversible waves, which correspond to the Ru™",/Ru™",
couple, were observed in both aqueous (1.265 V vs. NHE at
pH 5.31, Figure S1) and dry acetonitrile (1.415V vs. NHE,
Figures S2 and S3) solution. By contrast, the redox peak
assigned to the reduction of Ru™™, to Ru™", was observed
as an irreversible wave in aqueous solution (0.324 V),
although that in acetonitrile was reversible (0.486 V). This
irreversible wave in an aqueous solution indicates that the
one-electron reduced species [Ru"ORu™]** rapidly decom-
poses into a monomeric complex in aqueous solution.*®!]

The aforementioned results encouraged us to synthesize
MYV complexes by one-electron oxidation and reduction of
[Ru™ORu™]*". In fact, we successfully synthesized
[Ru™ORu"™]*" by reacting in situ-generated [Ru™ORu™]*"
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with an excess amount of Ce"™(NH,),(NO;)s (E,=1.61 V in
an aqueous 1M HNO;) in an aqueous 1M nitric acid solution
with 75% yield (Scheme 1). [Ru™ORu™]*" was reduced by
1 equiv of decamethylferrocene (E,=0.07 V) in an organic
medium, and the one-electron-reduced [Ru"ORu™* was
obtained in 60 % yield. Notably, strict inert conditions were
required for the preparation of [Ru"ORu™]** to avoid the
decomposition of the Ru'~O—Ru'™ core by water,***! as
evidenced by electrochemical measurements.

We successfully determined the crystal structures of
[RuORu]"" in all three redox states (n=3, 4, 5), as shown
in Figure 2. The coordination geometry at each Ru atom is

Figure 2. The structures of the cationic part of a) [Ru"ORu"-
(Cl0,);-MeNO,-PhMe, b) [Ru"ORu"(ClO,),:3 MeNO,, and

c) [Ru"ORu"](ClO,)5"NaClO,-3 H,0, showing the atom-labeling
scheme. Thermal ellipsoids are displayed at the 50% probability level.
H atoms have been omitted for clarity. The crystallographic data are
summarized in Table S6.

that of a distorted octahedron composed of a meridionally
coordinated terpyridine ligand, a bidentate bipyridine ligand,
and a bridging oxo ligand, irrespective of the oxidation state.
For [Ru™ORu™]*", three different crystal structures were
obtained with different combinations of counteranions and
solvated molecules ([Ru™ORu™](ClO,),3MeNO,,
[Ru™ORu™](ClO,),2MeCN, and [RuORu"™]-
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(NOs),2MeCN; Figures2 and S4), in which the Ru—O
distance (ca. 1.88 A) and Ru-O-Ru angles (ca. 163°) are
similar in all of the [Ru™ORu™]*" structures. By contrast, the
Ru—O distances and Ru-O-Ru angles largely depend on the
oxidation states of the Ru atoms. The Ru—O bonds of
[Ru™ORu"]** (ca. 1.84 A) are considerably shorter com-
pared with those of [Ru™ORu™]*" (ca. 1.88 A), and the Ru-
O-Ru angle (170.64(15)°) is much larger than that of
[Ru™ORu™]*" (ca. 163°), as shown in Figure3 and

Ru1 Ru2
Il 13+
[Ru'ORu'] 149.55(12)°
2.103(2) A 2.101(2) A
Ru1 Ruti
[RulIIORuIII]4+ UJ:LU
(g
(CIO4~ salt, MeNO, solvate) 1.8827(5) A1 8827(5) A
o1
Ru1 Ru2
170.64(15)°
1.844(2) A01 1.846(2) A

Figure 3. Comparison of the structure of the Ru—O—Ru core of the
complex in each oxidation state.

Table S1. In the case of [Ru"ORu™]*", the opposite trend
was observed: the Ru—O bonds are longer (ca. 2.10 A) and
the Ru-O-Ru angle is smaller (149.55(12)°) compared with
those of [Ru™ORu™]*. For both MV complexes,
[RuORu"]** and [Ru"ORu™}**, the two Ru—O bonds are
almost identical, which indicates that the two Ru centers are
almost equivalent and that the charge of these complexes is
delocalized along the Ru—O—Ru core (Figure 3, Table S1).
The UV-visible absorption spectra of [Ru™ORu™]*",
[Ru"ORu™}*", and [Ru™ORu"]*" are shown in Figure 4a.
The spectra of all the complexes exhibit intense absorption
bands in the UV region, corresponding to the ligand-based n—
mt* transitions. Additionally, a moderately intense band
centered at 686 nm (¢ =2.37x10°M ‘cm ') was observed in
the spectrum of [Ru™ORu™]*". Time-dependent DFT (TD-
DFT) calculations performed using the UB3LYP/LandL.2DZ
basis sets indicate that the band can be assigned mainly to the
transition from dn"™(Ru—O—Ru) to dn*(Ru—O—Ru) (Ayeq =
634.4 nm, f=0.245, HOMO-1—-LUMO; see Figures 4b and
S6 and Table S2). The spectrum of [Ru™ORu™]*" shows
a moderately intense band centered at 479 nm (e =2.22x
10*m'cm ™!, Figure 4a), which is attributed to the transition
from molecular orbitals containing dn"(Ru—O—Ru) charac-
ter to the orbital of dn*(Ru—O—Ru), as evidenced by TD-
DFT calculations (Aeueq =444.66 (f=0.1234), 503.42 (f=
0.1063), and 523.87 nm (f=0.0964); see Figures 4b and S7
and Table S3). No absorption band was observed in the near-
IR region (1000-1800 nm, Figure S5). The spectrum of
[Ru"ORu™J** displays a moderately intense band centered
at 841nm (e=121x10*m'ecm™"). TD-DFT calculations
showed that the band at approximately 841 nm is mainly
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Figure 4. a) The UV-visible absorption spectrum of [Ru"ORu"P* in dry
acetonitrile at 20°C under an Ar atmosphere (blue line) and the
spectra of [Ru"ORu"** (red line) and [Ru"ORU™** (green line) in
aqueous 0.5 M sulfuric acid solutions (pH 0.51) at 20°C in air. b) The
UV-visible absorption spectra simulated on the basis of the TD-DFT
calculations for [Ru"ORu™P" (blue line; triplet, in acetonitrile),
[Ru"ORuU"*" (red line; open-shell singlet, in water), and [Ru"ORu"J**
(green line; triplet, in water).

composed of the da"™(Ru—O—Ru)—dr*(Ru—O—Ru) transi-
tion (Ageq=767.86 nm, f=0.1489, f-HOMO-1—p-LUMO;
see Figures 3b and S8 and Table S4).

X-band ESR and the magnetic susceptibility measure-
ments of [Ru™ORu™]* and [Ru™ORu'"]** were carried out
to examine their magnetic behaviors.” No ESR signals were
detected for [Ru™ORu™]*" at 6.9 K (Figure S9), which
indicates that the complex is essentially diamagnetic in the
ground state. The effective magnetic moment (u.;) increased
with increasing temperature (Figures S10 and S11), and the
Uer Value at 300 K (2.39 pg) corresponds to 1.6 unpaired
electrons per dimer under the assumption that g=2. These
values are comparable with those previously reported for
Ru"™-O-Ru" complexes.™® This paramagnetism of
[Ru™ORu™]*" at 300 K was also confirmed in solution by
'H NMR spectroscopy. The ESR spectrum of [Ru™ORu"" >
at 6.9 K gave a broad anisotropic signal with g =1.39, which is
attributed to an S =1/2 ground state. This g-value is signifi-
cantly smaller than that reported for a partially localized
Ru"™-O—Ru" system (g=1.78),” indicating the occurrence
of large spin-orbit coupling in the Ru—O—Ru core. The
extrapolated intercept of the u value of [Ru™ORu"]** (ca.
0.73 pg) is almost consistent with an §=1/2 ground state of
[Rl.ll“ORlllV]5+.

Our systematic investigation allowed us to elucidate the
relationship among the molecular structures, electronic
properties, and oxidation states of the oxo-bridged dinuclear
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ruthenium complex. In homovalent [Ru™ORu™]**, two

unpaired electrons are located on the Ru centers (d°, low-
spin) and interact antiferromagnetically with each other, as
suggested by the magnetic susceptibility, ESR, and '"H NMR
spectroscopy results. DFT calculations showed that the
unpaired electrons of [Ru™ORu™]*" are incorporated into
antibonding dn*(Ru—O—Ru) orbitals, which are formed
through the dn—pn—dm interaction between the p orbitals of
the O and the dx orbitals of the Ru (Scheme 2 and Figure S6).

P [Ru|IORu|||]3+ [RullloRu|||]4+ [Ru|||0Ru|V]5+
dn*
3 L9 +(ligand) dr* + *(ligand)
- + m*(ligand) _—
- -dn*
n*(ligand) n*(ligand)
4 | dn*
35| B
b T
> _iﬁ -dn*
5] dT{"’T'¥ . dn*
S -6 | dn—tp— drnb dn*
dnn dnnb kT* l *
axy Vo g
F Lk $ dxy
dr*(Ru-O-Ru) =
antibonding orbitals N
8 of Ru-O-Ru core dr ’71\7' dnn
i dnnb { dnne
—&—8—%—»2 + n(ligand) +n(ligand)
9l Ru O Ru

Scheme 2. MO diagram for a Ru—O—Ru core. Orbitals represented as
blue lines are dm* orbitals of a Ru—O—Ru core.

Because both the HOMO and the LUMO of [Ru™ORu™]*
are assigned to the antibonding drt*(Ru—O—Ru) orbitals, the
Ru—O—Ru core exhibits multibonding character along the
Ru—O—Ru axes; the bond order for each Ru—O bond was
determined to be 1.5. One-electron oxidation of
[Ru™ORu™]*" corresponds to the removal of one electron
from an antibonding dst*(HOMO) orbital, thus increasing the
bond order of the Ru—O bond to 1.75. In fact, X-ray structural
analysis revealed that the Ru—O bonds and Ru—O—Ru angle
of [Ru™ORu"]*" are shorter and larger, respectively, than
those of [Ru™ORu™]*", which reflects the strengthening of
the multiple-bonding character of the Ru—O—Ru core. By
contrast, a one-electron reduction of [Ru™ORu™]*" corre-
sponds to the addition of one electron to an antibonding
drn*(LUMO) orbital, thus decreasing the bond order of the
Ru—O bond to 1.25. This result is consistent with the fact that
the Ru—O bonds and Ru-O-Ru angle of [Ru"ORu™J** are
longer and smaller, respectively, than those of [Ru™ORu™]*",
as suggested by the X-ray structural analysis. Notably, the
unpaired electrons of [Ru™ORu"v]*" and [Ru"ORu™]*" are
completely delocalized along the Ru—O—Ru core, as sup-
ported by the X-ray structural analysis, and ESR spectroscopy
results.

In the present study, we demonstrated the synthesis and
structural determination of the oxo-bridged dinuclear ruthe-
nium complex [RuORu]"" in three distinct oxidation states
(n=3, 4, 5). This work is the first report on the structural
determination of three successive oxidation states, including

www.angewandte.org

two different MV states, of dinuclear metal complexes with
the same molecular framework (Figure 1). Moreover, our
crystallographic and spectroscopic investigations revealed
that [Ru™ORu"™]*" and [Ru"ORu™]*" are completely delo-
calized MV systems, and the results of UV-visible absorption
spectroscopy and TD-DFT calculation also showed the
electronic structure of MV complexes in solution. Despite
a large number of studies on the synthesis and redox reactions
of oxo-bridged dinuclear ruthenium complexes,>*'! to the
best of our knowledge, the literature contains only three
previous reports on the crystal structures of mixed-valence
oxo-bridged dinuclear Ru complexes; furthermore, all three
reports are on the partially localized Ru™—O-Ru" sys-
tems.'!! Therefore, [Ru™ORu'Y]** is the first example of
a structurally determined fully delocalized Ru™-O-Ru"
system, and [Ru"ORu™]*" is the first structurally determined
Ru"-O—Ru"™ system. Our systematic investigations of the
three distinct redox states of an oxo-bridged dinuclear
ruthenium complex sheds new light on the electronic state
of MV systems and also provides new ideas for controlling
metal-metal interactions of materials with multiple metal
sites.
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