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ABSTRACT: A square-shaped tetranuclear ruthenium(II)
complex, [RuII4Cl5(bpmpm)2]

3+ [1; bpmpm = 4,6-bis-
[[N,N-bis(2′-pyridylmethyl)amino]methyl]pyrimidine],
exhibited four reversible and stepwise one-electron-
oxidation processes: chemical oxidation of 1 formed
three different mixed-valence states, in one of which the
charge is partially delocalized on the two Ru centers, to be
evidenced by observation of an intervalence charge-
transfer absorption band, categorized into the Robin−
Day class II.

Mixed-valence (MV) transition-metal complexes including
metal centers in different oxidation states have been

investigated to elucidate electronic interactions between the
metal centers in light of intermetallic electron transfer.1−3 The
MV species involving weakly coupled (class II) and strongly
coupled (class III) metal centers exhibit intervalence charge-
transfer (IVCT) bands, which reveal the degree of electronic
coupling.3,4 Recently, MV complexes have been recognized as
promising candidates of molecular devices to develop single-
molecule magnets,5 quantum cellular automata,6 and so on.
Along this line, trinuclear and tetranuclear MV complexes using
various transition metals have been synthesized, and the optical
and magnetic properties have been studied in detail.7 Among
these, Long and co-workers have reported the synthesis of a
square-shaped tetranuclear MV complex, [Ru4(cyclen)4(μ-
pz)4]

9+ (cyclen = 1,4,7,10-tetraazacyclododecane); however,
the characteristics of MV states of the tetranuclear complex have
yet to be clarified.8,9 As for most of the polynuclear complexes
forming MV states reported to date, the metal centers in a
complex are usually in the same coordination environment, and
there are few reports for MV complexes involving transition-
metal centers in different coordination environments. In order to
explore a new category of MV complexes toward the develop-
ment of molecular electronics, herein, we report the synthesis
and characterization of a novel macrocyclic tetranuclear
ruthenium(II) complex using a dinucleating ligand. The
tetranuclear ruthenium(II) complex having three kinds of
different bridging scaffolds can be oxidized to afford various
MV species exhibiting different MV characteristics.
A dinucleating poly(pyridylmethyl)amine ligand, 4,6-bis-

[[N ,N-bis(2′-pyridylmethyl)amino]methyl]pyrimidine

(bpmpm), was synthesized by condensation of N,N-bis(2-
pyridylmethyl)amine10 with 4,6-bis(bromomethyl)pyrimidine11

in CH3CN.
12 The synthesis of a tetranuclear RuII-bpmpm

complex, [RuII4Cl5(bpmpm)2](PF6)3 (1), was accomplished
through the reaction of [RuIICl2(p-cymene)]2 with bpmpm in
EtOH at reflux (Scheme 1). Characterization of 1 was performed

using electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS), 1H NMR spectroscopy, and also X-ray
diffraction analysis (see below). The ESI-TOF-MS spectrum of
1 in MeOH exhibited a peak cluster at m/z 866.81 with a peak
separation of 0.5, indicating a divalent cation [Figure S1 in the
Supporting Information (SI)]. The isotopic pattern of the peak
cluster was well matched with the simulated one for the signal of
[1 − 2PF6]

2+. The 1H NMR spectrum of 1 in CD3CN at room
temperature showed well-resolved aromatic proton signals due
to the bpmpm ligand in the range of 7−10 ppm, reflecting the C2
symmetry of 1 (Figures S2 and S3 in the SI).
A single crystal of 1 suitable for X-ray crystallography was

obtained by recrystallization by vapor diffusion of hexane into the
acetone solution of 1. An ORTEP drawing of the cation part of 1
is depicted in Figure 1. As shown in Figure 1, the four RuII centers
are linked through different bridging ligands to form a
pseudosquare shape, where Ru1 and Ru2 are bridged by the
pyrimidine moiety, Ru1 and Ru1′ are bridged by one μ-chlorido
ligand, and Ru2 and Ru2′ are bridged by two μ-chlorido ligands.
The asymmetric coordination modes of the Ru1 and Ru2 centers
are probably caused by steric repulsion between the two bpmpm
ligands in the course of the formation of the bis(μ-chlorido)
structure between the Ru1 and Ru1′ centers. The number of
counteranions and the bond distances around the Ru centers
suggested that the oxidation states of all four Ru centers are 2+.
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Scheme 1. Synthesis of 1
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Elemental analysis of 1 confirmed the bulk purity of the crystals
and the number of counteranions per cationic moiety.12 The
Ru1···Ru2 distance bridged by the pyrimidine moiety was
6.161(6) Å (Table S1 in the SI), slightly shorter than the Ru···Ru
distance in the Creutz−Taube ion (6.88 Å).13 On the other hand,
the Ru1···Ru1′ and Ru2···Ru2′ distances, bridged by one μ-
chlorido ligand and two μ-chlorido ligands, are 4.365(5) and
3.626(4) Å, respectively. The latter distance is similar to that of a
dinuclear bis(μ-chlorido)ruthenium(II) complex, [(TPA)-
RuII(μ-Cl)2Ru

II(TPA)]4+ [3.648(2) Å].14

Cyclic and differential pulse voltammetry (CV and DPV) of 1
were measured in n-C3H7CN at 193 K (Figure S4 in the SI). CV
of 1 showed four highly reversible and well-separated redox
waves with peak separations of 58−74 mV, assigned to the RuII/
RuIII couples of the four Ru centers. The redox potentials (E1/2)
were determined to be +0.41, +0.78, +0.94, and +1.48 V vs
saturated calomel electrode (SCE), and the electric current for
each wave corresponded to that of a one-electron (1e−)-redox
process based on the DPV peak intensity. To assign the redox
processes, density functional theory calculations were performed
on 1, the 1e−-oxidized 1, and the 2e−-oxidized 1. Consequently,
the first and second oxidations should proceed on the Ru1 and
Ru1′ centers with a terminal chlorido ligand at each RuII center
and bridged by one μ-chlorido ligand (Figure S5 in the SI).12

Therefore, the four redox processes of 1 can be assigned as
follows: The lower two waves are due to the redox couples of the
Ru1 and Ru1′ centers, and the higher two are ascribed to those of
the Ru2 and Ru2′ centers bridged by two μ-chlorido ligands. The
assignments are supported by the chemical oxidation experi-
ments to observe IVCT bands (see below).
To confirm the formation of MV states for 1, we oxidized 1

with tris(4-bromophenyl)ammounium hexachloroantimonate
(TBPAH; Ered = +1.07 V vs SCE)15 as a chemical oxidant. The
oxidation reactions of 1with TBPAH performed in n-C3H7CN at
193 K were monitored through the absorption spectral changes
(Figures 2 and S6 in the SI).16 In the course of the addition of 0−
2 equiv of the oxidant, the UV−vis spectra showed stepwise
changes with isosbestic points at 381 nm for 0−1 equiv and 390
nm for 1−2 equiv, whereas IVCT bands were not observed
(Figure S6a,b in the SI).17 In contrast, upon the addition of 2−3
equiv of the oxidant, an IVCT band gradually arose at 1328 nm,
and then the isosbestic point was observed at 381 nm.17

Therefore, electronic coupling between the RuII and RuIII centers
occurred in the MV state of 1 formed by 3e− oxidation. The
IVCT band of the 3e−-oxidized species of 1 disappeared upon
reduction with the addition of 1 equiv of decamethylferrocene
(DecFc) as a reductant (Figure 2b).
The parameters related to the arguments on MV states are

summarized in Table 1. The comproportionation constants (Kc)

of the MV states of 1 were estimated using eq 1 to be 1.9 × 106,
520, and 1.4 × 109 for the 1e−-, 2e−-, and 3e−-oxidized species,
respectively, based on the difference (ΔE) between the oxidation
potential to form the MV state and the subsequent oxidation
potential. In addition, the electronic coupling parameter (Hab)
for the 3e−-oxidized species of 1 was calculated to be 1868 cm−1,
according to the Hush equation in eq 2.18 The MV parameters

= ΔK 10 at 298 KE
c

/59 mV
(1)

ε ν ν= ΔH r0.0206( ) /ab max max 1/2
1/2

ab (2)

indicate that the MV state formed by 3e− oxidation of 1 is
categorized in the Robin−Day class II,4 suggesting a partially
valence-delocalized situation. The intense IVCT band observed
for 3e−-oxidized species of 1 indicates that the electronic
interaction between the two Ru centers in the bis(μ-chlorido)
dimeric unit in 1 (Hab = 1868 cm−1) should be stronger than
those in [(NH3)5Ru

III(μ-pyradine)RuII(NH3)5]
5+ (Hab = 597

cm−1) and [(NH3)5Ru
III(μ-pyrimidine)RuII(NH3)5]

5+ (Hab =
143 cm−1). In contrast, upon 1e− oxidation of 1, the formed MV
state, where the 3+ charge is localized on one Ru center of the
mono(μ-chlorido) dimeric unit, is categorized into class I,
despite its large Kc value (Scheme 2).
As for 1, not only the Ru1···Ru1′ pair bridged by the mono(μ-

chlorido) ligand but also the Ru1···Ru2 pair linked by the
pyrimidine moiety could show IVCT absorption; in fact,
[(NH3)5Ru

III(μ-pyrimidine)RuII(NH3)5]
5+ has been categorized

as a class II MV compound (Table 1).19 The weak electronic
interaction between the Ru1 and Ru2 centers bridged by the
pyrimidine moiety in 1 is probably derived from distortion of the
dinuclear structure including Ru1 and Ru2 in 1. In the crystal
structure of 1, the Ru1 and Ru2 centers deviate from the
pyrimidine mean plane in the syn direction: The deviations from
the pyrimidine plane are 0.509 and 0.164 Å for Ru1 and Ru2,
respectively (Figure S8 in the SI). This distortion results in a
disturbance of the overlapping of the orbitals among the Ru
centers and the pyrimidine moiety.
In conclusion, we have synthesized a novel cyclic tetranuclear

ruthenium(II) complex, 1, using bpmpm as the dinucleating
ancillary ligand. Complex 1 showed four well-separated
reversible redox waves, which were derived from the RuII/III

processes of the four Ru centers. Stepwise oxidations of 1 were
performed with a chemical oxidant to observe the three different
MV states. The 1e− and 2e− oxidations of 1 afforded two kinds of
valence-localized complexes in class I MV states; in contrast, the
3e−-oxidized species of 1 was assigned as a class II MV state,
where the charge was partially delocalized on the two Ru centers
in the bis(μ-chlorido) framework.

Figure 1. Crystal structure of the cation moiety of 1. Thermal ellipsoids
are shown at the 50% probability level.

Figure 2. (a) Absorption spectra of 1 (black line) and 1e−-oxidized
species of 1 (red), 2e−-oxidized species of 1 (purple), 3e−-oxidized
species of 1 (blue) in n-C3H7CN at 193 K. (b) Spectral change upon
reduction of 3e−-oxidized species of 1 (blue) by the addition of 1 equiv
of DecFc as the reductant in n-C3H7CN at 193 K.
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Table 1. Metal-to-Metal Distances (rab), AbsorptionMaxima (νmax), Half-HeightWidths (ν1/2), and Absorption Coefficients (εmax)
of IVCT Bands, Electronic Coupling Constants (Hab), Differences between Two Successive Oxidation Potentials (ΔE), and
Comproportionation Constants (Kc) for MV Complexes

complex rab, Å νmax, cm
−1 ν1/2, cm

−1 εmax, M
−1 cm−1 Hab, cm

−1 ΔE, mV Kc class

[(NH3)5Ru
III(μ-pym)RuII(NH3)5]

5+ a 6.0 7150 6000 41 143 150 340 II
[(TPA)RuIII(μ-Cl)2Ru

II(TPA)]3+ b 3.6 9240 4500 120 404 370 1.6 × 106 II
[(Me3tacn)Ru

III(μ-Cl)3Ru
II(Me3tacn)]

2+ c 2.9 6250 300 1190 1.0 × 1020 III
complex 1 (1e− oxidation)d 4.4 370 1.9 × 106 I
complex 1 (2e− oxidation)d 6.2 160 520 I
complex 1 (3e− oxidation)d 3.6 7530 3291 4300 1868 540 1.4 × 109 II

aReference 19, in D2SO4/D2O at room temperature. bReference 20, in CH3CN at room temperature, electrolyte (0.1 M TBAPF6).
cReference 21, in

CH3CN at 293 K, electrolyte (0.1 M TBAPF6).
dIn n-C3H7CN at 193 K, electrolyte (0.1 M TBAPF6). pym = pyrimidine, TPA = tris(2-

pyridylmethyl)amine, and Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane.

Scheme 2. Redox Processes Occurring in 1 and Classification
of MV States Formed in 1
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