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ABSTRACT: Although various reactions involved in photo-
excited states of polypyridyl ruthenium(II) complexes have
been extensively studied, photoisomerization of the com-
plexes is very rare. We report the first illustration of stoichio-
metric photoisomerization of trans-[Ru(tpy)(pynp)OH2]

2þ

(1a) [tpy = 2,20:60,200-terpyridine; pynp = 2-(2-pyridyl)-1,
8-naphthyridine] to cis-[Ru(tpy)(pynp)OH2]

2þ (1a0) and
the isolation of 1a and 1a0 for X-ray crystallographic analysis.
Polypyridyl ruthenium(II) aquo complexes are attracting
much attention related to proton-coupled electron transfer
and water oxidation catalysis. We demonstrate that the
photoisomerization significantly controls the redox reactions
and water oxidation catalyses involving the ruthenium(II)
aquo complexes 1a and 1a0.

Ruthenium(II) complexes with polypyridyl ligands have been
extensively studied because they exhibit a diverse variety of

excited-state phenomena, including photoluminescence, photo-
redox chemistry, photosubstitution and photoisomerization
processes.1�7 The luminescent excited state is usually a triplet
metal-to-ligand charge transfer (3MLCT) state. In some cases,
thermal excitation of 3MLCT is known to allow a triplet ligand
field (3d�d) excited state, and the latter state is assumed to be
involved in a dissociative mechanism for photosubstitution.8�10

As far as we know, there has been only one report on photo-
isomerization of polypyridyl ruthenium(II) aquo complexes:
Meyer and co-workers10 studied the photoisomerization of
cis-[Ru(bpy)2(OH2)2]

2þ (bpy = 2,20-bipyridine) to the trans
form in water. In this case, the trans form was present as a
photostationary state and slowly reverted to the original cis form.
On the other hand, polypyridyl ruthenium(II) aquo complexes
have also been intensively studied because of the unique proton-
coupled electron-transfer reactions11 and oxidative catalyses12�14

by the complexes. On the basis of comprehensive studies using a
diverse variety of ruthenium(II) aquo complexes,Meyer suggested
that the proton-coupled redox reactions depend on theσ-donating
and π-accepting abilities of the five ancillary ligands for ruthenium
aquo complexes.15 Recently, several ruthenium(II) aquo com-
plexes have been reported to act as water oxidation catalysts.16�23

trans-[Ru(tpy)(pynp)Cl]þ (1) (tpy = 2,20:60,200-terpyridine;
pynp =2-(2-pyridyl)-1,8-naphthyridine] was synthesized as an

active catalyst for water oxidation.24 However, the corresponding
aquo complex has been difficult to isolate with high purity. In the
present work, we found that trans-[Ru(tpy)(pynp)OH2]

2þ (1a)
is stoichiometrically photoisomerized to cis-[Ru(tpy)(pynp)-
OH2]

2þ (1a0). The photoisomerization enables either 1a or
1a0 to be isolated in high yield and purity. We report here the
X-ray crystallographic structures of 1a and 1a0 as well as the
results of our studies of their redox reactions and water oxidation
catalyses, both of which are significantly controlled by the
photoisomerization.

1was synthesized by the reductive ligand exchange reaction of
Ru(tpy)Cl3 with pynp and characterized by electrospray ioniza-
tion mass spectrometry, NMR spectroscopy, and X-ray crystal-
lographic analysis. Two-dimensional (2D) NMR spectra of 1
indicated that 1 is stable and remains in the trans configuration in
acetone-d6 (Figure S1 in the Supporting Information). 1H NMR
analysis of 1 in water showed that 1 is stoichiometrically
converted to 1a over 24 h by exchange of the Cl� ligand with
solvent water (Figure S2). The trans configuration of 1a in water
was also corroborated by 2D NMR data (Figure S3). Addition of
NH4PF6 to the aqueous solution of 1a gave crystals of 1a(PF6)2,
which was characterized by X-ray crystallographic analysis (Table
S1 in the Supporting Information; see below).

When the aqueous solution of 1a was irradiated with visible
light (λ > 420 nm, 180 mW cm�2), the peak at 9.6 ppm in the 1H
NMRspectrumassigned to 1adecreasedwith increasing irradiation
time and disappeared completely after 25min under the conditions
employed. Alternatively, a new peak at 8.9 ppm increased corre-
spondingly with the decrease in the 9.6 ppm peak (Figure S4). The
2D NMR data after completion of the photochemical reaction
corroborated formation of the cis form 1a0 (Figure S5). Crystals
of 1a0 were isolated by addition of NH4PF6 and characterized by
X-ray crystallographic analysis (Table S2; see below). These
results showed that 1a is stoichiometrically photoisomerized to
1a0 in water by visible light (Scheme 1). The internal quantum
yield for the photoisomerization was shown to be 1.5% on the
basis of an experiment using monochromic light (520 nm,
26.4 mW cm�2) (see the Supporting Information). The possi-
bility of the thermodynamic reaction of 1a to give 1a0 was
investigated in water under reflux for 2 h, but no reaction
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occurred under the conditions. Although the photochemical
reaction of 1a was examined at 5�75 �C, we did not find any
evidence of a photostationary state between 1a and 1a0.

The kinetic profile of the photoisomerization reaction was
first-order with respect to 1a. The photoisomerization rate
constant (k) increased linearly with the light intensity under
the conditions below 255 mW cm�2 (Figure S6), indicating that
a photoexcited state is involved in the photoisomerization under
the conditions employed. The k value was constant over the pH
1�7 range but decreased drastically for pH > 7. For pH > 11, the
photoisomerization did not occur at all (Figure S7). The UV�vis
absorption spectral change of the 1a solution in the pH titration
gave pKa = 9.7 for deprotonation of an aquo ligand of 1a to form
the hydroxo complex trans-[Ru(tpy)(pynp)OH]þ (Figure S8).
The pH dependence of k corresponded to the distributed
fraction of 1a (aquo form) as a function of pH (Figure S7). This
result suggests that deprotonation of the aquo ligand of 1amakes
1a inert toward the photoisomerization. The photoisomerization
was significantly temperature-controlled, with an activation en-
ergy of 41.7 kJ mol�1 at pH 5.6 (Figure S9). A possible
mechanism for the photoisomerization was hypothesized on
the basis of previous reports on photosubstitution reactions.4�6

Subsequent to generation of the 3MLCT state by visible-light
excitation of 1a, the photodissociation of an aquo ligand from 1a
could occur via the thermally accessible 3d�d state, forming a
five-coordinate [Ru(tpy)(pynp)]2þ intermediate. The 1a0 iso-
mer would then be produced by recoordination of a water
molecule to the intermediate from the opposite side with respect
to the tpy plane. There are two possible explanations for the
activation process: (1) thermal activation from the 3MLCT state
to the 3d-d state and (2) activation of the Ru�Obond involved in

dissociation of the aquo ligand. However, the first possibility
cannot explain the observation that 1a0 does not undergo the
reverse isomerization to 1a, though the UV�vis spectrum of 1a0
is very similar to that of 1a (Figure S10). The activation of the
Ru�O bond could be involved in the activation process. The
activation energy (41.7 kJ mol�1) is consistent with the activa-
tion enthalpy (50.6�87.8 kJ mol�1) for water exchange in
ruthenium aquo complexes.25�27 The inert photoisomerization
of the hydroxo complex could be explained mainly by the higher
dissociation energy of the hydroxo ligand from a Ru center
relative to that of the aquo ligand. However, we do not exclude
the possibly of increased thermal activation to the 3d�d state
from the 3MLCT state in this stage.

ORTEP plots of 1a and 1a0 are shown in Figure 1, and the
X-ray crystallographic data are shown in Tables S1�S3. In both
1a and 1a0, the central Ru�Ntpy bond [1.975(9) and 1.970(4) Å,
respectively] is shorter than the other two Ru�Ntpy bonds
[2.070(4)�2.087(8) Å], similar to the case for 1.24 In 1a, the
Ru�N bonds to the naphthyridine (np) and pyridine (py)
moieties of pynp are nearly the same length [2.059(8) and
2.062(9) Å], but in 1a0, the Ru�Nnp bond [2.109(3) Å] is
significantly longer than the Ru�Npy bond [2.027(4) Å]. The
different Ru�N bond lengths could be caused by the steric
hindrance between the aquo ligand and the bulky npmoiety. The
Ru�O bond [2.199(7) Å] to the aquo ligand in 1a is 0.078 Å
longer than that in 1a0 [2.121(3) Å]. The distance between the O
atom of the aquo ligand and the N atom at the 8-position of np is
2.659 Å, which is consistent with the O 3 3 3N distance for an
O�H 3 3 3N hydrogen bond.

The cyclic voltammogram (CV) of 1a in an aqueous solution
at pH 6.4 exhibited two redox waves at 0.46 and 0.63 V assigned
to RuII/III and RuIII/IV, respectively, over the potential range from
0 to 1.0 V, whereas after visible-light irradiation for 1 h, the
corresponding CV gave only a redox wave at 0.59 V under the
same conditions (pH 6.4, 0�1.0 V) (Figure S11). The half-wave
potential (E1/2) values for the Ru

II/III and RuIII/IV couples for 1a
were discrete, and both of them were pH-dependent over the
wide pH range of 1.5�10, indicating that the two-step reaction
involving the separate proton-coupled one-electron reactions of
the RuII�OH2/Ru

III�OH and RuIII�OH/RuIVdO redox cou-
ples occurs (see the Pourbaix diagrams in Figure 2). The E1/2
value for the single redox response for 1a0 was also pH-
dependent over a similar pH range, but the Pourbaix diagram
of 1a0 suggests a one-step reaction involving the two-proton-
coupled two-electron reaction of the RuII�OH2/Ru

IVdO redox
couple, in contrast to the two-step redox reaction for 1a. This
result demonstrates that the redox properties of the RuII/III and
RuIII/IV couples are dramatically changed by the photoisome-
rization of 1a to 1a0. It should be also noted on the diagrams that
the pKa value of the aquo ligand increased from 9.7 to 10.7 as a

Scheme 1. Photoisomerization of 1a to 1a0

Figure 1. ORTEP plots of (A) 1a and (B) 1a0 with 50% thermal
ellipsoids.
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result of photoisomerization of 1a to 1a0. This could be caused
mainly by the interaction of the aquo ligand with the pynp ligand
through hydrogen bonding.

In order to reveal the catalytic activities of 1a and 1a0, chemical
water oxidation experiments were conducted in a homogeneous
aqueous solution using a CeIV oxidant. O2 was significantly
evolved from the solution containing 1a and CeIV (1.0 μmol of
1a, 0.5 mmol of CeIV, 5.0 mL of water, pH 1.0) (Figure 3). The
amount of O2 evolved (nO2

) increased with time, showing that 1a
is active for water oxidation catalysis. The initial O2 evolution rate
(vO2

in mol s�1) calculated from the initial slope increased
linearly with the amount of Ru (nRu). This suggests that the
O2 evolution is a first-order process with respect to 1a. The slope
of the vO2

versus nRu plot provided a turnover frequency (kO2
) of

3.8� 10�3 s�1 (Figure S12). The kO2
value is slightly higher than

the value of 3.4� 10�3 s�1 for [Ru(tpy)(bpy)OH2]
2þ under the

same conditions. The same chemical water oxidation experi-
ments were conducted after visible-light irradiation of the 1a
solution for 1 h to generate 1a0 completely, and nO2

was found to

decrease significantly in comparison with the catalysis before the
irradiation (Figure 3). The linear plot of vO2

versus nRu provided
a kO2

value of 4.8 � 10�4 s�1 for 1a0, showing that kO2
was

decreased by nearly an order of magnitude through photoisome-
rization of 1a to 1a0. We are undertaking an advanced project to
reveal the mechanism of the photoisomerization, especially
the effect of hydrogen bonding between the aquo ligand and
the pynp ligand on the photoisomerization, by synthesiz-
ing ruthenium(II) aquo complex derivatives with 2-(2-pyridyl)-
quinoline instead of the pynp ligand.
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