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ABSTRACT: Three new pyrazine-bridged dimers of ox-
oacetatotriruthenium with an NO ligand are synthesized.
These complexes show two types of stable mixed-valence
states. The ν(NO) stretches for five oxidation states were
obtained, and the intramolecular electron-transfer rate with-
in the mixed-valence state is evaluated from the IR spectral
line-shape simulation based on Bloch-type analysis, which is
the first application of this method to a spectator ligand of
NO.

Intramolecular electron transfers are fundamentally important
properties of mixed-valence complexes.1 It is important to

determine the intramolecular electron-transfer rates within
mixed-valence complexes. Intramolecular electron-transfer rates
have been semiclassically estimated by analyzing the intervalence
charge-transfer band.2 However, these estimations are based on
certain assumptions, and thus the obtained rate constants are
inherently inaccurate. We have recently developed a more direct
method of estimating these rates from IR spectral line-shape
simulation based on Bloch-type analysis.3�9

Previously, estimations of the electron-transfer rate within a
mixed-valence10 state were carried out for pyrazine (pz)-,3�7

4,40-bipyridine-,4 and bipyrimidine-bridged8 oxoacetatotriruthe-
nium dimers with CO as the spectator ligand. However, there
have been quite a few reports of such estimations being carried
out for compounds other than complexes with CO.11,12

To use a ligand as the spectator ligand for this method, the
ligand must show a strong single peak in IR spectra, and the peak
must show an appropriate shift when the complex is reduced or
oxidized. Nitrosyl (NO+), which is isoelectronic with CO, is a
good candidate for this purpose. Oxoacetatotriruthenium com-
plexes with an NO ligand, [Ru3O(CH3CO2)6(NO)(L)2](PF6)
(L = pyridine and 4-methylpyridine), have been reported by
Toma and co-workers.13 The NO ligand in these complexes acts
as a “noninnocent ligand” whose redox, NO+/NO0, strongly
interacts with a redox of the Ru3 core. It is inappropriate to
express a redox state in terms of an oxidation state of the Ru3
core, such as RuIII,III,III. For example, the monocation form of the
complexes should be represented by the two contributing
structures, RuIII,III,IIINO0 and RuIII,III,IINO+. Therefore, for
clarity, we describe the state as {Ru3NO}

16, where the super-
script stands for the number of electrons in the metal d and
π*(NO) orbitals; this expression is similar to that used by
Enemark and Feltham.14 These complexes have a single ν(NO)
band at ca. 1870 cm�1, and the band is shifted to ca. 1785 cm�1

upon reduction of the complexes. This behavior appears to be

suitable for the IR spectral line-shape analysis of a mixed-valence
state of a pz-bridged dimer with an NO ligand.

In this paper, we report the synthesis, cyclic voltammetry, and
IR spectroelectrochemistry of pz-bridged dimers of Ru3 complexes
with an NO terminal ligand, [{Ru3O(CH3CO2)6(NO)(L)}2-
(μ-pz)](PF6)2 [L = N,N0-dimethylaminopyridine (dmap), 1;
pyridine (py), 2; 4-cyanopyridine (cpy), 3] (Chart 1).
The dimers 1�3 were synthesized directly by bubbling NO

gas through a CH2Cl2 solution of the corresponding CO dimer,
[{Ru3O(CH3CO2)6(CO)(L)}2(μ-pz)]. These complexes were
isolated as a PF6

� salt of the dication, and the electron config-
uration of the isolated state can be described as [{Ru3NO}

16

{Ru3NO}
16]2+, hereafter abbreviated as {16;16}2+.

Each complex (1�3) exhibits four reversible single-electron
redox waves in the region of +0.3 to �1.1 V vs SSCE (sodium-
saturated calomel electrode), which corresponds to the {16;16}2+/
{17;16}+, {17;16}+/{17;17}0, {17;17}0/{18;17}�, and {18;17}�/
{18;18}2� redox processes, as well as one reversible two-electron
redox wave corresponding to the {15;15}4+/{16;16}2+ redox
process at +1.5 V in its cyclic voltammogram, as shown in
Figure1. The redox potentials are summarized in Table S1 in
the Supporting Information.

The pz-bridged dimers of triruthenium complexes with CO4,5

have only one mixed-valence state, which corresponds to the
Ru3

III,III,II�Ru3
III,II,II state; in contrast, the present complexes

show two mixed-valence states, {17;16}+ and {18;17}�, here-
after abbreviated as MV1 and MV2, respectively. A splitting of
the redox couples involving a mixed-valence state is a good
indicator of the stability of the mixed-valence state. The redox
splitting for MV1, ΔE1 = |E1/2({16;16}

2+/{17;16}+) � E1/2-
({17;16}+/{17;17}0)|, and that for MV2, ΔE2 = |E1/2({17;17}

0/
{18;17}�) � E1/2({18;17}

�/{18;18}2-)|, are summarized in Ta-
ble 1. Both splittings depend on the electron-donating ability of the
ancillary ligand. ΔE1 values for 1�3 are 350, 280, and 200 mV,
respectively, which correspond to comproportionation constants of
8.3 � 105, 5.4 � 104, and 2.4 � 103, respectively. The splitting is
larger for the complex with electron-donating ancillary ligands,
dmap > py > cpy. The same trend is also observed for the
corresponding carbonyl dimers. On the other hand, ΔE2 values
for 1�3 are 160, 250, and 330 mV, respectively, which correspond
to comproportionation constants of 5.1� 102, 1.7� 104, and 3.8�
105, respectively. These trends show a reverse dependence on the
electron-donating ability of the ancillary ligands. The sums of ΔE1
andΔE2 are almost constant, 510�530mV, and thus the two redox
splittings are complementary.
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The complementary relationship between the redox splittings
can be explained as follows. The electronic interaction in amixed-
valence state depends on the amount of difference in the charge
density and the distance between the locations where the
charge changes during the electron transfer within the mixed-
valence state. For a pz-bridged dimer, a major contributing factor
is the amount of the electron density change on the ruthenium
coordinated by pz. Because the NO ligand strongly coordinates
to the ruthenium, the isolated state, {Ru3NO},

16 can be regarded
as {Ru-NO}6Ru2

III,III. The MV1 is a mixed-valence state con-
cerned with the {Ru-NO}6Ru2

III,III and {Ru-NO}6Ru2
III,II states,

and the electron density change is due to a distribution of the
added electron to the {Ru-NO}6Ru2

III,III state, and an electron
added to the {Ru-NO}6Ru2

III,II state contributes to the electro-
nic interaction in MV2. Although the valence electron on the
{Ru-NO}6Ru2 unit is delocalized over the two rutheniums, an
inequality of the valence due to a difference in the basicity of the
attached ligands is observed. The electron-withdrawing ligand
gathers the electron density to the attached ruthenium. The first

reduction of the {Ru-NO}6Ru2
III,III unit, which is correlated to

the interaction in MV1, occurs mainly on the ruthenium co-
ordinated by the electron-withdrawing ligand; on the other hand,
the second reduction, which is also correlated to the interaction
inMV1, occurs on the other ruthenium. Because the dmap ligand
is more electron-donating than pz, ΔE1 for 1 is relatively large,
whereas its ΔE2 is small. The complementary relation may be
reminiscent that the one mixed-valence state involves electron
transfer and the other does hole transfer. However, in such a case,
the dependencies of interactions for both mixed-valence states
on the ligand basicity are the exact opposite to the result.

The vibrational spectrum of complex 3 in each oxidation state
was obtained by using IR spectroelectrochemistry.15 The ν(NO)
stretches for five oxidation states, {16;16}2+ to {18;18}2�, were
observed at 1900�1650 cm�1, as is shown in Figure 2. The
homovalence states, that is, the isolated state {16;16}2+, the
doubly reduced state {17;17}0, and the quadruply reduced
state {18;18}2�, show a single ν(NO) band at 1884, 1811, and
1715 cm�1, respectively, as expected from the fact that both Ru3
units have the same electron configuration. The band shifts
toward lower wavenumber upon reduction of a unit. The shifts
per reduction of the unit, 73 and 96 cm�1, are slightly larger than
those for the corresponding COdimers,∼50 cm�1. On the other
hand, the mixed-valence states, that is, the singly reduced state,
MV1, and the triply reduced state, MV2, show complicated
spectra. The singly reduced state, MV1, shows two ν(NO) bands
at 1874 and 1833 cm�1. The former is characteristic of the
{Ru3NO}16 state, and the latter is characteristic of the
{Ru3NO}

17 state; however, these peaks were close to each other
and partially coalesced. A fast intramolecular electron transfer
between the two Ru3 units in theMV1 state is responsible for this
broadening in the same manner as that of the carbonyl dimers. In
the triply reduced state, MV2, a single broad coalesced peak was
observed at 1765 cm�1, indicating a much faster intramolecular
electron transfer in the MV2 state.

The intramolecular electron-transfer rate for the MV1 state
was preliminarily estimated by Bloch-type analysis. Figure 3
illustrates the observed and simulated IR spectra of the MV1
state for complex 3. This is the first example of the estimation of
the intramolecular electron-transfer rate of a complex with a
spectator ligand other than the CO ligand. The rate constant is
estimated to 8 � 1011 s�1.16 The rate constant is much larger
than that of the corresponding CO dimer, 1 � 1011 s�1, even
though the redox splitting for the NO dimer is smaller than
that for the CO dimer.17

Chart 1

Figure 1. Cyclic voltammograms of the NOdimers 1 (top), 2 (middle),
and 3 (bottom) in dichloromethane. Potentials were referenced to
the SSCE.

Table 1. Redox Splitting for the Mixed-Valence State of
pz-Bridged Triruthenium Dimers

complex ΔE1/mV ΔE2 /mV

[{Ru3O(CH3CO2)6(NO)(dmap)}2(μ-pz)](PF6)2 (1) 350 160

[{Ru3O(CH3CO2)6(NO)(py)}2(μ-pz)](PF6)2 (2) 280 250

[{Ru3O(CH3CO2)6(NO)(cpy)}2(μ-pz)](PF6)2 (3) 200 330

[{Ru3O(CH3CO2)6(CO)(dmap)}2(μ-pz)] 440

[{Ru3O(CH3CO2)6(CO)(py)}2(μ-pz)] 380

[{Ru3O(CH3CO2)6(CO)(cpy)}2(μ-pz)] 250

Figure 2. IR spectra of 3 for different oxidation states in dichloro-
methane at�35 �C: {16;16}2+ (dash-dotted line), {17;16}+ (solid line),
{17;17}0 (dashed line), {18;17}� (dotted line), and {18;18}2� (dash-
double dotted line).
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The IR spectra of 1 and 2 in the five oxidation states are shown
in Figures S3 and S4 in the Supporting Information. These are
similar to those of 3, although the lower wavenumber shifts for
the higher reduced states of 1 are slightly larger.

In summary, we have synthesized novel pz-bridged oxoaceta-
totriruthenium dimers with an NO ligand, which show two
mixed-valence states. The ν(NO) spectra for five oxidation states
were obtained, and the intramolecular electron-transfer rate
within a mixed-valence state has been evaluated. An intervalence
charge-transfer band study of these mixed-valence states is now
in progress.
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