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ABSTRACT: We have synthesized a mononuclear
ruthenium(II) azido complex (1) and a dinuclear ruthenium-
(II) p-azido complex (2) having N,N-bis(2-pyridylmethyl)-N-
bis(2-pyridyl)methylamine (N4Py) as a pentadentate ancillary
ligand. In the crystal structure of 2, intramolecular 7—7x
stacking was found between the pyridine rings of the two
different N4Py ligands, contributing to stabilize the dinuclear
p-azido structure. 7 donation from the HOMO 7z* orbital of
the p-azido ligand to the Ru—N(pyr) bond increases the bond
order between the terminal and central N atoms in the u-azido
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ligand to strengthen the N—N bonds of the p-azido ligand. The p-azido complex 2 was revealed to exhibit a stepwise oxidation
behavior in CH;CN to afford a Ru"—p-azido—Ru"™ mixed-valence (MV) state upon one-electron oxidation. The MV state of
one-electron-oxidized 2 was categorized in the Robin—Day class II with the electronic coupling constant (H,,) of 570 cm™".

B INTRODUCTION

Transition-metal complexes showing a mixed-valence (MV)
state," represented by the Creutz—Taube ion,> have attracted
considerable attention not only as model compounds for
studies on intramolecular electron transfer (ET)>* but also for
functional dyes and materials such as Prussian blue.”® The MV
compounds were categorized by Robin and Day into three
classes depending on the strength of the electronic interaction
between the donor and acceptor sites.” The class I compounds
show no electronic interaction, whereas in class III, the two
redox-active metal centers are no longer discernible because of
the strong interaction and the charge was fully delocalized to
give a partial valence state on the two metal centers,
respectively. Class II is recognized as the intermediate situation
of the former two classes. To date, a lot of efforts have been
made to clarify the effect of the distance between two redox
sites on the electronic interaction, the ability of the bridging
ligand to delocalize the charge, and the role of the coordination
environment of the metal centers in controlling the ET rate.®
Recently, the effects of the anionic bridging ligands on the MV
properties have been investigated in detail.”'® In addition,
besides dinuclear ruthenium complexes, MV complexes of
other metals'' and pure organic MV systems'’> have also
attracted considerable attention.

As a bridging ligand, an azide ion (N;~) has been also
intensively studied for constructing molecular magnets'>'* and
low-dimensional magnets.15 The p-azido ligand exhibits two
kinds of coordination modes: end-on type (u-1,1-N;) and end-
to-end type (4-1,3-N;) (Chart 1).° Despite the unique
coordination behavior of the y-azido ligand and the outstanding
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Chart 1. Coordination Modes of the yu-Azido Ligand
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properties for mediating the magnetic properties of the metal
centers as mentioned above, the electronic conduction
properties of a p-azido ligand for delocalizing the charge in
MV compounds have been rarely investigated.'” In particular,
the ruthenium complexes with p-azido ligands reported so far
are limited for end-on-type bis(u-azido) complexes18 and end-
to-end-type bis(u-azido) complexes,19 and the electrochemical
properties have yet to be well investigated.”® Herein, we
synthesized an end-to-end dinuclear ruthenium(II) p-azido
complex, 2, and investigated the electrochemical properties in
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Scheme 1. Synthesis of 1 and 2
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CH;CN. We found that complex 2 exhibits stepwise one-
electron-oxidation behavior to afford a MV state, Ru''—u-
azido—Ru'", by chemical oxidation.

B EXPERIMENTAL SECTION

General Procedures. Chemicals and solvents were used as
received from Tokyo Chemical Industry Co., Wako Chemicals, or
Sigma-Aldrich Corp. unless otherwise mentioned. UV—vis spectra
were obtained on a Shimadzu UV-3600 spectrophotometer. Syntheses
of N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py),*"
[Ru'CI(N4Py)](PF;),”> and [Ru'(N4Py)(OH,)](PF,), (3)** were
conducted with the reported procedure. 'H NMR spectra were
recorded on JEOL EX-270 and Bruker AV400 spectrometers in CDCl;
(deuteration percentage: 99.8%) and acetone-d, (deuteration percent-
age: 99.9%) at room temperature, and the chemical shifts were
determined using the residual solvent peak as a reference. Electrospray
ionization mass spectrometry (ESI-MS) spectra were recorded on a
JEOL AccuTOF CS JMS-T100CS mass spectrometer in acetone or
MeOH. Electrochemical measurements were performed on a BAS CV-
1B voltammetric analyzer in purified CH;CN in the presence of 0.1 M
[(n-Bu),N]PF; as an electrolyte under argon at room temperature or
at —40 °C with a platinum disk as the working electrode, a platinum
wire as the counter electrode, and Ag/AgCl as the reference electrode.
Ferrocene was used as a standard to determine the redox potentials. IR
spectra were recorded on a Jasco FT/IR-4100 spectrometer with a
standard KBr method.

Synthesis. [Ru”(N3)(N4Py)](PF6) (1). A solution containing 3 (30
mg, 0.039 mmol) and NaNj (3.0 mg, 0.039 mmol) in MeOH (20 mL)
was degassed by three freeze—pump—thaw cycles and stirred for 1 h at
room temperature in the dark. The solution color changed from yellow
to red. MeOH was removed under reduced pressure, and the residual
solid was dissolved in tetrahydrofuran (THF). For recrystallization,
chilled hexane was added slowly to the THF solution of 1 and the red
crystals obtained were filtered and dried in vacuo. Yield: 164 mg
(60%). '"H NMR (acetone-dy): 6 4.65 (s, 4H, NCH,Py), 6.83 (s, 1H,
NCHPy,), 7.15 (d, ] = 7.8 Hz, 2H, H3 of PyCH,N), 7.40 (dd, ] = 7.8
and 5.6 Hz, 2H, HS of PyCH,N), 7.48 (ddd, J = 7.4, 5.5, and 2.0 Hz,
2H, HS of Py,CHN), 7.67 (td, ] = 7.8 and 1.6 Hz, 2H, H4 of
PyCH,N), 8.00 (td, J = 7.4 and 1.6 Hz, 2H, H4 of Py,CHN), 8.07 (dd,
J = 7.4 and 2.0 Hz, 2H, H3 of Py,CHN), 9.02 (dd, ] = 5.5 and 1.6 Hz,
2H, H6 of Py,CHN), 9.10 (dd, J = 5.6 and 1.6 Hz, H6 of PyCH,N).
ESI-MS (MeOH): m/z 511.1 ([M — PE(]*). UV—vis (MeCN): A,
467, 379, 246 nm. IR (KBr): v 2024 cm™" (Nj,). The sample of 1 for
elemental analysis was prepared through recrystallization with vapor
diffusion of octane to the CH,CI, solution. Anal. Calcd for
C,;H, NgRuPF-0.25CH,ClL,: C, 4127; H, 3.20; N, 16.60. Found:
C, 41.57; H, 3.35; N, 16.60.

[{Ru”(N4Py)}2(,u—N3)](PF6)3 (2). A solution containing 1 (10.8 mg,
0.015 mmol) and 3 (12 mg, 0.015 mmol) in H,0O (30 mL) was heated
at 30—40 °C for 3 h. The solution was concentrated, and a saturated
aqueous solution of KPF¢ was added. The red precipitate formed was
filtered and recrystallized from acetone/hexane. The resulting bright-
red crystals were filtered and dried in vacuo. Yield: 15.6 mg (71%). 'H
NMR (acetone-dy): 5 4.67 (ABq, Ju5 = 18 Hz, 4H, NCH,Py), 6.84
(ddd, J = 7.8, 5.4, and 1.6 Hz, 2H, HS of Py,CHN), 6.87 (s, 1H,
NCHPy,), 7.20 (d, ] = 7.7 Hz, 2H, H3 of PyCH,N), 7.43 (dd, ] = 7.7
and 5.6 Hz, 2H, HS of PyCH,N), 7.74 (td, ] = 7.7 and 1.2 Hz, 2H, H4
of PyCH,N), 791 (td, J = 7.8 and 1.2 Hz, 2H, H4 of Py,CHN), 8.12
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(dd, J = 7.8 and 1.6 Hz, 2H, H3 of Py,CHN), 8.63 (dd, ] = 5.4 and 1.2
Hz, 2H, H6 of Py,CHN), 9.17 (dd, ] = 5.6 and 1.2 Hz, H6 of
PyCH,N). ESI-MS (acetone): m/z 1270.3 ([M — PF]"). UV—vis
(MeCN): A, 450, 366, 246 nm. IR (KBr): v 2040 cm™" (Nj,). Anal.
Caled for C44gH,,N 3Ru,P3F 5: C, 39.07; H, 2.99; N, 12.88. Found: C,
39.13; H, 2.88; N, 12.64.

X-ray Crystallography on 1 and 2. The crystals of 1 and 2 were
mounted on a mounting loop with epoxy resin. All measurements were
performed on a Bruker APEXII diffractometer at —153 °C with
graphite-monochromated Mo Ka radiation (4 = 0.71073 A). The data
were collected up to 26 = 55.0°. The structures were solved by direct
methods and expanded using Fourier techniques. All non-H atoms
were refined anisotropically, and the refinement was carried out with
full-matrix least squares on F. All calculations were gerformed using
the Yadokari-XG crystallographic software package,”* and structure
refinements were made using SHELX-97.> Crystallographic data for 1:
Cy3H, NgRu-PF,, fw = 655.52, red, triclinic, space group PI, cell
parameters a = 13.4461(13) A, b = 14.5506(14) A, c = 16.7938(16) A,
a =73.8770(10)°, B = 89.4520(10)°, y = 84.8560(10)°, V = 3143.3(5)
A% T =1202) K, Z = 4, D, = 1.385 g cm™, 17868 reflections
measured, 13576 unique (R, = 0.0228), R1 = 0.0463 [I > 20(I)] and
wR2 = 0.1146 (all reflections), GOF = 1.034. Crystallographic data for
2: C,H ;N 3Ru,-3PFy, fw = 1413.98, red, orthorhombic, space group
12/2,2,, cell parameters a = 12.914(4) A, b = 13.120(4) A, ¢
39.995(13) A, V= 6776(4) A}, T =120(2) K, Z=4,D. = 1.386 g
cm™, 17379 reflections measured, 6864 unique (R, = 0.0689). R1 =
0.0988 [I > 26(I)] and wR2 = 0.2593 (all reflections), GOF = 1.039.
In both cases, highly disordered CH,Cl, and acetone molecules as the
solvent molecules of crystallization were deleted using the SQUEEZE
program.?

B RESULTS AND DISCUSSION

Synthesis of Mononuclear Ruthenium(ll) Azido and
Dinuclear Ruthenium(ll) u-Azido Complexes. A mono-
nuclear ruthenium(II) azido complex (1), having N4Py*! as an
ancillary ligand, was synthesized by using 3*° as the starting
material. The synthetic procedure is summarized in Scheme 1.
Complex 3 was treated with NaN; in MeOH at room
temperature, and after evaporation of the solvent, the residual
solid was recrystallized from THF/hexane to give wine-red
crystals of 1 in 60% yield. The '"H NMR spectrum of 1 in
acetone-dg showed a spectral pattern reflecting the C, symmetry
of 1, including eight aromatic proton signals assignable to those
of the two types of pyridine rings in the range of 6 7.0—9.2 ppm
(Figure 1a). The "H NMR signals assigned to the methine and
methylene protons were observed at § 6.83 (s) and 4.65 (s)
ppm, respectively, and the chemical shifts were comparable to
those of the corresponding signals of 3 in acetone-dg [§ 6.89
ppm (s) for the methine proton and & 4.63 and 4.7S ppm
(ABq) for the methylene protons].”® The methylene protons of
1 showed a singlet 'H signal in contrast to the case of 3. In the
ESI-TOF-MS (where TOF = time-of-flight) spectrum of 1 in
MeOH, a peak cluster with the biggest peak at m/z 511.1 was
observed and the isotopic pattern was well matched with the
simulated one for the [Ru"(N;)(N4Py)]* ion [Figure S1 in the
Supporting Information (SI)].
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Figure 1. "H NMR spectra of 1 (a) and 2 (b) in acetone-dg.

The synthesis of an azido-bridged dinuclear ruthenium(II)
complex, 2, was done by condensation with 1 and 3 in H,O at
30—40 °C (Scheme 1). The addition of an excess amount of
KPF to the reaction mixture afforded a red powder of 2. In the
"H NMR spectrum of 2 in acetone-dg, two sets of four signals
ascribed to two types of 2-substituted pyridine rings were
observed as in the case of 1 (Figure 1b). The assignment of
each signal was done on the basis of the 2D 'H—'H COSY
spectrum and the 1D differential NOE spectrum (Figures S2
and S3 in the SI). The two 'H signals at the S and 6 positions
of the pyridine rings linked with the methine carbon for 2
appeared at 0 6.84 and 8.63 ppm, respectively, and exhibited
upfield shifts relative to the corresponding signals for 1 [§ 7.48
(HS) and 9.02 (H6) ppm]. In contrast, the 'H signals of the
protons at the 3 and 4 positions of the pyridine rings linked
with the methine carbon and those of all of the protons of the
pyridine rings linked with methylene carbons for 2 were
observed at positions similar to those of the corresponding
signals for 1. This indicates that the intramolecular 7—x
stacking between the pyridine rings linked with the methine
carbons of the two N4Py ligands and the resulting ring-current
effects caused the upfield shifts of the S and 6 proton signals of
the methine-bridged pyridines in 2. The intramolecular 7—7
stacking was also observed in the crystal structure of 2 (vide
infra). The ESI-MS spectrum of 2 in acetone gave two peak
clusters ascribed to the parent signal due to
{[{Ru"(N4Py)},(u-N;)]1(PF),}* at m/z 12703 and the
fragment signal ascribed to [Ru(N;)(N4Py)]* at m/z S11.1
(Figure S1b in the SI).

Crystal Structures of 1 and 2. A single crystal of 1 suitable
for X-ray diffraction analysis was obtained by recrystallization

from CH,Cl,/octane. Complex 1 was crystallized into a triclinic
lattice with space group P1. The asymmetric unit included two
independent molecules of the cation part of 1 (Figure 2a), two
PF4~ ions as the counteranions, and four highly disordered
CH,Cl, molecules, which were thus deleted using the
SQUEEZE program.”® Complex 2 was recrystallized with
vapor diffusion of hexane to the acetone solution to obtain a
single crystal, which was suitable for X-ray crystallography.
Complex 2 was crystallized into an orthorhombic lattice with
space group 12,2,2,. In the asymmetric unit were included half
of the cation part of 2 (Figure 2b) and one and a half of the PFy
ions. Two acetone molecules were also cocrystallized, but
highly disordered, and thus deleted with use of the SQUEEZE
program.26 The selected bond lengths of 1 and 2 in the crystal
structures are summarized in Table 1.

Table 1. Selected Bond Lengths (A) of 1 and 2

1 2
Ru—N1 2.039(3) 2.030(3) 2.022(10)
Ru—N2 2.058(3) 2.049(3) 2.011(10)
Ru—N3 2.043(3) 2.058(3) 2.067(8)
Ru—N4 2.053(3) 2.051(3) 2.056(10)
Ru—N3 2.065(3) 2.046(3) 2.057(8)
Ru—N6 2.158(3) 2.122(3) 2.121(10)
N6—N7 1.138(5) 1.181(4) 1.103(9)
N7-N8 1.172(6) 1.171(5)

The bond lengths between the central metal and the end N
atom of the azido ligand (Ru—N&6) for both 1 and 2 are in the
typical range of those of reported ruthenium(II) complexes
with similar coordination environments.'®"? In a comparison of
the Ru—N1 bond lengths of 1 to those of other Ru"N4Py
complexes, [Ru''CI(N4Py)](PF),** 3, [Ru"(ClO,)(N4Py)]-
(PF;) (Figure S4a in the SI),*” and [Ru"(N4Py)(NCCH,)]-
(PF¢), (Figure S4b>” and Table S1 in the SI), the order is
[Ru'CI(N4Py)]* [Ru—N1 = 2.036(3) A] ~ 1 (2.035 A)*® >
[Ru"(N4Py)(NCCH;)]** (2.014 A)*® ~ [Ru"(ClO,)(N4Py)]*
[2.009(4) A] > 3 [1.968(5) A]. This tendency can be explained
on the basis of the strength of the o-donating ability of the axial
ligand, and the order matches the strength of the trans effects
by the axial ligands reported in the literature [Cl”™ > Nj~
(>Cl0,”) > H,0].***° The N—N bond len§ths of the end-on
azido ligands in 1 were 1.160 A for N6—N7 % and 1.172 A for
N7-N8,*® and were in the range of values for similar
ruthenium(II) azido complexes reported so far.*’ In contrast,
the N6—N7 bond distance of the u-azido ligand in 2 [1.103(9)

(a) (b)

~— n—n stacking

Figure 2. Crystal structures of the cation parts of 1 (a) and 2 (b). The thermal ellipsoids are drawn with S0% probability.
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Figure 3. (a) Molecular orbitals of the N3~ ion®® and (b) schematic description of z donation from the azido ligand to the Ru—N2 bond.

A] is much shorter than those of 1 and other metal-Nj,
complexes (mean value, 1.17 A)14’15’18’19’31 and even shorter
than those of free N,™ ions (1.17—1.19 A).>* This can be
explained by the fact that the doubly degenerated highest
occupied molecular orbitals (HOMOs) of the N3~ ion are
slightly antibonding 7-type orbitals (17,),”* and thus reduction
of the electron density on the HOMO #* orbitals of N3~ by
donation to the two Ru" moieties causes a shortening of the
N—N bonds in the y-azido ligand. The resultant enhancement
of m-back-bonding from the Ru' center to the pyridine ring
including N2 makes the bond length of Ru—N2 of 2
[2.011(10) A] relatively shorter compared to those of other
Ru—N(pyr) bonds (the mean value is 2.06 A). Closely looking
over the crystal structure of 2, the terminal nitrogen (N6) of
the p-azido ligand was forced to come close to the N2 atom
with a N2---N6 distance of 3.03(1) A by the intramolecular
n—x stacking between N3— and N3’'—pyridine rings (Figure SS
in the SI). Consequently, the occupied 7* orbitals (17,) of the
p-azido ligand direct toward the 7 orbital of the Ru—N2 bond
and thus 7 donation from the azido ligand to the Ru—N2 #
bond is likely to occur (Figure 3), which clearly matches the
explanation for the short N—N bond length of the pu-azido
ligand in 2 mentioned above. In contrast, the mononuclear
azido complex 1, lacking such an intramolecular 7—7 stacking
force (vide infra), did not exhibit shortening of the N—N bond
of the azido ligand or of the Ru—N(pyr) bonds. Supporting
this, the N stretching band of 2 was observed at 2040 cm™/,
showing a high-energy shift relative to that of 1 [¢(N;) = 2024
cm™'; see Figure S6 in the SI].>* This result also indicates
reinforcement of the N—N bonds in the p-azido ligand of 2.
Dinuclear pu-azido complexes with second- and third-row
transition-metal ions reported so far have shown a tendency
to undergo thermal and photochemical decomposition of the p-
azido ligand to give nitrido or y-nitrido complexes and their
derivatives,'”** hampering a detailed investigation of the redox
properties of the p-azido complexes. In contrast, the
strengthened p-azido ligand of 2 enabled the electrochemical
studies of 2 to elucidate the characteristics of the MV state
(vide infra).

The pyridine moieties including N3 and N3’ of 2 formed
intramolecular 7—7 stacking with a distance of 3.34 A in the
crystal structure. This 7—7 stacking probably plays a role in
stabilizing the dimeric structure.>® The effects of intramolecular
n—r stacking were also observed in the "H NMR spectrum of 2
as upfield shifts of the protons at the 5 and 6 positions of the
pyridine rings (vide supra), but the two pyridine rings linked to
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the methine carbon (N2 and N3 pyridines in the crystal
structure) were equivalent in the "H NMR spectrum at least at
room temperature. This indicates that the intramolecular 7—7-
stacked pyridine rings (N3 pyridine in the crystal structure)
show a fast-flipping motion to exchange positions with the
other pyridines (N2 pyridine) in solution.

Redox Properties and MV State of 2. The cyclic
voltammogram (CV) of 1 in CH;CN exhibited a reversible
wave at E;, = +0.50 V vs SCE, which can be assigned to the
redox process of the Ru center (Ru"/Ru'; Figure 4a). The

(@

0.4 0.8
E, Vvs SCE

(b)

0.4 0.8
E, Vvs SCE

Figure 4. CVs (below) and DPVs (above) of 1 (a) and 2 (b) in
CH;CN in the presence of [(n-Bu),N](PF) as an electrolyte at room
temperature. Scan rate: 0.2 V s\,

redox potential was relatively low compared to those of other
polypyridyl-type Ru—Ny complexes having anionic ligands with
extended 7-conjugated systems.®” The reason for the low redox
potential of 1 is the stron§ o donation of the tertiary amine N
atom of the N4Py ligand®® and the weak 7 acceptability of the
monomeric pyridine rings compared to the z-conjugated
polypyridyl rings. On the other hand, in the CV of 2 in
CH;CN at room temperature were observed a reversible wave
at E;j, = +0.65 V vs SCE and a quasi-reversible wave at E;, =
+1.26 V and E,. = +1.08 V vs SCE,* whose potential was
determined as +1.13 V vs SCE with a differential pulse
voltammogram (DPV; Figure 4b). The first redox potential for
2 was slightly higher than that of 1, which indicates the smaller
o donation of the y-azido ligand due to the bridging of the two
cationic metal centers. The two processes are supposed to be
derived from the redox processes of Ru"=Ru"/Ru"—Ru™ and

dx.doi.org/10.1021/ic400412f | Inorg. Chem. 2013, 52, 55075514
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Ru’—Ru™/Ru™—Ru", respectively. Thus, the former oxidation
process can afford the one-electron-oxidized species of 2 (2°%)
in a Ru’~Ru™ MV state. The low reversibility of the second
redox wave for 2 should probably be not caused by the
instability of the MV Ru"—Ru'" state but by that of the Ru''—
Ru™ state.

To confirm the formation of the MV state, we oxidized 2
with tris(4-bromophenyl)ammoniumyl hexachloroantimonate
(TBAH; E = +1.07 V vs SCE)* in CH;CN at room
temperature and monitored the change with the optical
absorption spectra (Figure Sb). Then, the two metal-to-ligand

(@) 20—
= 3
=
2
2 1.0+
i 800 1200
Wavelength, nm
0.0 T T I T
500 1000
Wavelength, nm
( ) 1.5 — 0 eq.
0.01 = eg_
] 8
<
3
< 0.7 — 0
_ 800 1200
Wavelength, nm
0.0 T T T T
500 1000
Wavelength, nm

Figure S. (a) Absorption spectra of 1 (black line) and one-electron-
oxidized species of 1 (red line) in CH;CN at —40 °C. (b) Absorption
spectra of 2 (black line) and one-electron-oxidized species of 2 (red
line) in CH;CN at room temperature. The one-electron-oxidized
forms of 1 and 2 were formed in situ by the addition of 1 equiv of
TBAH.

charge-transfer (MLCT) absorption bands of 2 at 450 and 366
nm, which are assigned to CT transitions from the Ru'' centers
to the p-azido ligand*' and that to the pyridine rings of the
N4Py ligands,® respectively, were decayed upon addition of the
oxidant (Figure S8 in the SI). At the moment upon the addition
of 1 equiv of the oxidant, the MLCT bands based on the Ru"
center still remained. As strong evidence to support the
formation of the MV state, the intervalence charge-transfer
(IVCT) band was observed at 1050 nm (e = 140 M™' cm™)
upon the addition of 1 equiv of the oxidant (Figure Sb), and the
absorption band almost disappeared upon the addition of 2
equiv of the oxidant.*” For evidence that the long-wavelength
absorption band was not simply derived from the Ru'™ species,
we also measured the UV—vis spectra of one-electron-oxidized
species of 1 in CH;CN at —40 °C (Figure Sa). The UV—vis
spectra of one-electron-oxidized 1 showed decay of the two
MLCT absorption bands at 467 and 379 nm, corresponding to
the absorption bands observed for 2, respectively, and a new
band appeared at 529 nm, which can be assigned to the ligand-
to-metal charge-transfer transition from the azido ligand to the
Ru' centers formed by the oxidation.*® This spectral change of
1 upon oxidation resembles to that of 2 in the UV—vis region
(300—700 nm). On the other hand, the near-IR absorption

band, ascribable to the IVCT transition, was not observed for 1
upon one-electron oxidation.

The comproportionation constant (K¢) of the MV state of
2% at 298 K was estimated to be 4.4 X 105, with the difference
between the first and second oxidation potentials (AE [mV])
based on eq 1, which indicates the relatively large stability of
the MV state.

K¢ = 10459 ™V 5t 208 K (1)

In addition, the electronic coupling parameter (H,;,) of 2°* was
calculated as 570 cm™!, according to the Hush equation, as
indicated in eq 2:**

Hy, = 0.0206(¢ Una Al 2)"* /1 @)

Here, €,,,, is the absorption coeflicient of the IVCT transition,
Uma 18 the energy (cm™) of the absorption maxima of the
IVCT band, Av,, is the observed full width at half-maximum
of the IVCT band, and r,, is the distance between the two Ru”
centers [5.602(2) A] based on the crystal structure of 2. The I’
parameter, introduced by Sutin and co-workers,'® was
determined for the IVCT band to be 0.34, in accordance
with eq 3.

r=1- Ayl/Z,exp/Ayl/Z,theo (3)

These IVCT parameters indicate that the MV state of 2°F
should be categorized in the Robin—Day class II,” suggesting a
partially valence-delocalized situation. To our knowledge, this is
the first example of a p-azido-bridged complex, which is fully
investigated on the MV properties to obtain the IVCT
parameters. In order to evaluate the CT ability of the p-azido
ligand, we compared the IVCT parameters of 2° with those of
dinuclear ruthenium complexes with various bridging ligands
(Figure 6 and Table 2)."*7*° Four complexes, 4 and 68,
listed in Table 2 are categorized into the Robin—Day class III,
indicating strong electronic coupling between the two Ru
centers."*’~* In particular, a cyanogen-bridged 6* and a
dinitrogen-bridged 7,*® which have linear bridging ligands
similar to the y-azido ligand for 2, show very strong electronic
interactions between the two Ru centers in the MV states

K\‘ 4+
HaN | NHg
HeN_O 1 N =N

4+
HsN  NH
N / 3/,—\\H3N\ /NH3

_Ri— —R{— < | _NH.
i /RL\INHN\—/E NBU\ e HaN~ IU\NH\; N'R\U\NH3
HzN — 3
3 3 3 NH3 3 HN 3 NH, 3
4 5
HaN  NH; HeN, /NH3 4 Ha NHa HGN_ NH; 4
HaN—RG—N=—=N—FR{—NH; HaN—By—N=N—R{—NH,
HsN  NHj HsN  NH, HsN NHz HgN  NH,4
6 7

Figure 6. Molecular structures of dinuclear ruthenium complexes
showing their MV states.
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Table 2. Metal-to-Metal Distances, Absorption Maxima, Widths and Intensities of IVCT Bands, Electronic Coupling Constants,
and Comproportionation Constants for MV Complexes Derived from 2 and 4—9

ra [A] Unax [em™'] Av,j, [em™]
2 56 9500 3060
4° 6.9 6400 1250
sk 6.0 7150 6000
6° 77 7000 1610
79 5.0 9800 2630
8¢ 36 9240 4500
9 47 10500 5100

Emax

M em™] Hy [em™] r K¢
140 570 0.34 44 x 10%
5000 3200 0.67 4.0 x 10°
41 143 —0.47 343
410 3500 0.60 >10%
1400 4900 0.45 10°
120 4340 0.03 1.6 x 10°
110 335 —0.04 2 x 10*

“Reference 1. Reference 46. “Reference 47. “Reference 48. “Reference 49. Reference S0.

relative to that of 2*% despite the fact that the distances of the
two Ru centers are slightly shorter or even longer than that for
2. This is caused by the difference in the configuration between
the Ru centers and the bridging ligands and in the resulting
overlapping degree of the atomic orbitals: In the cases of 6 and
7, the bridging ligand linearly coordinates to the Ru centers,
and thus the overlapping of the orbitals mediating the
electronic coupling can be maximized, whereas Ru—p-N;—Ru
in 2 is bent in the syn configuration and the overlapping of the
orbitals becomes relatively small. On the other hand, the
number of intervening atoms between the two Ru centers for
complex 5* is three, equal to that of 2. The distances between
the two Ru centers of 2 and 5 (6.0 A) are similar to each other,
whereas the IVCT band of one-electron-oxidized § was very
weakly observed at 1400 nm in comparison with that of 2%
Reflecting the intense IVCT band of 2°% the IVCT parameters
indicated the strong electronic interaction between the two Ru
centers via the y-azido bridge in 2° in comparison with that in
one-electron-oxidized 5. In addition, a MV state of the one-
electron-oxidized species of 9 bridged by a pyrazole derivative
as the ligand® has been reported to exhibit a weaker electronic
coupling between the two Ru centers than that for 2, despite
the fact that the intervening atoms between the two Ru centers
in 9 is two, less than that in 2, and thus the distance between
the two Ru centers for 9 (4.7 A) is shorter than that for 2. The
one-electron-oxidized species of 9 was classified in Robin—Day
class II. Therefore, the p-azido bridge in 2°* mediates relatively
well the ET between the donor and acceptor sites, even though
it is bent in the syn configuration. Despite the large potential
splitting and the resultant large K, the electronic coupling of 2
was relatively moderate. This can be explained that the
asymmetric nature of the p-azido ligand in 2°%°" where the
anionic charge of the p-azido ligand is rather localized at the
end N atom on the Ru" side by the strong Lewis acidity and
the other end N atom on the Ru" side should be rather neutral.
Consequently, the formal Ru" center in 2°* becomes electron-
deficient, and the redox potential of the Ru™™ couple is
positively shifted.

B SUMMARY

We synthesized a mononuclear ruthenium(II) azido complex
(1) and a dinuclear Ru"—p-azido—Ru" complex (2) and
characterized the complexes with the use of NMR spectrosco-
py, MS spectrometry, electrochemical methods, and X-ray
crystallography. In the crystal structure of 2, intramolecular
m—n stacking between the pyridine rings of the two different
N4Py ligands plays an important role in stabilizing the
dinuclear p-azido structure. 7 donation from the z* HOMO
orbital of the p-azido ligand to the Ru—N(pyr) bond may
contribute to stabilizing the structure by increasing the bond
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order between the terminal and central N atoms in the u-azido
ligand. We have also revealed the redox properties of the two
complexes: The dinuclear p-azido complex 2 exhibited a
stepwise oxidation behavior: The one-electron oxidation of 2
formed a MV state, where the charge is partially delocalized on
the two Ru centers to fall in the Robin—Day class II. The ET
properties of MV compounds, whose donor and acceptor
centers are bridged by the azido ligand, have yet to be well
clarified, whereas herein we have demonstrated the high
potential of the y-azido ligand to mediate ET between the two
Ru centers. Other than a mediator of magnetic interaction
among paramagnetic metal centers,”> the properties of a -
azido ligand as an electronic mediator upon photoexcitation, as
exemplified in this study, will provide a basis for the
development of new functionality of azido-bridged ruthenium
complexes. Further, on the basis of these findings in the work,
MYV states of ruthenium complexes bridged by other linear
anionic ligands such as SCN~ and OCNT, which are
isoelectronic species of N3, can be applied in the scope of
the development of a new category of ruthenium complexes,
allowing us to observe their MV states.
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