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bearing 2,6-pyridinedicarboxylate in the
mixed-valence state
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A dinitrogen-bridged diruthenium complex bearing 2,6-pyridine-

dicarboxylate (pydc2−), which coordinates in a κ2-ON bidentate

mode, with ammine and hydroxido ligands has been synthesized

by reactions of ruthenium(III) and/or ruthenium(II) complexes with

hydrazine or dinitrogen as a dinitrogen source. A reaction of the

diruthenium complex with pyridine affords a pyridine-substituted

diruthenium complex. The electronic structures of the diruthenium

complexes in a mixed-valence state have been investigated using

UV-vis-NIR and IR spectroscopy and electrochemical methods.

Nitrogen-containing compounds exist in a variety of chemical
forms with oxidation numbers of the nitrogen atom ranging
from −III to +V. Conversion reactions of nitrogen-containing
compounds are very important processes in nature and most
of the reactions occur via oxidation or reduction reactions on
metal centres.1–4 One of the important reactions from dinitro-
gen to ammonia is called nitrogen fixation, in which the oxi-
dation state of the nitrogen atom changes from 0 to –III. In
natural reactions, nitrogenase acts as a catalyst to produce
ammonia from atmospheric dinitrogen by generating diazene
and hydrazine as intermediates under ambient conditions,5,6

while the industrial nitrogen fixation, the Haber–Bosch
process, requires high temperature and pressure conditions.
Therefore, the development of an artificial nitrogen fixation
reaction under mild conditions has been attracting
attention.7–12 Dinitrogen transition metal complexes have been
synthesized from gaseous dinitrogen, and cleavage reactions
of the N–N bond have been studied under various
conditions.13–17 In connection with the natural nitrogen fix-
ation, disproportionation and reduction reactions of hydrazine
to ammonia on metal complexes have also been
investigated.18–21 Coordination modes of dinitrogen include
terminal and bridging modes,15,22,23 and many transition
metal complexes with bridging dinitrogen have been reported
to have symmetric structures. Dinitrogen-bridged diruthenium

complexes have been synthesized and characterized, and all
these complexes are isolated as iso-valent species.24–49

In this study, the formation reaction of a dinitrogen-
bridged diruthenium complex has been investigated using
gaseous dinitrogen and hydrazine which is one of the inter-
mediates in the conversion reaction from dinitrogen to
ammonia.5,6 Since hydrazine is classified as a hard base
according to the HSAB rule, 2,6-pyridinedicarboxylic acid
(pydcH2) is used as a source of a supporting ligand to stabilize
ruthenium complexes in the Ru(III) state and coordinates in a
tridentate, bidentate or bridging mode. Ruthenium complexes
bearing 2,6-pyridinedicarboxylate (pydc2−) have been
reported.50–63 In these investigations, the ruthenium com-
plexes bearing pydc2− exhibit catalytic activity for oxidation
reactions.

Formation reactions of dinuclear ruthenium complexes are
summarized in Scheme 1 (see SI 2.3). Two ruthenium centres
are bridged by dinitrogen with ammine and hydroxido as coex-
isting ligands, and the pydc2− ligands coordinate to each
ruthenium centre in a bidentate mode through the pyridyl
nitrogen and carboxylic oxygen atoms, [{Ru(NH3)3(κ2-pydc)}(μ-
N2){Ru(NH3)2(OH)(κ2-pydc)}] ([3]). The diruthenium complex
[3] was obtained by a reaction of tetraethylammonium
aqua-dichlorido(2,6-pyridinedicarboxylato-κ3-ONO)ruthenate(III),
(C2H5)4N[Ru

IIICl2(OH2)(κ3-pydc)] ((C2H5)4N[1]), with excess
amounts of hydrazine monohydrate (N2H4·H2O; 30 molar
equivalents based on the amount of the starting complex) in
methanol under atmospheric conditions and was characterized.
A 15N-labeled diruthenium complex was synthesized from
(C2H5)4N[1] using 15N-hydrazinium sulfate (15N2H4·H2SO4)
instead of hydrazine monohydrate. For the formation reaction
of [3], hydrazine will act as a source of ammonia and dinitro-
gen. In reactions in which the amounts of hydrazine were
varied from 5 to 30 molar equivalents, the yield and purity of
the obtained complex [3] decreased as the amounts of hydra-
zine decreased. A reaction with 10 molar equivalents of hydra-
zine in addition to aqueous ammonia in the reaction mixture
also afforded [3], which was characterized by UV-vis-NIR spec-
troscopy and cyclic voltammetry (CV), in a similar yield. Under
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conditions where air oxidation occurs, [3] was obtained using a
Ru(II) complex, triacetonitrile(2,6-pyridinedicarboxylato-κ3-ONO)
ruthenium(II) [RuII(NCCH3)3(κ3-pydc)] ([2]), while the yield and
purity of the obtained products were lower than those of the
reactions of (C2H5)4N[1]. As the nitrogen source, dinitrogen gas
with aqueous ammonia was used in methanol. [3] was also
formed from the following reactions at 60 °C in similar yields:
(i) a mixture with a 1 : 1 molar ratio of (C2H5)4N[1] and [2] and
(ii) (C2H5)4N[1] in the presence of zinc powder as a reducing
agent, followed by exposure to air after removing the remaining
zinc. The diruthenium complex [3] is only soluble in water. To
improve the solubility toward organic solvents, a similar mixed-
valence diruthenium complex, in which one ammine ligand
was substituted by pyridine, [{RuII(NH3)2(py)(κ2-pydc)}(μ-N2)
{RuIII(NH3)2(OH)(κ2-pydc)}] ([4]), was synthesized through a
reaction of [3] with pyridine in water. [4] is soluble in both
water and methanol.

Single crystals of [3]·H2O·CH3OH were obtained by vapor
diffusion of acetone into a solution of [3] in methanol–water.
Structures of (C2H5)4N[1], [2]·H2O, and [3]·H2O·CH3OH were
characterized by single-crystal X-ray crystallography. The crys-
tallographic data and selected structural parameters are sum-
marized in Tables S2–S6. The details of the analysis for [3] are
given in SI 6. The geometry of each ruthenium center in all
complexes is characterized as a distorted octahedron. For [1]−

and [2], the pydc2− ligand coordinates in a tridentate mode
with one nitrogen atom and two oxygen atoms and three co-
existing ligands (Fig. S5, S6 and Tables S3, S4). The ruthenium
centres of [3] are coordinated with four nitrogen atoms of brid-
ging dinitrogen, two ammine and pyridine groups and one
oxygen atom of the carboxy group in pydc2−, whose coordi-

nation mode was changed from the κ3-ONO type of the starting
complex to the κ2-ON one, and each sixth coordination site is
occupied by an ammine or a hydroxido ligand (Fig. 1 and S7).
In the unit cell of [3], water and methanol molecules exist as
crystal solvents (see the SI). The uncoordinated carboxy oxygen
atoms of pydc2− show weak interactions with the water mole-
cule of crystallization and the coordinating ammine ligands.
No significant differences were observed in two ruthenium
units and the bridging dinitrogen structure, regardless of the
hydrogen bonds between ammine, carboxylate and hydroxido
ligands and the crystallization solvent. The N–N bond distance
of the bridging dinitrogen (N1–N5; 1.162(5) Å) is slightly
longer than those of the previously reported dinitrogen-
bridged complexes of Ru(II)–Ru(II) (1.104–1.138 Å)11 and the
free nitrogen molecule (1.098 Å).64 The bond distances
between the ruthenium centre and the oxygen atom of the
carboxy group, Ru–O (Ru1–O2; 2.081(2) and Ru2–O6; 2.094(2)
Å), are found to be intermediate between those of the mono-
nuclear complexes of [1]− (2.0503(17) and 2.0572(18) Å) and [2]
(2.1246(13) and 2.1217(14) Å). The C–O bond distances of the
uncoordinated carboxy groups of [3] are similar to those of [1]−

and [2] (κ3-pydc2−), suggesting coordination as a doubly depro-
tonated pydc2− in [3] as well. The Ru–N bond distances
between the ruthenium centre and the ammine
ligands (2.106–2.119 Å) are slightly shorter than those in the
previously reported complexes of Ru(III) bearing pydc2−

(2.120–2.151 Å).50–53 The metric parameters of [3] are consist-
ent with the oxidation state of the ruthenium centers being a
mixed-valence state of Ru(II)–Ru(III) (Ru(2.5)–Ru(2.5)).

The IR absorption spectra of [3] and [4] showed a unique
characteristic intense absorption band of the bridged dinitro-
gen (ν(N2)) at 1994 and 1984 cm−1, respectively, with bands
assigned to the carboxy group of the pydc2− ligand (νs(COO);
1320 and νas(COO); 1583 for [3] and νs(COO); 1314 and
νas(COO); 1584 cm−1 for [4]), as shown in Fig. S3. On the other
hand, the weak ν(N2) Raman shift of [3] was observed at
1986 cm−1 (Fig. S4). The ν(N2) bands in the IR spectra were
shifted to 1963 and 1953 cm−1 for [3] and [4] by 15N-labelling,
although the isotope shift values were smaller than those pre-
dicted by the N–N model. The isotopic shift to the lower wave-
number region revealed that the source of the bridging dinitro-
gen in these diruthenium complexes is confirmed to originate
from hydrazine. In the case of previously reported dinitrogen-

Scheme 1 Formation of the dinitrogen-bridged mixed-valence dir-
uthenium complexes.

Fig. 1 Structure of [3] with thermal ellipsoids at 50% probability.
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bridged diruthenium complexes having a symmetric axis at
the bridging unit, the absorption of dinitrogen is hardly
observed in the IR absorption spectrum but is observed in the
Raman spectrum.24–36 The present dinitrogen-bridged diruthe-
nium complexes [3] and [4] show an intense characteristic IR
absorption band at the lowest wavenumber among the
reported dinitrogen-bridged diruthenium complexes, indicat-
ing that the N–N bond becomes polarized and is activated,
since the two ruthenium centres in these diruthenium com-
plexes are asymmetric due to the difference in the electrostatic
properties of the coexisting ligands, ammine and hydroxido
ligands, the mixed-valence state, and interactions between the
bridging dinitrogen and the uncoordinated carboxy groups
and the crystal solvents.

The effective magnetic moments of [3] and [4] at 298 K are
2.11 and 1.92μB, respectively, assigned to one unpaired elec-
tron in the diruthenium complexes. The electronic structure is
shown to be a mixed-valence state of Ru(II)–Ru(III), taking into
account the results of electrochemical measurements in
aqueous solutions. The electrochemical properties of [3] and
[4] in water, whose pH was adjusted to 5.0 using 0.2 M perchlo-
ric acid and 0.2 M sodium hydroxide, were measured by CV
and normal pulse voltammetry (NPV). Reversible oxidation
and reduction waves were observed at 0.51 and −0.26 V and at
0.53 and −0.16 V for [3] and [4], respectively, vs. Ag|AgCl (3 M
NaCl aq.) within the potential window between −1.3 and 1.3 V,
as shown in Fig. 2 and S14. A difference of redox potentials
between [3] and [4] was observed due to the electronic effects
of ammine and pyridine, consistent with that of their elec-
tronic properties. Analyses of redox processes using normal
pulse voltammograms revealed that both were one-electron

transfer processes (Fig. S13 and S15–S18). The oxidation and
reduction processes could be assigned to the electrode reactions
of Ru(III)–Ru(III)/Ru(II)–Ru(III) and Ru(II)–Ru(III)/Ru(II)–Ru(II),
respectively. From the potential separation between these
redox couples (0.77 V for [3] and 0.69 V for [4]), the compropor-
tionation constants KC were estimated to be 1.1 × 1013 and
4.7 × 1011, respectively (Table S7). These values revealed a
stable mixed-valence state of Ru(2.5)–Ru(2.5) and these dir-
uthenium complexes would be categorized into Class III
according to the Robin–Day classification.65

In the absorption spectra of [3] and [4] in water, absorption
bands were observed at 931, 410, 355 and 271 nm for [3] and
1007, 413, 331 and 272 nm for [4] (Fig. S2 and Table S1). The
spectrum of [4] in methanol was the same as that in water,
indicating that the absorption maxima were solvent indepen-
dent. In spectroelectrochemical measurements in an aqueous
solution (pH 5) of [3] using an Optically Transparent Thin
Layer Electrode (OTTLE) cell (see SI 8), UV-vis-NIR absorption
spectral changes were observed during reduction from the
Ru(II)–Ru(III) state to the Ru(II)–Ru(II) one and oxidation to the
Ru(III)–Ru(III) one at −0.40 and 0.75 V, respectively, as shown in
Fig. S20. The absorption band at around 930 nm decreased
with oxidation and reduction, indicating that this absorption
band is characteristic of the mixed-valence Ru centres. From
the results of the spectral changes accompanying the electro-
chemical oxidation and reduction of [3], the absorption band
observed in the lower energy region (931 nm) can be attributed
to an absorption band corresponding to intervalence electron
transfer between the two Ru centres. The absorption band
observed at around 400 nm is attributed to the charge transfer
between the ligand and the metal, and the band observed in
the highest energy region is attributed to the π–π* transition of
the pydc2− ligand.

In this study, we have succeeded in synthesizing the rare
mixed-valence dinitrogen-bridged diruthenium complex of
Ru(2.5)–Ru(2.5), [3], by reactions using hydrazine and dinitro-
gen as nitrogen sources. The diruthenium complex has been
generated under atmospheric dinitrogen from a 1 : 1 mixture
of mononuclear Ru(II) and Ru(III) complexes in a methanol
solution containing ammonia. To improve solubility toward
organic solvents, the methanol-soluble diruthenium complex,
[4], has been synthesized by a reaction of [3] with pyridine. For
the formation of the dinitrogen-bridged complex, electron-
donating ligands such as ammonia, hydroxido, and carboxy-
lato play important roles as co-ligands. These complexes show
the characteristic N–N vibration band in a lower infrared
region than that of the free dinitrogen molecule (2331 cm−1),66

indicating that the N–N bond is activated and polarized due to
infrared activity. In addition to the redox waves observed in
regions where oxidation and reduction are easily achieved, it is
expected that cleavage of the N–N bond will occur accompany-
ing reduction and protonation, and new knowledge on the
conversion reactions of dinitrogen to afford ammonia can be
obtained by investigating the electronic structure and reactivity
of dinitrogen-bridged complexes. The properties and reactions
of [3] and [4] are under investigation.

Fig. 2 Cyclic voltammograms of diruthenium complexes in an aqueous
solution at pH 5 at 25 °C; (a) [3] and (b) [4] (scan rate; 100 mV s−1).
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