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Chapter 1 
General introduction 

 
Ruthenium, which belongs to group 8 in the periodic table, has been extensively investigated in 

various research fields such as chemistry, biochemistry and industry, because a ruthenium ion exhibits 

various oxidation states and forms stable complexes.[1, 2] The range of the possible oxidation states for a 
ruthenium ion is wider than that for an iron ion, belonging to the same group in the periodic table. 
Particularly, ruthenium(II), ruthenium(III) and ruthenium(IV) complexes, which are relatively stable, have 
been utilized for various investigations such as magnetism,[3] catalysis,[4] and photochemistry.[5] Ruthenium 

complexes have been also investigated as structural and functional models of heme-iron and non-heme iron 
enzymes,[6,7] even though the ruthenium ion is not included in natural proteins. 

A ruthenium(II) ion is in a d6-electron configuration and exhibits similar properties to an iron(II) ion. 
On the other hand, a ligand field splitting of a ruthenium(II) complex are generally larger than that of an 

iron(II) complex; thus, a ruthenium(II) complex is strictly in the low-spin state. Since all of the six 

d-electrons of the ruthenium(II) center occupy the three dπ orbitals, a ruthenium(II) ion forms stable 
complexes with use of the unoccupied dσ orbitals. Furthermore, a ruthenium(II) ion encourages a 
π-back-bonding to ligands having low-lying π* orbitals, and the π-back-bonding makes the coordination 
bonds stronger (vide infra). Therefore, ruthenium(II) complexes exhibit high durability in electrochemical 
and photochemical reactions. Particularly, ruthenium(II) complexes having polypyridine ligands have been 
used for catalytic reactions[4, 6-25] and employed to display unique photochemical functions,[5, 26-42] on the basis 
of the high durability and accessible triplet excited states by visible-light irradiation. 

In contrast, ruthenium(III) and more high-valent ruthenium complexes have been used as oxidants.[2, 43] 
RuVIIIO4 is an extremely strong oxidant to oxidize most of all organic substrates that are normally resistant to 
oxidation at ambient temperature; for example, 1-phenyl-3-heptanol acetate has been oxidized by RuVIIIO4 
into 4-acetyloxy-octanoic acid.[43b] The oxidation power of RuVIIIO4, however, is too strong to cause many 

side reactions, and thus, is not appropriate for practical organic syntheses. In contrast, ruthenium(III) and 
ruthenium(IV) complexes can act as mild oxidants, both catalytically and stoichiometrically, and these 
complexes have been well investigated as oxidants in various selective oxidation reactions (vide infra). 
 

1-1. Properties of ruthenium(II)-polypyridine complexes 
Ruthenium(II) complexes having an N-containing heteroaromatic ligand such as pyridine are very 

stable, because strong coordination bonds are formed with use of σ-donation from lone pairs of the ligand to 
the unoccupied dσ orbitals of the ruthenium(II) center as well as π back-donation from the fully occupied dπ 

orbitals of the ruthenium(II) center to π* orbitals of the ligand.[44] Ruthenium(II)-polypyridine complexes, 
which have multi-dentate chelating ligands, are more stable; if one of the coordination bonds of the chelate 
ligand is cleaved, the ligand is still bound to the metal center with other coordination bonds and thus the 
dissociated moiety recoordinates to the metal center.[5] In terms of photochemical properties, most of 

ruthenium(II)-polypyridine complexes show MLCT absorption bands, which are based on charge-transfer 
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transitions from a dπ orbital of the ruthenium(II) center to a π* orbital of the polypyridine ligands.[5, 22] For 
example, [RuII(bpy)3]2+ ion (bpy = 2,2’-bipyridine) shows an absorption band around 450 nm, assigned to the 
MLCT transition, and a phosphorescence centered at 600 nm from the triplet MLCT excited state, which are 
typical photochemical properties for ruthenium(II)-polypyridine complexes (Figure 1-1). Upon 
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Figure 1-1. (a) The molecular structure of [RuII(bpy)3]2+. (b) A simplified MO diagram for 
ruthenium(II)-polypyridine complexes in their Oh symmetry, showing the three types of electronic 

transitions.[5] (c) UV-vis spectra of [RuII(bpy)3](PF6)2 in CH2Cl2.[22] 
 
photoexcitation of [RuII(bpy)3]2+, the singlet MLCT excited state (1MLCT*), which has a quite short lifetime 
due to the heavy-atom effect of the ruthenium(II) ion, is formed at first and then the 1MLCT* state 

immediately transits to the triplet MLCT excited state (3MLCT*).[5, 23] The 3MLCT* state has a relatively 
long lifetime and decays to the ground state with showing the phosphorescence. In addition, the 3MLCT* 
state of [RuII(bpy)3]2+ can play a role as a reductant, and thus, [RuII(bpy)3]2+ ion is frequently used as a 
photosensitizer in photocatalytic systems (vide infra). On the other hand, a part of the 3MLCT* state transits 

to the 3MC* (3(d-d)*) state, which is a triplet d-d transition state involving an apparent shift of an electron 
from a dπ orbital to a dσ orbital of the ruthenium(II) center (Figure 1-2).[5, 24] 
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DissociationGround
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Figrure 1-2. An energy diagram presenting relative positions of 3MC* or 3MLCT* of 
ruhtneium(II)-polypyridine complexes.[5] 
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In the 3MC* state of [Ru(bpy)3]2+, the coordination of the bpy ligand to the metal center is weaken, because 

the excited electron in the dσ orbital causes electrostatic repulsion against the bonding electrons donated 
from the lone pair of the ligand. As a result, one of the bpy ligands partially dissociates from the 
ruthenium(II) center; however, the partially dissociated ligand mostly recoordinates to the metal center, 
because the ligand still coordinates to the ruthenium(II) center with a single bond (Scheme 1-1).[5, 22] 

Continuing photoirradiation of [Ru(bpy)3]2+ in the presence of chloride ions, the bpy ligand is completely 
dissociated and substituted to two chloride ions.[22] In contrast, in the case of a ruthenium(II) complex having 
a monodentate pyridine ligand, the monodentate pyridine ligand is readily dissociated through the 
photoexcited 3MC* (3(d-d)*) state; this photodissociation reaction has been used for synthesis of 

ruthenium(II) complexes.[25] Therefore, when there are other coordinating molecules such as another pyridine 
derivative or a chloride ion in the solution, ligand substitution occurs by photoexcitation. With use of the 
photoinduced ligand substitution, ruthenium(II)-polypyridine complexes are often used as a building block 
of a photoswitching molecule.[26-31] 
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Scheme 1-1. The mechanism of the partial and complete photodissociation and the ligand substitution of 

[RuII(bpy)3]2+.[22] 
 

Ruthenium(II)-polypyridine complexes have been known to show reversible redox behaviors both for 
the oxidation and reduction; the first oxidation wave derived from a Ru(II)/Ru(III) process is observed by 

cyclic voltammetry (CV). For example, [RuII(bpy)3]2+ exhibits the redox couple of the RuII/RuIII process at 
+1.27 V vs SCE in acetonitrile (Figure 1-3).[5, 24, 45, 46] On the other hand, reduction waves derived from the 
polypyridine ligands are also observed in the CV; for example, the reduction potentials of [RuII(bpy)3]2+ are 
more negative than –1.3 V vs SCE in acetonitrile. Both the redox processes exhibit good reversibility, and 

[RuIII(bpy)3]3+, an oxidation product of [RuII(bpy)3]2+, is relatively stable under acidic conditions or in the 
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solid state.[25, 47] Therefore, ruthenium(III)-diimine complexes have been frequently used as an 

electron-transfer oxidant for various oxidation reactions. 
 

+0.8 0
E / V vs SCE

+1.6 –0.8 –1.6 –2.4

–1.41
–1.60

–1.87

+1.37

 

Figure 1-3. A cyclic voltammogram of [RuII(bpy)3]2+ in acetonitrile.[5] 
 
1-2. Catalytic activity of ruthenium(II) complexes 

Ruthenium(II)-polypyridine complexes have been intensively used as an oxidation catalyst, based on 

the oxidation activities of the corresponding high-valent ruthenium-oxo complexes generated through a 
proton-coupled electron transfer (PCET) oxidation. In 1978, Moyer and Meyer reported the formation of a 
ruthenium(IV)-oxo complex, [RuIV(O)(bpy)2(py)]2+, and the oxidation reaction of PPh3 by the complex to 
afford O=PPh3 as the oxidation product, which bound to the ruthenium(II) center as a ligand (Scheme 1-2).[7d]  
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Scheme 1-2. An oxidation reaction of PPh3 with a ruthenium(IV)-oxo complex through an adduct 

formation.[7d] 

 

In addition, the same research group also has reported water oxidation with [(bpy)2(H2O)RuIII(µ-O)- 
RuIII(H2O)(bpy)2]4+ (Scheme 1-3a), so-called “the blue dimer”, which has been generated by heating 

[RuIICl(bpy)2(H2O)]+ in H2O at reflux. The blue dimer can be oxidized to form [(bpy)2ORuVORuVO(bpy)2]4+ 
by a cerium(IV) complex as a chemical oxidant via proton-coupled electron transfer (PCET); finally, O2 is 
evolved from a water oxidation reaction by the dinuclear RuV-O-RuV complex as an active species (Scheme 
1-3b).[7e, 8] 

Thereafter, oxidation reactions with use of high-valent ruthenium complexes, such as 
ruthenium(IV)-oxo and ruthenium(V)-oxo complexes, have been actively investigated; for instance, Huynh 
and co-workers have reported that a ruthenium(II)-aqua complex having a labile heteroscorpionate ligand, 
fac-[RuII(H2O)(dpp)(tppm)]2+ (dpp = di(pyrazol-1-yl)propane, tppm = tris(pyrid-2-yl)pentoxymethane), 

catalyzes an oxidation reaction of methyl-p-tolyl-sulfide to afford methyl-p-tolyl-sulfoxide under O2 (11.4 
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psi) at 25 ºC in o-dichlorobenzene.[8, 9] The oxidation reaction presumably proceeds through a mechanism 

involving fac-[RuIV(O)(dpp)(tppm)]2+ as a reactive intermediate, which is generated from a reaction of the 
ruthenium(II)-aqua complex with O2. 
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Scheme 1-3. (a) A crystal structure of the cationic part of [(bpy)2(H2O)RuIIIORuIV(OH)(bpy)2]4+. (b) 
Water-oxidation mechanism catalyzed by [(bpy)2(H2O)RuIIIORuIII(H2O)(bpy)2]4+.[8] 
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Scheme 1-4. (a) The oxidation of [RuII(TPA)(H2O)2]2+ to the corresponding [RuIV(O)(TPA)(H2O)]2+ by a 
cerium(IV) complex as an oxidant through a PCET mechanism. (b) A proposed mechanism for the catalytic 

oxygenation of cyclohexene to produce adipic acid in strongly acidic water.[10a] 
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Kojima and co-workers have also reported the ruthenium-catalyzed selective and efficient oxygenation 

of hydrocarbons with water as an oxygen source (Scheme 1-4).[10] In this reaction, [RuII(TPA)(H2O)2]2+ (TPA 
= tris(2-pyridylmethyl)amine) is oxidized to the corresponding ruthenium(IV)-oxo complex through a PCET 
oxidation using a cerium(IV) complex as an oxidant in an aqueous solution (Scheme 1-4a). The ruthenium 
complex catalyzes the oxidation of cyclohexene to adipic acid under strongly acidic conditions via 

successive eight-electron oxidation (Scheme 1-4b).[10a] In addition, the catalyst shows a high durability; the 
turnover number has reached to 2560 for the oxidation of cyclohexene. As described, most of all 
ruthenium(II)-polypyridine complexes and the corresponding high-valent ruthenium complexes show high 
durability in oxidation reactions without self-oxidation or dissociation of the ligands. 

 
1-3. Photoinduced structural change of ruthenium(II) complexes 

As described above, ruthenium(II)-polypyridine complexes show partial dissociation of a ligand upon 
photoirradiation. This phenomenon allows us to observe photochromism of ruthenium(II)-polypyridine 

complexes. In the first report on photochromic behaviors of ruthenium(II) complexes by Meyer and 
co-workers, [RuII(bpy)2(OH2)2]2+ has been described to exhibit the photoisomerization, in which the complex 
changes from the cis-form to the trans-form by visible-light irradiation (Scheme 1-5).[26] [RuII(bpy)2(OH2)2]2+ 
is initially in the cis-form when obtained, and one of the aqua ligands is dissociated upon photoirradiation, 

and subsequently, the dissociated aqua ligand recoordinates to the ruthenium(II) center at the different 
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Scheme 1-5. The photoisomerization of cis- (left) and trans-[RuII(bpy)2(OH2)2]2+ (right).[26] 
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Scheme 1-6. The mechanism of the photoisomerization of [RuII(bpy)2(OH2)2]2+ through dissociation of an 

aqua ligand.[5, 26] 
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position from the original position that the aqua ligand used to coordinate. The recoordination of the water 

molecule results in the formation of the trans-isomer complex. The complex in the trans-form also changes  
to the cis-form through dissociation of one aqua ligand induced by photoexcitation as in the forward reaction. 
In this reaction, the wavelength range of the irradiation light required for the photodissociation is comparable 
for the forward and backward reactions and thus both isomers are inevitably photoexcited. As a result, the 

photoisomerization falls into a photostationary state, where both isomers exist in the mixture in a certain 
ratio, and the reaction cannot be controlled by changing the wavelength of the irradiation light. 

If the direction of a photochromic reaction of a molecule can be controlled, molecular bistability is 
achieved to obtain a photoswitching function at a molecular level; from this viewpoint, photochemical and 

thermal structural change of ruthenium(II) complexes have been investigated so far.[27, 28] For example, a 
ruthenium(II)-containing [2]catenane complex (Scheme 1-7) has achieved the bistability using the 
photodissociation of the polypyridine ligand. The [2]catenane complex consists of a 50-membered ring 
containing two phen (= 1,10-phenanthlorine) units and a 42-membered ring containing the bpy unit.[29] The 

bpy unit of the 42-membered ring is dissociated from the ruthenium(II) center by photoexcitation, but the 
dissociated ring does not disengage from the complex, because the dissociated ring is locked by the other 
50-membered ring, which has the coordinated phen units. Subsequently, the chloride ions present in the 
solution coordinates to the metal center at the empty sites. The coordinated chloride ions are dissociated by  
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Scheme 1-7. The reversible structural change of the ruthenium(II)-catenane complex by photoirradiation and 

heating.[29] 
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heating, and the complex recovers the original structure. Therefore, application of external stimuli such as 

light and heat can induce the structural change to provide a “molecular switch” based on the bistability. 
When TPA is used as a polypyridine ligand together with diimine ligands such as bpy, the 

ruthenium(II) complex has been demonstrated to exhibit unique photochromism, involving the partial 
dissociation of the TPA ligand by photoirradiation: The ruthenium(II)-TPA complexes, having a diimine 

ligand such as bpy, phen or bpm (= 2,2’-bipyrimidine), have been reported to show interconversion between 
open and closed forms by heating and photoirradiation (Scheme 1-8).[30] In this reaction, the axial pyridine 
moiety of the tetradentate TPA ligand is partially dissociated by heating in acetonitrile, and an acetonitrile 
molecule from the solvent is coordinated to the ruthenium(II) center at the resultant vacant site to give the 

dissociated complex. As the backward reaction, the coordinated acetonitrile is dissociated by 
photoirradiation, and the dissociated pyridine moiety recoordinates to the metal center to give the fully 
coordinated original complex. In this photoinduced structural change, the conversion efficiencies were 
determined to be 40% for the ruthenium(II)-TPA complex with bpy as the diimine ligand (excitation 

wavelength = 423 nm), 65% for that with phen (423 nm), and 89% for that with bpm (453 nm), respectively. 
The 89% conversion in the case of the bpm complex is extraordinarily high among photoinduced structural 
changes of metal complexes. 
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Scheme 1-8. The reversible structural change of the ruthenium(II)-TPA-diimine complex by heating and 
photoirradiation. In this figure, [Ru(TPA)(bpm)]2+ is shown as a representative.[30] 

 
The ruthenium(II)-TPA complex having a deprotonated alloxazine (Hallo–) ligand also indicates the 

photochromism, involving a 180º-pseudo-rotation of the Hallo– ligand (Scheme 1-9);[31] however, the process 
of the structural change is slightly different from those of other diimine complexes described above. The 

Hallo– ligand coordinates to the ruthenium(II) center with the 1 and 10 positions, and resultantly forms a 
unstable four-membered chelate ring, and there is steric hindrance between the Hallo– ligand and the axial 
pyridine moiety of the TPA ligand. Based on the unstable coordination structure, N atom at the 10-position 
of the Hallo– ligand is partially dissociated by photoirradiation, and an acetonitrile molecule from the solvent 

coordinates to the metal center at the empty coordination site. Finally, the coordinated acetonitrile is 
dissociated and the partially dissociated Hallo– recoordinates to the metal center to complete an apparent 
180º-pseudo-rotation of the Hallo– ligand. The total conversion efficiency of the photoinduced isomerization 
was determined to be 89%. Additionally, the isomer of the ruthenium(II)-Hallo– complex, which is 

photochemically obtained, gradually reverts to the original complex, because the isomer complex is 
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thermodynamically unstable due to the steric hindrance between the axial pyridine moiety of the TPA ligand 

and the O atom of the Hallo– ligand. 
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Scheme 1-9. The isomerization with 180º-pseudorotation of the Hallo– ligand by photoirradiation and 
heating in [Ru(Hallo)(TPA)]2+.[31] 

 
As described, the ruthenium(II)-TPA complexes show the photochromic structural changes through 

partial dissociation of the ligands by photoirradiation or heating. However, the complete conversion had not 
been achieved until the author started the research, and the improvement of the conversion efficiency is 
desired due to the interest for the future application to photoswitchable molecular devices. 

 

1-4. [RuII(bpy)3]2+ as a photosensitizer  
The reduction power of ruthenium(II) complexes in the excited 3[MLCT]* state are quite strong as 

mentioned above, and the property is often used as a photosensitizer in a photocatalytic system. In a 
photocatalytic system, electron transfer relatively easily occurs from photoexcited ruthenium(II) complexes 

generated by photoirradiation to sacrificial electron acceptors; subsequently, ruthenium(II) complexes are 
oxidized into the corresponding ruthenium(III) complexes, which have an oxidation activity (Chart 1-1).[32–34] 

 

[RuII(bpy)3]2+ 3{[RuII(bpy)3]2+}*
h!

3{[RuII(bpy)3]2+}* + A [RuIII(bpy)3]3+ + A–  
Chart 1-1. The generation of a ruthenium(III) complex from a ruthenium(II) complex through the triplet 
MLCT excited state; A = a sacrificial electron acceptor.[32] 

 
As a result, ruthenium(II) complexes catalytically oxidize other compounds through the corresponding 
ruthenium(III) complexes in the presence of sacrificial electron acceptors upon photoirradiation. 
[RuII(bpy)3]2+ has been often used as a photosensitizer in a variety of photocatalytic systems, because it 

shows a relatively long lifetime (< 1 µs) for the 3MLCT* state and high durability under appropriate 
conditions.[23, 35, 36] For instance, H. B. Gray and co-workers have reported that the trivalent resting state of 
the iron-porphyrin cofactor, [(Por)FeIII–OH]+, in horseradish peroxidase isoenzyme c is oxidized into the 
ferryl compound, [(Por)FeIV=O], through photoinduced electron transfer (Scheme 1-10), where [RuII(bpy)3]2+ 

and [CoIII(NH3)5Cl]2+ have been used as a photosensitizer and a sacrificial electron acceptor, respectively.[37] 
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h!

 
Scheme 1-10. Formation of an FeIV=O complex by photoinduced electron transfer. Por = porphyrin of 

horseradish peroxidase isoenzyme c.[37b] 

 
Using this photoinduced oxidation system, Fukuzumi and co-workers have reported the oxidation 

reaction of a manganese(III)-porphyrin-hydroxo complex (Scheme 1-11);[38] in this reaction, the 

manganese(III)-hydroxo complex is oxidized to the corresponding manganese(IV)-oxo complex by 
photochemically generated [RuIII(bpy)3]2+, and two molecules of the manganese(IV)-oxo complex 
disproportionate to form the corresponding manganese(III)-hydroxo complex, the manganese(V)-oxo 
complex and a proton. The manganese(V)-oxo complex is active for oxidation of organic substrates such as 

sodium p-styrene sulfonate, which is converted to the corresponding epoxide. The quantum yield of the 
photocatalytic oxidation increases according to the [CoIII(NH3)5Cl]2+ concentration, to reach a constant value 
approaching 50%, which is the maximum value for the two-electron oxidation. 
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Scheme 1-11. A proposed reaction mechanism of photocatalytic oxygenations using a 
manganese(III)-porphyrin complex.[38] 
 

Recently, dyads having both a catalyst and a photosensitizer moieties connected by a covalent bond 

have been also investigated, because through-bond electron transfer is generally more efficient than 
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through-space electron transfer.[39] For example, Rocha and co-workers have reported a dyad, consisting of a 

RuII(tpy)2 moiety (tpy = 2,2’:6’,2’-terpyridine) as a photosensitizer and a RuII (tpy)(bpy)(H2O) moiety as a 
catalyst. The dyad has been demonstrated to perform photocatalytic oxidation of organic substrates such as 
alcohols in the presence of [CoIIICl(NH3)5]2+ as a sacrificial electron acceptor under ambient conditions in a 
phosphate-buffer solution at pH 6.8 (Scheme 1-12).[40] In this photocatalytic reaction, the RuII(H2O) moiety is 

oxidized to form the corresponding ruthenium(IV)-oxo moiety via thermal electron transfer to a RuIII(tpy)2 
moiety that is generated by photoinduced electron transfer as depicted in Chart 1-1. The resultant 
ruthenium(IV)-oxo species oxidizes the substrates. 
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Scheme 1-12. Photocatalytic oxidation of alcohols by a Ru-Ru dyad.[40] 

 
In contrast, ruthenium(II) complexes as photosensitizers have been also used for photocatalytic 

reduction; for instance, Creutz, Sutin and co-workers have reported the photoreduction of water using a 
ruthenium(II) complex as a photosensitizer and a cobalt(II) complex as a proton-reducing, i.e., 

hydrogen-evolving, catalyst (Scheme 1-13).[41] Under photoirradiation, the ruthenium(II) complex at the 
3[MLCT]* state reduced [CoII(bpy)3]2+ into [CoI(bpy)3]+, and the ruthenium(II) complex was oxidized into the 
corresponding ruthenium(III) complex. In the presence of a sacrificial electron donor such as a 
triethanolamine, the ruthenium(III) complex was reduced back to the ruthenium(II) complex. The generated 

cobalt(I) complex reduces H2O into 1/2H2 and OH–. 
 

[RuIIL3]2+

[RuIIIL3]3+

3{[RuIIL3]2+]*

TEOA

Oxidized TEOA

[CoI(bpy)3]+

[CoII(bpy)3]2+

h!

1/2H2 + OH–

H2O  
Scheme 1-13. Photocatalytic reduction of water to hydrogen. L is a diimine ligand such as a 

4,7-dimethylphenanthlorine.[41b] 
 

Recently, to improve the efficiency of electron transfer between photosensitizer and catalyst units, 
covalently linked photosensitizer-catalyst dyad complexes have been also frequently investigated for 

photocatalytic water reduction. Sakai and co-workers have reported a photocatalytic water reduction using a 
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dyad complex, which has a ruthenium(II) complex moiety as a photosensitizer and a platinum(II) complex 

moiety as a hydrogen-evolving catalyst.[42] In the presence of EDTA as a sacrificial electron donor, the dyad 
complex has performed photocatalytic hydrogen evolution by irradiation of visible light. In sharp contrast, a 
1:1 mixture containing corresponding mononuclear ruthenium(II) and platinum(II) complexes, having no 
covalent linkage between the complexes, did not perform hydrogen evolution under photoirradiation in the 

presence of EDTA. 
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Scheme 1-14. The single-component system consisting of ruthenium(II) complex moiety as a photosensitizer 
and a platinum(II) complex moiety as a catalyst with EDTA as a sacrificial electron donor.[42] 

 
1-5. Objectives of this thesis 

In this thesis, the author describes photochromic structural changes and photocatalytic hydrogen 
evolution using the unique photochemical properties of ruthenium(II)-polypyridine complexes, such as 

photodissociation of the ligand via metal-centered triplet excited states and photoredox properties. The 
reversible structural changes of ruthenium(II)-polypyridine complexes around the ruthenium(II) centers 
containing partial dissociations and recoordinations of ligands are induced by heating and photoirradiation, 
which indicate complete conversions using two different methods. In one of the methods, isomerization 

involving a 180º-pseudorotation of a ligand via a partial dissociation and recoordination of a ligand is 
controlled on the basis of difference of characteristics of solvents used in energy barriers of the dissociation 
and the recoordination (Chapter 2). In the other method, complete structural interconversions of 
ruthenium(II)-TPA-diimine complexes are achieved by controlling energy levels of the triplet MLCT excited 

states (Chapter 3). Hydrogen evolution catalyzed by a ruthenium(II) complex is also performed, where a 

π-extended heteroaromatic diimine ligand of the ruthenium(II) complex has a catalytic activity for hydrogen 
evolution, while the ruthenium(II) unit only plays a role as a photosensitizer (Chapter 4).  
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Chapter 2 
Photochromic structural change of a ruthenium(II)-pterin complex 

 
2-1. Introduction 

The bistability of molecules controlled by external stimuli including light, heat, and magnetic field has 
been one of the most important phenomena not only in terms of scientific interest but also in terms of 
molecular functions such as molecular machines, molecular switches, chemical sensors, and so on.[1] Among 
phenomena that involve bistability, reversible switching between two states with photoexcitation for at least 

one direction, accompanied by change of optical absorption, has been known as photochromism, which has 
attracted considerable attention with regard to its potential applicability to optical memories, optical switches, 
and so forth.[2] Photochromic molecules developed so far are mainly based on organic dyes including 
azobenzene,[3] spiropyran, [4] and diarylethene,[5] whereas photochromic behaviors of transition-metal 

complexes have yet to be explored in depth.[6–11] However, if efficient photochromic systems based on 
transition-metal complexes were to be developed, they would be superior to traditional organic 
chromophores because of their structural diversity, with various functional groups of the ligands to control 
their redox and optical properties. 

In the case of photoexcitation of metal complexes, metal-to-ligand charge transfer (MLCT) or 
ligand-to-metal charge transfer (LMCT) has been utilized to generate, in general, triplet excited states of the 
species rather than the corresponding singlet excited states due to their very fast internal relaxation.[12] As for 

Ru(II) complexes that have heteroaromatic compounds with extended π conjugation as ligands, the 
formation of the triplet excited state of MLCT (3MLCT*) is achieved by visible-light irradiation. The 
3MLCT* state can be converted to a metal-centered triplet excited state (3MC*), namely, a d-d triplet excited 
state, in which a dσ orbital should be occupied by an electron that facilitates the dissociation of the ligand.[13] 
Among earlier reports on photochromic behaviors of transition-metal complexes,[6–11] Meyer and co-workers 

have demonstrated the cis–trans photoisomerization of [Ru(bpy)2(OH2)2]2+ (bpy = 2,2’-bipyridyl) in an acidic 
aqueous solution to give a photostationary state in which the trans/cis ratio under irradiation at 480 nm is 1.5 
(See section 1-3).[7] So far, it has been difficult to achieve a complete photochromic conversion of a metal 
complex between two distinctive states as observed in photochromism of organic molecules. This is due to 

the similarity in the two switchable states of the chromophores of photochromic metal complexes, which 
results in the photostationary states.  

Bidentate heteroaromatic compounds can be adopted as chromophores of Ru(II) complexes to afford 
photoexcited states to perform a photochemical structural change of those complexes. In this study, as a 

bidentate heteroaromatic ligand in a Ru(II) complex, a pterin was adopted, which is a redox-active fused 
heteroaromatic coenzyme involved in a variety of biological redox reactions.[14] Since pterins can bind to 
metal ions in a bidentate fashion, many transition-metal complexes with pterin ligands have been intensively 
explored so far.[15–18] Despite the fact that transition-metal complexes, having pterins as ligands, have been 

investigated in terms of their structures and redox properties, no example has been reported of their 
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photochemical reactions.  

In this chapter, the author describes a unique photochromic behavior of a Ru(II)–pterin complex, 
[Ru(dmdmp)(TPA)]+ (1) (Hdmdmp = 2-(N,N-dimethyl)-6,7-dimethylpterin, TPA = 
tris(2-pyridylmethyl)amine; Scheme 2-1). The complex exhibits a reversible 180º pseudorotation of the 
pterin ligand with MLCT excitation to afford an isomer with 100% conversion efficiency. Together with the 

crystal-structure determination of the isomer, the author has elucidated the dynamics of photochemical and 
thermal transformation of 1 to the isomer and also the backward reaction to recover 1 to clarify the reaction 
mechanism of this unique photochromic isomerization. 
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Scheme 2-1. a) Schematic description of structures of a pterin complex, 1, and b) the numbering scheme of 
the Hdmdmp skeleton. 
 
2-2. Results and discussion 
2-2-1. Photoisomerization 

A solution of [Ru(dmdmp)(TPA)](ClO4) (1·ClO4)[19] in acetone was orange-colored, and its absorption 
spectrum showed the maxima at 460 and 400 nm at room temperature, which could be assigned to the 
MLCT transitions from the Ru(II) center to the pterin ligand.[19b] When the solution of 1 was irradiated with 

incident light centered at λmax = 460 nm under an inert atmosphere, the intensity of the absorption band at  
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Figure 2-1. UV/Vis spectral change of 1 in acetone a) upon photoirradiation at 460 nm and b) the subsequent 

thermal reaction at room temperature. 
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460 nm gradually decreased, and instead the intensity of the band at 400 nm increased and the absorption 

maxima showed a slight blue-shift (Figure 2-1a). This spectral change shows an isosbestic point at 523 nm. 
When the solution was kept at room temperature after ceasing the photoirradiation, a further spectral change 
was observed (Figure 2-1b). At the second stage, the absorption band at 390 nm exhibited a slight red-shift. 
A shoulder absorption rose at 480 nm, and an isosbestic point was observed at 450 nm. These results clearly 

indicate that the photochemical reaction is followed by the subsequent thermal reaction to give the final 
product. 

The reaction process was monitored also by 1H NMR spectroscopy. The photoirradiation was conducted 
to the solution of 1 in acetone-d6 in an NMR tube for 4 h at room temperature to analyze the product. In the 
1H NMR spectra of the photoreaction product measured immediately after photoirradiation for 4 h, two sets 
of signals derived from two different compounds were observed and both of the signal sets were different 
from that of the starting complex 1 (Figure 2-2b).[19b] In addition, as time passed after ceasing  
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Figure 2-2. 1H NMR spectra of the photoreaction products from a) 1 in acetone-d6 at room temperature, and 
b) 1 after photoirradiation for 4 h and c) for 12 h. 

 
photoirradiation, one set of the 1H NMR signals gradually disappeared and instead the intensity of the other 

signal set increased. The former signal set involves three AB quartet pairs at δ 4.9 and 4.4 ppm, 4.7 and 4.3 
ppm, and 3.8 and 3.6 ppm, which can be ascribed to the six methylene protons of the TPA ligand in the 

intermediate (I). The third AB quartet was observed in the relatively up-field region compared to 1H NMR 
signals of the ordinary methylene protons for Ru(II)-TPA complexes that bear the TPA ligand in the normal 
tetradentate mode.[19–21] This strongly indicates that one pyridylmethyl arm should be uncoordinated to the 
Ru(II) center but that the conformational flexibility should be severely restricted.[22] This presumption is 

supported by the observation for the photoreaction products of Ru(II)-TPA-diimine complexes;[22] the 
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products also involve one uncoordinated pyridylmethyl group among three of them in the TPA ligand. The 

resulting vacant coordination site must be occupied by an acetone molecule from the solvent, as evidenced 
by the ESI-TOF-MS spectrum, which shows a monocationic peak cluster at 668.2 m/z to be assigned to a 
[Ru(dmdmp)(TPA)(acetone)]+ ion as depicted in Figure 2-3. 
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Figure 2-3.	 ESI-TOF MS spectrum of I in acetone (a) and its computer simulation (b). 
 

In order to characterize the second product (the final product) of the photoreaction of 1, the 1H NMR 
spectrum of the reaction mixture was analyzed in detail (Figure 2-2c). There are two sets of 2-substituted 
pyridyl signals in the aromatic region and the integral ratio between the two sets of the pyridyl signals is 1:2, 
which suggests that all the three pyridyl groups of the TPA ligand that coordinate to the Ru(II) center and the 

signals of two equatorial pyridines are equivalent.[19] In the aliphatic region of the 1H NMR spectrum, one 

singlet was observed at δ 4.7 ppm and one pair of AB quartets at δ 5.6 and 5.3 ppm. This signal pattern is 
typical for Ru(II)-TPA complexes showing a σh symmetry.[19–21] Three singlets of the methyl groups of the 
pterin ligand are also observed at δ 3.3, 2.9, and 2.4 ppm. The differential NOE spectrum of the final product 

allowed us to clarify the spatial correlation between the 6-Me group of the pterin ligand (observed at δ 2.4  
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Figure 2-4. (a) Differential NOE and (b) the ambient 1H NMR spectra of complex 2 in acetone-d6. (c) The 
structure of 2 and the NOE correlation observed protons (red): irradiated at 2.43 ppm in the NOE 

measurement. 
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ppm) and the methylene protons of one equatorial pyridylmethyl moiety of the TPA ligand (observed at δ 5.6 
ppm) (Figure 2-4). This NOE observation indicates that, upon the thermal process, the pterin ligand 
undergoes an apparent 180º-pseudorotation around the axis that passes through the Ru(II) center and the 
center of the pterin ligand, and consequently the 6-Me group comes close to the equatorial coordination 
plane. In comparing the spectrum of the second product to that of 1,[19] the signals of all the 6-pyridyl protons 

in the final product show downfield shifts relative to the corresponding signals of 1. Considering the crystal 
structure of the second product (vide infra), the downfield shifts for the 6-pyridyl protons is caused by the 
hydrogen bonding with the 4-oxygen of the pterin ligand. The ESI-TOF MS spectrum of the final product 
showed a monocationic signal at 610.2 m/z (Figure 2-5), which corresponds to the monocation, 

[Ru(dmdmp)(TPA)]+. This result also suggests that the final product is an isomer of the starting complex 1. 
On the basis of these data, the first product of the photoreaction is the intermediate complex (I) with one 
uncoordinated pyridylmethyl group and a solvent molecule (acetone) as a ligand. The intermediate complex 
undergoes the subsequent thermal reaction to give an isomer (2) of the starting complex 1 as the final 

product as shown in Scheme 2-2. 
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Figure 2-5. ESI-TOF MS spectrum of 2 in acetone (a) and its computer simulation (b). 
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2-2-2. Crystal structure of the isomer 2 
The structure of the isomer 2 has been clearly determined by X-ray diffraction analysis using a 

synchrotron facility. A single crystal of 2 suitable for X-ray crystallography was obtained from 
recrystallization with vapor diffusion of benzene into its acetone solution. The isomer 2 crystallized in a 

triclinic space group of P1 and each asymmetric unit included a cationic part of 2, a perchlorate ion as the 
counteranion, and two-and-a-half molecules of benzene as solvent molecules of crystallization. The crystal 
structure of the cationic part of 2 is shown in Figure 2-6 and the selected bond lengths [Å] and angles [º] are 
summarized in Table 2-1, together with the corresponding values for the crystal structure of 1.[19a] Similar to 
complex 1,[19a] the pterin ligand in 2 coordinates to the Ru(II) center as a monoanion in a bidentate fashion 

through the N5 and O1 positions to form a five-membered chelate ring. In comparison with 1, however, the 
orientation of the pterin ligand relative to the tetradentate TPA ligand in 2 is different from that in 1. In the 
structure of 2, the O1 atom of the pterin ligand is located at the trans position to the tertiary amino nitrogen 
of the TPA ligand and the N5 atom forms the equatorial plane in cooperation with the N1, N2, and N3 atoms  

 
Table 2-1. Selected bond lengths [Å] and angles [º] of complexes 1 and 2. 

 2 1[19a] 

Ru–O1 2.100(1) 2.083(5) 

Ru–N1 2.055(2) 2.082(7) 

Ru–N2 2.029(1) 2.086(6) 

Ru–N3 2.071(2) 2.050(8) 

Ru–N4 2.082(1) 2.041(7) 

Ru–N5 2.142(1) 2.107(6) 

O1–C23 1.284(2) 1.27(1) 

N8–C23 1.332(2) 1.32(1) 

N9–C22 1.364(2) 1.369(9) 

N7–C22 1.344(2) 1.32(1) 

N8–C22 1.366(2) 1.37(1) 

O1-Ru-N5 78.88(5) 80.3(2) 

N1-Ru-N4 82.87(6) 81.2(3) 

N2-Ru-N4 80.80(6) 80.8(3) 

N3-Ru-N4 80.06(6) 83.4(3) 

N1-Ru-N2 84.56(6) 100.7(3) 

O1-Ru-N2 for 1 and -N4 for 2 169.05(6) 166.1(3) 

N1-Ru-N3 162.63(6) 164.4(3) 

N5-Ru-N4 for 1 and -N2 for 2 169.84(6) 169.4(2) 
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a) b)

N1

N3

 

Figure 2-6. Crystal structure of a) the cationic part of complex 2 and b) the dimeric structure with π–π and 
CH–π interactions. 
 

of the TPA ligand. In complex 1, the trans position of the σ-donating amino nitrogen (N4) of the TPA 

ligand[23, 24] is occupied by the π-accepting pyrazine nitrogen (N5) of the pterin ligand, and that of the 
π-accepting pyridine nitrogen (N2) of TPA[23] is coordinated by a strongly π-donating oxygen (O1) of the 
pterin. In consequence, the coordination environment around the Ru(II) center in 1 is electronically 

favorable.[24, 25] On the other hand, in complex 2, the σ-donating N4 and the π-donating O1 atoms are 

trans-positioned to each other, and the π-accepting pyridine nitrogen (N2) and pyrazine nitrogen (N5) atoms 
are also trans to each other. This is the main reason for the thermal instability of complex 2[24] compared with 
complex 1 evidenced by the fact that the bond lengths of the pterin ligand to the Ru(II) center in complex 2 
(Ru–O1: 2.100(1) Å, Ru–N5: 2.142(1) Å) are longer than those in 1 (Ru–O1: 2.083(5) Å, Ru–N5: 2.107(6) 

Å). In addition, severe steric repulsion operates between the 6-methyl group of the pterin ligand and the 
methylene linkage of the equatorial pyridylmethyl groups of the TPA ligand in 2. This repulsion makes the 
pterin plane tilt to the equatorial plane of the Ru(II) center, and as a result, the pyrazine ring comes close to 
the pyridine ring that contains N3. The dihedral angle between the pterin mean plane and the equatorial plane 

made of O1, N1, N3, and N4 is estimated to be 72.8º. The coordinated oxygen (O1) and the 6-H of the axial 
pyridine with N2 forms a nonclassical hydrogen bond[26] with a distance of 3.018 Å to cause the downfield 
shift of its proton signal relative to that of 1 (vide supra). 

In the crystal packing, the cationic part of 2 forms a supramolecular one-dimensional array (Figure 2-6b) 

with the force of π–π stacking between the N1- and the N3-pyridine rings of another molecule and the 
interplane distance is 3.67 Å, which is within the range of π–π stacking distances.[27] Edge-to-face 
π–π interaction[28] is also observed between the meta- and para-CH hydrogen atoms of the N1-pyridine ring 
and the π-conjugated system of the pterin ligand in the adjacent molecule, and the distances from the C–H 
hydrogen atoms to the pterin plane are 2.57 and 2.93 Å for the meta- and para-hydrogen atoms, respectively. 
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2-2-3. Quantum yield of the photodissociation reaction and kinetic analysis of the subsequent thermal 
process 

The quantum yield of the initial photoinduced process (1  I) in acetone with irradiation at 460 nm was 
determined to be 0.87% by means of a standard actinometer method (see the Experimental Section).[29] The 
quantum yield is comparable to that of the photoreaction of diimine-Ru(II)-TPA complexes (diimine = bpy, 

2,2’-bipyrimidine (bpm), 1,10-phenanthroline (phen)),[22] which exhibited a characteristic photochromic 
behavior in which one coordination bond of a pyridine nitrogen of the TPA ligand to the Ru(II) center was 
cleaved by photoirradiation and the resulting vacant site at the Ru(II) center was filled with a solvent 
molecule such as acetonitrile. On the other hand, photoisomerization of alloxazine–Ru(II)–TPA complex, 

[Ru(Hallo)(TPA)]+ (3), in which the Hallo– ligand coordinates to the Ru(II) center 
through the 1-N and 10-N atoms to form a four-membered chelate ring, gave a 
larger quantum yield than that of 1.[21] This reflects the fact that the first process in 
the photoreaction of 1 is the bond dissociation of the nitrogen in the axial pyridyl 

group of the TPA ligand to form a fairly stable and five-membered chelate ring 
from the Ru(II) center, in sharp contrast to the reaction of 3 in which the alloxazine 
ligand with a less stable and four-membered chelate ring undergoes partial 
dissociation (vide infra).  

The first-order rate constants of the subsequent thermal process (I  2) in acetone at various 

temperatures were determined from the absorption change at λmax = 460 nm, and the rate constants thus 
determined were plotted against the inverse of temperature (Figure 2-7).[30] On the basis of the Eyring plot, 

the activation parameters of the thermal reaction were determined to be ΔH‡ = 81.8 kJ mol–1 and ΔS‡ = –49.8 
J mol–1 K–1. The negative activation entropy indicates that this process involves the recoordination of the 
photodissociated pyridylmethyl group of the TPA ligand to the Ru(II) center, but the value is relatively small 
compared to a typical activation entropy for the reaction that contains the process of one molecule captured 
by the other molecule in a bimolecular reaction;[21, 22b, 31] this is because it is an intramolecular process, in 
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Figure 2-7. a) Absorption spectral change and inset: plot of the absorption change at 460 nm against the time. 

b) Eyring plot for the thermal process from I into 2. 
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which the coordinated pyridylmethyl group is anchored by the coordination of the tertiary amino group to the 

Ru(II) center and loses a degree of its freedom.[31b] The positive activation enthalpy (ΔH‡) indicates that the 
seven coordination at the Ru(II) center is too energetically unstable to overcome the energetic benefit by the 
coordination-bond formation in the process.[32] 

 

2-2-4. Thermal back reaction to complex 1 
When complex 2 was dissolved in acetone and kept for a long time, it remained intact and never showed 

reverse isomerization to recover complex 1, even at reflux. In sharp contrast, upon heating to reflux the 
solution of 2 in CH3CN, the absorption spectrum gradually turned into that of 1. 1H NMR spectroscopic 

analysis confirmed that the product was complex 1. Thus, the isomerization reaction of 1 is reversible and 
the direction of the reaction can be controlled by external stimuli such as light, heat, and solvent. 

The back reaction of 2 to afford 1 was monitored by the absorption spectral change at various 
temperatures and the rate constant at each temperature was determined by first-order kinetic analysis (Figure 

2-8a). These data were plotted against the inverse of temperature to provide an Eyring plot,[30] and the 
activation parameters of the reaction were determined by linear analysis (Figure 2-8b). The activation  
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Figure 2-8. a) Absorption spectral change and inset: plot of the absorption change at 460 nm against the time. 
b) Eyring plot for the thermal process from 2 into 1. 
 

enthalpy (ΔH‡) and entropy (ΔS‡) were determined to be 59.2 kJmol–1 and –147.4 J mol–1 K–1, respectively. 
The large negative activation entropy indicates that the transition state involves strong solvent coordination 
to the Ru(II) center (vide infra) through an interchange associative (Ia) mechanism.[31] The positive activation 

enthalpy ΔH‡ also indicates that the seven-coordinated Ru(II) complex as a transition state is thermally 
unstable, but the positive value is smaller than that for the reaction from I to 2, which reflects that the 
coordination of acetonitrile is stronger than that of acetone or the difference in the free energy between the 
starting complex 1 and the isomer 2. 
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2-2-5. Reaction mechanism 
The reaction pathway of the reversible isomerization between complexes 1 and 2 (Scheme 2-3) has been 

fully elucidated on the basis of the data mentioned above. The first step is the photodissociation of the axial 
pyridine moiety in the TPA ligand of 1 due to the sterically unfavorable situation as found in the 
photochromic Ru(II)–TPA–diimine complexes.[22] For the photodissociation reaction, it was concluded that 

the dissociated pyridine was not the equatorial one but the axial one based on the experiments with use of 
5-Me-tpa as a ligand for the photochromic structural change of the Ru(II)-TPA-diimine complexes.[22] In 
contrast, the first step in the photoreaction of 3, which also exhibits a photochromic behavior induced by 
photoirradiation, has been reported to be the bond dissociation between the N10 atom of the Hallo– ligand 

and the Ru(II) center.[21] This difference in the reaction pathways between 1 and 3, both of which involve a 
redox-active fused heteroaromatic coenzyme[14, 33] as the monoanionic bidentate ligand, may be caused by the 
difference in the bidentate coordination mode of the heteroaromatic coenzyme ligands. The Hallo– ligand in 
3 forms a unique four-membered chelate ring, which consists of the Ru(II) center, N1, N10 and a carbon 

atom of the Hallo– ligand. Thus, the coordination is relatively weak due to the highly strained chelate-ring 
structure.[34–36] In contrast, the dmdmp– ligand coordinates to the Ru(II)  center to constitute a stable 
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Scheme 2-3. Reaction mechanism of the reversible photoinduced isomerization of 1 including the plausible 

transition states for the two thermal processes. 
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five-membered chelate ring with the N5 and O1 of the dmdmp– ligand.[15–19, 37] Consequently, photoexcitation 

of complex 1 in acetone results in the dissociation of the relatively labile axial pyridine rather than partial 
dissociation of the dmdmp– ligand.[38] 

The subsequent thermal process after the photodissociation of the pyridylmethyl arm in complex 1 gives 
only isomer 2 without going back to starting complex 1. In this reaction, the recoordination of the free 

pyridylmethyl group to the Ru(II) center can be the rate-determining step to give a seven-coordinate 
transition state and the recoordination may occur only from the relatively less-hindered N5 side of the 
dmdmp– ligand, resulting in the complete conversion to 2 (vide infra, Figure 2-9). The photodissociation and 
the recoordination of the pyridine ring in these two steps are the factors to accomplish this unique one-way 

isomerization induced by photoirradiation. 
In the thermal back reaction from 2 to 1, the solvent plays the most important role to control the 

reactivity. In acetone, complex 2 is quasi-stable not to perform the thermal back reaction even at the boiling 
point of acetone. On the other hand, when complex 2 is dissolved in acetonitrile and stirred at 70 ºC, it 

undergoes the back isomerization into 1 with a relatively large rate constant (vide supra). This reactivity 
dependence on the solvent can be caused by the difference in the coordination strength between the two 
solvents to the Ru(II) center.[39] The coordination of the acetonitrile molecule to the Ru(II) center is generally 
stronger than that of the acetone molecule due to the softness of Ru(II) ion in the hard and soft (Lewis) acids 

and bases (HSAB) theory,[40] as represented by the strong π backbonding from the Ru(II) center to the π* 
orbital of the coordinating acetonitrile.[41] As mentioned above, the presumed transition state of the reaction 
from 2 to 1 is a seven-coordinated complex, in which the strongly coordinating solvent molecules (i.e., 
acetonitrile) assists the stabilization of the transition state, and therefore the back reaction can occur only in 

acetonitrile (see Figure 2-9). 
The energy optimization for 1 and 2 was conducted with DFT calculations at the 

CAM-B3LYP/LANL2DZ level of theory.[42, 43] Comparison was also made for the reaction coordinates in 
acetone to clarify the influence of solvent on the energies of solvation. Relative energy levels of 1 and the 

photoisomer 2 are depicted in Figure 2-9a, in which the energy levels of 1 (reactant complex) and 2 (isomer 
complex) were calculated by including one solvent molecule with a distance of 2–3 Å to adjust the number 
of atoms for the calculations. In both cases, the free energy of 2 is higher relative to that of 1 by 2.5 kcal 
mol–1 (without acetone) and 4.5 kcal mol–1 (with acetone), respectively. The optimization of possible 

structures of the intermediate (I) in the forward reaction reveals that int3 is the most stable species among 
three as shown in Figure 2-9b. This is consistent with the experimental observations of the differential NOE 
spectrum of intermediate I. In the NOE spectrum, the correlation was observed between the methylene signal 
of the uncoordinated pyridine moiety and the methyl signal at the 6-position of the pterin ligand (Figure 

2-10). The correlation in NOE experiments is generally observed between the protons with spatial distances 
of less than 5 Å. The calculated distances between the topical protons in the optimized structures are 6.5, 3.7, 
and 4.5 Å for int1, int2, and int3, respectively. In addition, the isolated products of the photoreaction of 
Ru(TPA)-diimine complexes are also in the same conformation as int3,[22] which also supports the 

assignment of the photoreaction product of 1 as int3. 
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Figure 2-9. a) A diagram for the energy levels [kcal mol–1] of the reactant (1 solvated with acetone) and the 
isomer (2 solvated with acetone) obtained by DFT calculations at the CAM-B3LYP/LANL2DZ level of 
theory. b) Energetic comparison among three possible structures of the intermediates with a coordinated 
acetone based on DFT calculations. 
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These unique controls of the reaction pathways by light, steric bulkiness, and solvents have enabled us 

to accomplish the photochromic isomerization reaction induced by photoirradiation to exhibit 100% 
conversion efficiency in the forward reaction without forming a photostationary mixture of isomers. On the 
other hand, the isomerization of alloxazine complex 3 can exhibit 87% conversion at most because the 
reaction proceeds through the transition state with a monodentate Hallo– ligand to the Ru(II) center and the 

Hallo– rotates around the bond axis to the Ru(II) center to give the isomer.[21] Thus, the reaction direction of 3 
is hard to control completely and a photostationary mixture is obtained from the reaction. The 100% 
conversion efficiency in the photoisomerization and the stability of isomer 2 in acetone allow us not only to 
fully characterize the structure of 2 by 1H NMR spectroscopy and X-ray diffraction analysis but also to 

investigate the kinetics of both the forward and backward pathways in this completely reversible 
isomerization reaction. 
 
2-3. Conclusion 

A new photochromic isomerization reaction of a Ru(II)-pterin complex, [RuII(dmdmp)(TPA)]+ (1), has 
been found and the isomeric complex (2) has been fully characterized by 1H NMR spectroscopy, ESI-TOF 
MS spectrometry, and single-crystal X-ray diffraction analysis. The reaction mechanisms for both the 
forward and backward thermal reaction pathways of this isomerization have been clarified by kinetic 

analysis to reveal the transition states and the rate-determining steps as follows. The forward reaction in 
acetone passes through intermediate I, which is the product of the initial photoinduced step that involves the 
dissociation of the axial pyridylmethyl group of the TPA ligand and the coordination of the solvent acetone 
molecule. The subsequent thermal process gives only the isomeric complex 2 without going back to the 

starting 1, because steric factors in the seven-coordinated transition state control the direction of the 
recoordination of the photodissociated pyridylmethyl group to afford the product with 100% conversion. The 
back reaction of 2 to 1 occurs in acetonitrile at high temperature, and the transition state may also be a 
seven-coordinated complex. Thus, the isomerization reaction of 1 is reversible, and the reaction direction is 

fully controlled by light, steric hindrance, and solvents. Furthermore, the conversion efficiency of the 
reaction in both directions is 100%. To the best of the author’s knowledge, this is the first example to 
demonstrate a clear bistability that involves complete switching of the two distinct structures in the 
photochromism of a transition-metal complex.[6–11] The complete determination of the driving force for each 

direction is essential to establish two different situations of a compound independently without perturbation 
from thermodynamic equilibrium or a photostationary state.[44] The molecular bistability observed in the 
photochromic Ru(II)-pterin complex 1 has presented a new kind of metal complexes that can be excited by 
visible light and might aid in the development of molecular devices that switch between two different 

structural motifs[45] to enable complete on/off regulation and the sophisticated control of molecular 
functionality. 
 
2-4. Experimental section 
General. All commercially available chemicals were purchased from appropriate sources and used as 



 29 

received unless otherwise mentioned. [RuCl(TPA)]2(ClO4)2
[20] and [Ru(dmdmp)(TPA)](ClO4) (1)[19b] were 

prepared according to the literature. All NMR spectroscopic measurements were performed using JEOL 
EX270 and Bruker AVANCE400 spectrometers. UV/Vis absorption spectra were measured in CH3CN using 
a Shimadzu UV-3600 spectrophotometer at room temperature. ESI-TOF-MS spectra were measured using an 
Applied Biosystems QSTAR Pulsar I mass spectrometer. 

[Ru(dmdmp)(TPA)(acetone)](ClO4) (intermediate I): Solid [Ru(dmdmp)(TPA)](ClO4) (1) (1.1 mg, 1.6 

µmol) was dissolved in acetone-d6 (1.0 mL) and irradiated with light centered at 460 nm at room temperature 
for 4 h. The reaction was monitored with 1H NMR spectroscopy and the product ratio was I : 2 = 9 : 10. 1H 

NMR (acetone-d6): δ 9.12 (d, J = 6.2 Hz, 1H), 8.77 (d, J = 5.4 Hz, 1H), 8.66 (d, J = 4.9 Hz, 1H), 7.84–7.69 
(m, 3H), 7.35–7.29 (m, 6 H), 5.00 and 4.72 (ABq, JAB = 17.8 Hz, 2H), 4.76 and 4.27 (ABq, JAB = 15.5 Hz, 
2H), 3.87 and 3.70 (ABq, JAB = 13.4 Hz, 2 H), 3.25 (s, 6 H), 2.62 (s, 3H), 2.53 ppm (s, 3H). MS (ESI): calcd 
for [M – ClO4]+: m/z = 668.20, found: m/z = 668.24. 

[Ru(dmdmp)(TPA)](ClO4) (isomer 2): Solid [Ru(dmdmp)(TPA)](ClO4) (1) (1.6 mg, 2.3 µmol) was 
dissolved in acetone (4 mL) and irradiated with light centered at 460 nm at room temperature for 4 h. The 
resulting solution was stirred for 12 h at room temperature in the dark. Then the solution was passed through 
celite, the solvent was removed under vacuum, and the solid was recrystallized from acetone/benzene. A red 

crystal of 2: 1.0 mg (63%). 1H NMR (acetone-d6): δ 9.76 (d, J = 5.7 Hz, 1H), 8.43 (d, J = 5.5 Hz, 2H), 
7.82–7.69 (m, 3 H), 7.53–7.29 (m, 6H), 5.65 and 5.29 (ABq, JAB = 16.7 Hz, 4H), 4.89 (s, 2H), 3.30 (s, 6H), 
2.89 (s, 3 H), 2.43 ppm (s, 3 H). MS (ESI): calcd for [M – ClO4]+: m/z = 610.16, found: m/z = 610.18. 
 
Photochemical reactions. Photoirradiation of complex 1 was performed by using an ASAHI SPECTRA 

MAX-301 xenon light source (300 W), equipped with a bandpath filter of the bandwidth at half-maxima of 

20 nm centered at 460 nm. Complex 1 was dissolved in freshly distilled acetone at 8.1 × 10–5 M for the 
UV/Vis absorption spectroscopic measurements and in acetone-d6 at 1.4 mM for the 1H NMR spectroscopic 
experiments, and the solution was degassed by argon bubbling. The degassed solution was irradiated as 

mentioned above for 12 h and the progress of the reaction was monitored by the absorbance change at 460 
nm. 
 
Quantum yield determination. The quantum yield of the photodissociation of 1 was determined by a 

standard method using an actinometer (potassium ferrioxalate)[29] in water with photoirradiation at 460 nm. 
The photodissociation reaction was monitored at 460 nm to determine the time course of the decrease in the 
absorption, and the data in the initial stage, during which the time course exhibited linear change was used to 
determine the quantum yield. 

 
Kinetic analysis of the two thermal processes. The thermal reaction following the photodissociation of 1 
was monitored by the absorption change at 460 nm, and the change was fit to the following first-order 
kinetic equation [Eq. (1)]: 
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Abs = Abs∞ + (Abs0 – Abs∞)e–kt  (1) 

 
Similar experiments were conducted at variable temperatures and the rate constants thus determined were 
plotted according to the following Eyring equation to determine the activation parameters [Eq. (2)]: 
 

ln(kT–1) = ΔH‡R–1T–1 + ΔS‡R–1 + ln(kB/h)  (2) 
 
X-ray crystallographic analysis of 2. The diffraction data were measured using a Rigaku Mercury CCD 
system at the Photon Factory Advanced Ring for pulse X-rays (PF-AR NW2A) of the High Energy 

Accelerator Research Organization (KEK, Tsukuba, Japan). The data were integrated, scaled, and corrected 
for absorption with the HKL2000 program. Crystallographic data: C28H30N9ORu·ClO4·2.5C6H6; MW = 

904.40; red-orange; triclinic; space group P1; a = 9.6594(2), b = 11.3490(1), c = 19.9191(2) Å; α = 
85.6650(7), β = 85.3227(7), γ = 70.931(1)º; V = 2054.14(6) Å3; T = 100(1) K; Z = 2; ρcalcd = 1.462 g cm–3; 

λ(synchrotron) = 0.6890 Å; 42263 reflections measured; 13725 unique (Rint = 0.0675), which were used in 
all calculations. All calculations were performed using the Bruker APEX2 crystallographic software package. 
The structure was solved by direct methods (SHELXL-97) and refined by full-matrix least-squares methods 

on F2 with 537 parameters. R1 = 0.0501 (I > 2σ(I)) and wR2 = 0.1328, GOF = 1.039, max/min residual 
density: 3.112/–3.224 e Å–3. CCDC-792042 contains the supplementary crystallographic data. These data can 
be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
 

DFT calculations. Local minima was optimized on the potential energy using the Coulomb-attenuating 
method B3LYP functional called CAMB3LYP.[42, 43, 46] For Ru atoms, the LANL2DZ basis sets developed by 
Hay and Wadt were used,[47] and for the H, C, N, and O atoms, the D95** basis set was applied.[48] Vibration 
frequencies were systematically computed to ensure that on a potential-energy surface each optimized 

geometry corresponds to a local minimum that has no imaginary frequency. The Gaussian 09[49] program 
package was used for all DFT calculations. 
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Chapter 3 
Photochromism of ruthenium(II)-tpphz complexes 

 
3-1. Introduction 

Switchable molecular motions,[1] such as shuttling,[2] sliding,[3] rotation,[4–7] and tweezing,[8] have 

attracted considerable attention, owing to their relevance to natural biomachines, such as myosin in muscular 
tissues[1, 9] and the F1 unit of ATP synthase,[1, 10] as well as for future applications in molecular machines.[11] 
Synthetic molecular machines can function by using, for example, acid/base reactions,[12] electrochemical 
redox processes,[13, 14] photoinduced structural changes,[15] and chemical oxidation[16] as the driving force of 

the motion. These machines can function as molecular sensors,[17] elicit mechanical forces,[18] and perform as 
cooperative molecular catalysts.[19] Among the various molecular motions, capping/uncapping motions in 
molecules are expected to be useful for controlled molecular recognition and catalytic reaction systems, 
whose functions can be switched by using an external stimuli (Figure 3-1a).[20] 
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Figure 3-1. (a) Schematic description of the “capping-uncapping” motion and (b) reversible 
dissociation/coordination reaction of a RuII(TPA)(diimine) complex. 
 

Reversible structural change in transition-metal complexes at metal centers are also attractive in light of 
the development of molecular machines and devices to perform various functionalities that are unique to 
metal complexes, including catalysis and the switching of their physical properties. Transition-metal 
complexes that respond to external stimuli have been reported to demonstrate reversible structural changes, 

including reversible ligand-coordination/dissociation owing to changes in pH value[21] and the translocation 
of metal ions through changes in pH value[22] and redox reactions.[23] As a photochemical response of 
transition-metal complexes, photochromic reactions, such as reversible structural changes that involve a 
partial dissociation and the recoordination of a ligand, have also been investigated.[24, 25] In such a structural 

change, the vacant coordination site that is formed by the partial dissociation of the ligand can be used as a 
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guest-binding or catalytically active site; thus, the dissociable part of the ligand plays a role as a “cap” for the 

active site. However, for transition-metal complexes, there have been no examples so far of completely 
reversible photochromic structural changes for attaining complete interconversion between two states 
without reaching a photostationary state. Recently, reversible photochromic structural changes in 
RuII–tris(2-pyridylmethyl)amine (TPA) complexes that contained a diimine ligand, such as 2,2’-bipyridine 

(bpy), 2,2’-bipyrimidine (bpm), or 1,10-phenanthlorine (phen, Figure 3-1b) was reported.[26] However, the 
conversion efficiencies for the photochromic reactions of transition-metal complexes, including previous 
examples, were not 100% and, in most cases, illumination of the photochromic complexes afforded a 
photostationary state between two states.[24–27] In this chapter, the first examples of molecular bistability is 

described, which involve complete photochromic structural changes in new RuII–TPA complexes that 
contain tetrapyrido-[3,2-a:2’,3’-c:3’’,2’’-h:2’’,3’’’-j]phenazine (tpphz)[28] as a diimine ligand (Figure 3-2). 
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Figure 3-2. Interconversion between the “open” and “closed” forms in RuII(TPA)(tpphz) complexes. 
 

The tpphz ligand is a highly planar and extensively π-conjugated heteroaromatic molecule. In addition, 
the tpphz ligand has another coordination site on the opposite side to one that coordinates to the RuII(TPA) 
unit and this site is utilized to accept a H+ ion (proton) or other transition-metal ions, such as RuII and PdII 
ions (Figure 3-2).[29] These kinds of additives can influence both the ground and excited electronic states, 

owing to their strong interactions with the diimine ligand in different manners. The influence of additives 
can regulate the dissociation/coordination reactions of the TPA ligand in the RuII(TPA) moiety to accomplish 

the complete interconversion between its open form, which contains a facial η3-TPA ligand, and its closed 
form, which contains an η4-TPA ligand, as shown in Figure 3-2. 
 
3-2. Results and discussion 
3-2-1. Syntheses and structural characterization 

1,10-Phenanthroline-5,6-dione (phendione)[30] was coordinated to a RuII(TPA) complex to obtain 

[RuII(TPA)(phendione)](PF6)2. The phendione complex was coupled with 5,6-diamino- 1,10-phenanthroline 
(phendiamine)[31] to construct the tpphz moiety (Scheme 3-1a). In the previous report of the synthesis of a 
RuII(tpphz) complex,[28] the solvent for the coupling reaction between a RuII(phendione) complex and 
phendiamine was MeCN. In the case of RuII(TPA)(diimine) complex, however, MeCN caused the 

dissociation of a pyridine moiety of the TPA ligand from RuII(TPA)(diimine) complexes.[26] Thus, the author  
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Scheme 3-1. Synthesis of RuII(TPA)(tpphz) complexes 4, [4 + H]+, 5 and 6 (a-c) and the labeling of the 
tpphz ligand for the 1H NMR assignment (d).  
 

employed MeOH as the reaction solvent and the total yield of target complex, [RuII(TPA)(tpphz)](PF6)2 (4), 
was 74% (over 2 steps). In addition, the protonated complex, [RuII(TPA)(tpphz-H+)](PF6)3 ([4 + H]+), was 
isolated by recrystallization from its solution in MeCN in the presence of trifluoromethanesulfonic acid 
(TfOH), in which EtOAc was used as a poor solvent. The protonation probably occurred at the vacant 

diimine site of the tpphz ligand (the position of M in Scheme 3-1(d)) and the central pyrazine moiety of the 
tpphz ligand could not be protonated under these conditions, because the imine nitrogen atom on the 
pyradine moiety was sterically hindered by the neighboring hydrogen atoms at the 4(a), 4(c), 4(h), and 
4(j)-positions of the tpphz ligand.[28b] 

[RuII(bpy)2(solv)2](OTf)2 (solv = acetone) was prepared according to a literature procedure[32] and was 
ligated to the vacant coordination site of complex 4 in acetone, which was chosen as the solvent because of 
the weak coordinating ability without the pyridine-dissociation reaction of the RuII(TPA) unit (See Chapter 

2).[26, 33] After repeated recrystallization, a dinuclear tpphz complex, [(bpy)2RuII(µ-tpphz)RuII(TPA)](PF6)4 (5), 

was obtained in 80% yield. A hetero-dinuclear complex, [Cl2Pd(µ-tpphz)RuII(TPA)](PF6)2 (6), was 
synthesized through the coordination of PdCl2 to the vacant site of complex 4 (Scheme 3-1c). Although the 

author applied a literature procedure[29, 34] to the synthesis of a PdCl2–µ-tpphz–RuII complex, at first, the 
author’s attempts were unsuccessful. The coordination reaction at high temperatures in DMF or 

ethyleneglycol caused the decomposition of the obtained product before completion of the reaction. Finally, 
the reaction at reflux in EtOH was the best for obtaining the target Pd complex (6) and the reaction yield was 
43% after isolation by repeated recrystallization. Structural characterization of complexes 4, [4 + H]+, 5, and 
6 was performed by using 1H NMR spectroscopy and ESI-TOF-MS spectrometery; complex 4 was also 

characterized by single-crystal X-ray diffraction (see below). Peak clusters that were ascribed to the mass 
signals of complexes [4 – 2PF6]2+, [5 – 4PF6]4+, and [6 – 2PF6]2+ were observed at 388.1 m/z as a dicationic 
signal with a 0.5 peak separation, 297.6 m/z as a tetracationic signal with a 0.25 peak separation, and 476.5 
m/z as a dicationic signal with a 0.5 peak separation, respectively (Figure 3-3). The MS (ESI) spectrum of 

complex [4 + H]+ gave a peak cluster that was ascribed to deprotonated species, [4 – 2PF6]2+, presumably 
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owing to deprotonation during the ionization process in the MS measurements. 
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Figure 3-3. ESI-TOF MS spectra of complexes 4 (a), 5 (b) and 6 (c). Above: experimental results, below: 
simulated spectra. 

 
In the 1H NMR spectra of complexes 4, [4 + H]+, 5, and 6 in MeCN-d6 (Figure 3-4), the 1H NMR signals 

of the axial and the two equatorial pyridylmethyl moieties in the TPA ligand were inequivalent and the 

methylene signals of the equatorial pyridylmethyl moieties were observed at about δ 4.5 ppm as AB quartets 
with coupling constants of J ≈ 15 Hz.[26, 33, 35, 36] In all four complexes, the 1H NMR signals of the pyridyl 
protons at the 6-position of the axial pyridine rings, which was the closest to the tpphz moieties, were 

downfield-shifted to about δ 10 ppm, owing to the deshielding effect from the ring current of the tpphz  
 

10 9 8 7 6 5
! / ppm

a)

b)

c)

d)

 

Figure 3-4. 1H NMR spectra of complexes 4 (a), [4 + H]+ (b), 5 (c) and 6 (d) in MeCN-d3 ((a) 1.7 mM, (b) 

1.6 mM, (c) 1.3 mM, (d) 1.5 mM). 
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ligand (Figure 3-4). In addition, the 1H NMR signal of the 6-proton on the h-pyridine ring in the tpphz ligand 

was also affected by the ring current of the axial pyridine rings and, hence, was also downfield-shifted. The 
chemical shift values of the 4(h), 4(j), 5(j), 6(j), and py-6(eq) protons in complexes 4, [4 + H]+, and 6 were 
highly dependent on the concentration of the sample solutions (Figure 3-5), whereas the UV/Vis spectra of 
these three complexes did not exhibit any concentration dependence. These 1H NMR shifts can be ascribed 

to intermolecular π–π stacking interactions between the tpphz ligands, as previously reported for 
[RuII(bpy)2(tpphz)]2+.[28] In contrast, the 1H NMR spectrum of complex 5 did not exhibit any concentration 
dependence. Two sets of pyridine signals for the bpy ligand in complex 5 were observed, which were 
assigned to the axial and equatorial pyridine moieties. The independence of the chemical shifts on the 

concentration of 5 should be derived from the steric congestion of the two bpy and the TPA ligands around 
the tpphz ligand. The bulkiness of the TPA ligand and the two bpy ligands at the Ru centers may prevent 

intermolecular π–π stacking of the tpphz ligands and, hence, attempts to crystallize complex 5 were 
unsuccessful. 

 

11 10 9 7 6 4
! / ppm

58
 

Figure 3-5. 1H NMR spectra of 4 in MeCN-d3 at room temperature. Above: 6.0 mM, below: 1.7 mM. 

 
The DFT-optimized structure of 5 indicates that the tpphz ligand maintains planarity (mean deviation 

from the plane of the tphz ligand: 0.021 Å) and causes tilting of one of the pyridine rings of the TPA ligand, 
owing to steric hindrance, as observed in other related RuII(TPA)(diimine) complexes (Figure 3-6).[26] The 

optimized structure of complex 5’ also has a slightly bent tpphz ligand (mean deviation from the plane of the 
tpphz ligand: 0.165 Å) and a tridentate TPA ligand, with one uncoordinated pyridylmethyl arm. The 
calculated energy of 5’ is –78.9 kJ mol–1 relative to that of complex 5, with one accompanying free MeCN 
molecule. Thus, the binding energy of the MeCN ligand was roughly estimated. In addition, the inter-Ru 

distances were calculated to be 13.02 Å in complex 5 and 12.98 Å in complex 5’. The LUMO and LUMO+1 

resided on the tpphz ligand as π* orbitals. The HOMO was located on the RuII center of the RuII(TPA) unit 
and the HOMO–1 was located on the RuII center of the RuII(bpy)2 unit (Figure 3-7). The order of the energy 
levels indicates that the RuII center in the RuII(TPA) unit is more easily oxidized than that in the RuII(bpy)2 

unit. On the other hand, the relative positions of the HOMO and HOMO–1 were exchanged in complex 5’. 
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The HOMO was located on the RuII center of the RuIII(bpy)2 unit and the HOMO–1 was located on the RuII 

center of the MeCN-coordinated RuII(TPA) unit (Figure 3-8). The relative positions of the LUMO and the 
LUMO+1 remained unchanged during the isomerization process. 
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Figure 3-6. DFT-optimized structures of 5 and 5’ at the B3LYP/SDD level of theory. 
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Figure 3-7. Selected MOs of 5. 

 

a) b)

d)c)

HOMO-1 HOMO

LUMO+1LUMO  
Figure 3-8. Selected MOs of 5’. 
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3-2-2. Crystal structure of complex 4 
Mononuclear complex 4 was crystallized in the monoclinic space group of P21/n. The asymmetric unit 

included one cationic part of 4, two tetraphenylborate ions as counter anions, and three EtOAc molecules as 
co-crystallized solvent molecules. Figure 3-9 shows the molecular structure of the cationic moiety of 4. 
Compound 4 adopts a similar conformation to those observed in other RuII(TPA)(diimine) complexes.[26] The 

tertiary amine nitrogen atom (N1), two pyridyl nitrogen atoms (N3 and N4) of the TPA ligand, and one of 
the imine nitrogen atoms of the tpphz ligand form the equatorial plane and the tpphz ligand and the axial 
pyridine ring of the TPA ligand were tilted towards the equatorial plane, owing to steric repulsion between 
them. The dihedral angles between the equatorial coordination plane and the axial pyridine ring and the 

tpphz ligand were 119.88 and 153.58, respectively. The interatomic distance between the 6-carbon atom on 
the axial pyridine ring of the TPA ligand and the C19 carbon atom of the tpphz ligand was 3.33 Å. 
 

N10

N9

N7

N8
N6

N5

N4 N1

N3

N2Ru1

C19  

Figure 3-9. Crystal structure of the cationic part of 4; thermal ellipsoids are set at 50% probability. 
 

Similar distortion, owing to steric repulsion, was also observed in other RuII(TPA)(diimine) 

complexes.[26] As a result of the steric repulsion between the tpphz ligand and the axial pyridine ring of the 
TPA ligand, the Ru–N2 and Ru–N6 bond lengths were elongated compared to those of other Ru–N bonds 
and the degree of elongation of 4 was larger than that for other RuII(TPA)(diimine) complexes (Table 3-1).[26] 
The tpphz ligand was almost planar, even after metal coordination,[28b] and the mean deviation of each atom 

from the least-square mean plane was 0.031 Å. As a result of the high planarity and the extended π 
conjugation, the tpphz ligand formed an intermolecular π–π stacked pair (Fgiure 3-10a) and the distance 
between the two tpphz ligands in the pair was 3.32 Å. The other side of the tpphz ligand formed π–π 
stacking interactions with two phenyl rings of the tetraphenylborate counter anion, one of which formed a 

face-to-face π–π interaction whilst the other formed an edge-to-face π–π interaction (Figure 3-10b). The 
distance between the π–π stacked pair of the tpphz ligands and the phenyl ring of the tetraphenylborate ion 
was 3.67 Å, whilst that from the edge of the other phenyl ring to the tpphz plane was 3.52 Å. 

 

 



 44 

Table 3-1. Comparison of bond lengths (Å) and angles (º) of RuII-TPA-diimine complexes. 
diimine bpy[a] bpm[a] phen[a] tpphz (4) 
Ru1-N1 2.085(3) 2.093(3) 2.084(2) 2.086(7) 
Ru1-N2 2.102(3) 2.101(3) 2.115(2) 2.127(7) 
Ru1-N3 2.048(3) 2.068(3) 2.042(3) 2.092(7) 
Ru1-N4 2.078(3) 2.091(3) 2.079(2) 2.039(7) 
Ru1-N5 2.065(3) 2.086(3) 2.074(3) 2.045(7) 
Ru1-N6 2.101(2) 2.092(2) 2.096(2) 2.130(7) 

N1-Ru1-N2 79.1(1) 79.9(1) 79.0(1) 79.5(3) 
N1-Ru1-N3 83.5(1) 82.6(1) 84.5(1) 80.3(3) 
N1-Ru1-N4 80.6(1) 79.8(1) 80.0(1) 83.9(3) 
N5-Ru1-N6 77.3(1) 77.8(1) 79.1(1) 79.0(3) 
N1-Ru1-N5 175.9(1) 171.7(1) 172.8(1) 174.9(3) 
N2-Ru1-N6 167.9(1) 168.8(2) 169.5(1) 165.2(2) 
N2-Ru1-N5 100.6(1) 100.4(1) 100.9(1) 98.8(3) 

[a] Ref [26] 

 

3.32 Å

a)

b)

B1

 

Figure 3-10. Views of crystal packing of 4: a) Intermolecular π-π stacking and b) π-π interaction between 

the tpphz ligand and BPh4
–. 
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3-2-3. Photo- and electrochemical properties 
The electronic spectra of complexes 4, [4 + H]+, 5, and 6 were recorded in MeCN (Figure 3-11) and their 

absorption maxima are summarized in Table 3-2, together with those of [RuII(bpy)3]2+ [24a] and 

[RuII(TPA)(bpy)]2+ for comparison.[26] For all the four complexes, the π– π* transitions of the tpphz moieties 
were observed as doubly peaked bands at about 350 – 400 nm and the MLCT transitions from the RuII 

centers to the tpphz ligands appeared at about 430 nm. The molar coefficients of the MLCT absorption for 
complex 5 were almost double those for complex 4, because the MLCT transition from the RuII center in the 
RuII(bpy)2 moiety to the tpphz ligand overlapped that from the RuII center in the RuII(TPA) unit. In addition, 
the MLCT absorption band for complex 6 was slightly weaker than that for complex 4. The MLCT 

absorption bands of complexes [4 + H]+, 5, and 6 were red-shifted relative to that of 4, thus indicating a 

stabilization of the π* orbitals of the tpphz ligands in complexes [4 + H]+, 5, and 6 through the ligation of 
proton or metal ions at the vacant coordination sites of the tpphz ligands in 4. 
 

Table 3-2. Spectroscopic data in MeCN and CH2Cl2. 

 Absorption Emission 
 MeCN CH2Cl2 MeCN CH2Cl2 PrCN[c] 
 λmax, nm (ε [× 10–3 M–1 cm–1]) λmax, nm (λirr, nm) 

[Ru(bpy)3]2+ [a] 451 (14.1), 386 (4.6)  607 
(450)   

[Ru(bpy)(TPA)]2+ [b] 453  – –  

[Ru(bpm)(TPA)]2+ [b] 480  – –  

[Ru(phen)(TPA)]2+ [b] 423  – –  

4 424 (13.4), 381 
(34.5), 363 (23.6) 428 514 

(424) 
467 

(424) 
595, 

550 (400) 

[4 + H]+ 428 (10.1), 378 
(23.2), 363 (18.0) 430 – 490 

(424) 
607, 

571 (405) 

5 442 (24.7), 371 
(32.3), 353 (25.3) 442 615 

(442) 
591 

(442) 516 (400) 

6 437 (11.5), 378 
(34.5), 359 (23.7) 485 – 569 

(485) 629 (430) 

4’ 433 (sh, 6.9)    537 (425) 

[4’ + H]+ 408 (sh, 9.5)    532, 
516 (420) 

5’ 437 (21.6)    534 (440) 

6’ 405 (sh, 6.6)    543 (450) 

[(bpy)2Ru(µ-tpphz)Ru(bpy)2]4+ [a] 442 (36.1), 370 
(34.6), 351 (28.1)  671 

(443)   

[a] See ref. [28c]. [b] See ref. [26b]. [c] Phosphorescence spectra were recorded in n-butyronitrile (PrCN) at 
–196 ºC. 

 



 46 

0
400 600 700500

4

3

2

1! 
" 

10
-4

 / 
M

-1
cm

-1

Wavelength / nm  

Figure 3-11. Electronic spectra of complexes 4 (black), [4 + H]+ (orange), 5 (red), and 6 (blue) in MeCN. 
 

In MeCN, complexes 4, [4 + H]+, 5, and 6 exhibited relatively weak phosphorescent emissions, which 
were derived from the relaxation of the triplet MLCT excited states (Figure 3-12). Other previously reported 
RuII(TPA)(diimine) complexes[26] did not display phosphorescence, owing to quenching by the 
photodissociation reaction of the axial pyridine moiety of the TPA ligand through metal-centered (MC) 

triplet excited states.[26] The observation of phosphorescence of the RuII(TPA)(tpphz) complexes indicates 
that the dissociation pathways of the pyridine moiety through the MC triplet excited states of complexes 4, [4 
+ H]+, 5, and 6 should not be so thermally accessible and, thus, that the triplet MLCT states could be 
stabilized and relatively emissive. It should be noted that the emissions that were observed for the four 

complexes were enhanced in CH2Cl2 and similar behavior was also observed for the corresponding 

compound, [(bpy)2RuII(µ-tpphz)RuII(bpy)2]4+.[37] 
The redox potentials of 4, [4 + H]+, 5, and 6 were determined by cyclic and differential-pulse 

voltammetries (CV and DPV, respectively) at room temperature in MeCN solution containing 

tetrabutylammonium hexafluorophosphate ((n-Bu)4NPF6) as a supporting electrolyte under an Ar atmosphere 
(Figure 3-13). The electrochemical data are summarized in Table 3-3. The redox potentials that were 
assigned to the RuII/III redox couples for the RuII(TPA) units were almost identical for all the four complexes 
(+1.07 V vs SCE) and the redox waves were pseudo-reversible. These results indicate that protonation and 

metal coordination at the vacant diimine site of the tpphz ligand do not perturb the characteristics of the 
RuII(TPA) unit on the other rim of the tpphz ligand. Complex 5 showed another oxidation wave at +1.31 V 
vs SCE, which should be derived from the RuII/III redox couple for the Ru center in the RuII(bpy)2 moiety. 
This conclusion is consistent with the results of the DFT calculations, as described above. On the other hand, 

the reduction waves of the tpphz ligand (tpphz0/1–) were positively shifted by protonation and metal 
coordination at the vacant diimine site of the tpphz ligand and the redox potentials increased in the order: 4 
(–0.97 V) < [4 + H]+ (–0.95 V) < 6 (–0.93 V) < 5 (–0.87 V). This trend can be accounted by the stabilization 

of the π* orbital of the tpphz ligand through protonation and metal coordination (see above). 
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Figure 3-12. Above: Emission spectra of complexes 4 (black), [4 + H]+ (orange), 5 (red), and 6 (blue) in 
MeCN (a) and CH2Cl2 (b) at room temperature. Below: emission spectra of complexes 4 (black), [4 + H]+ 
(orange), 5 (red), and 6 (blue) in PrCN (c) and 4’ (black), [4’ + H]+ (orange), 5’ (red), and 6’ (blue) in PrCN 

(d) at –196 ºC. The emissions indicated by arrows were derived from the Raman diffraction of the incident 

light. The wavelengths of the incident light are λ = 424 nm for complex 4, 424 nm for complex [4 + H]+, 442 
nm for complex 5, 485 nm for complex 6, 425 nm for complex 4’, 420 nm for complex [4’ + H]+, 440 nm for 
complex 5’, and 450 nm for complex 6’.  
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Figure 3-13. a) b) DPV and c) d) CV of complexes 4 (black), [4 + H]+ (orange), 5 (red) and 6 (blue) in 
CH3CN containing (n-Bu)4NPF6 (0.1 M) at room temperature. 
 
Table 3-3. Redox potentials (V vs SCE) of RuII(tpphz) complexes 4 – 6, [Ru(bpy)2(tpphz)]2+ and 

[(µ-tpphz){Ru(bpy)2}2]4+ as references.[28b] 

Compound tpphz0/•– RuII/RuIII 

4 –0.97 +1.06 
[4 + H]+ –0.95 +1.07 
5 –0.87 +1.07 / +1.31 

6 –0.93 +1.08 
[(bpy)2Ru(tpphz)]2+ [a] –0.87 +1.33 

[(bpy)2Ru(µ-tpphz)Ru(bpy)2]4+ [a] –0.71 +1.34 

[a] Potentials were determined by differential pulse voltammetry in MeCN in the presence of 0.1 M 
(nBu)4NPF6 as the supporting electrolyte under a N2 atmosphere at room temperature. [b] See ref. [28b]. 
 
3-2-4. Thermal dissociation reactions 

The thermal dissociation of the axial pyridylmethyl arms in complexes 4, [4 + H]+, 5, and 6 were 
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investigated by 1H NMR spectroscopy in MeCN-d3. When solutions of these complexes were heated at 80 ºC 

in MeCN-d3, the intensity of the methylene signals of the TPA ligands gradually decreased and, instead, 
another set of signals appeared in relatively upfield regions (Figure 3-14) for all of the four complexes. 

These new signals contained an AB quartet pair (J = 16.2 Hz) and a singlet in the range of δ 3 – 5 ppm, all of 
which were derived from the methylene protons of the TPA ligand. As described in the previous spectra of 

the reports,[26] the spectroscopic changes that were observed in the 1H NMR spectra could be ascribed to the 
thermal dissociation of the axial pyridylmethyl moiety of the TPA ligand to give partially dissociated 
complexes 4’, [4’ + H]+, 5’, and 6’ (Figure 3-14, open form), accompanied by a structural change to afford a 
facially tridentate TPA ligand with one uncoordinated pyridylmethyl arm. The upfield-shifted singlet signal 

was derived from the methylene protons of the dissociated pyridylmethyl moiety.[26] For further confirmation 
of the formation of the “open-form” complexes with accompanying axial MeCN ligands that were derived 
from the solvent, MS (ESI-TOF) analyses of the four products, that were obtained from the thermal reactions 
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Figure 3-14. 1H NMR spectroscopic changes upon photoirradiation of complexes 4 (a), [4 + H]+ (b), 5 (c), 
and 6 in MeCN-d3 (d). Concentration: 1.7 mM (a), 1.6 mM (b), 1.3 mM (c), 1.7 mM (d). Top: 1H NMR open 

form; bottom: 1H NMR spectra after photoirradiation at 420 nm for 10 h. §: CH2Cl2, : EtOAc, : Et2O, : 
MeOH. 
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of complexes 4, [4 + H]+, 5, and 6, were performed by using MeCN as a solvent. The observed peak clusters 

in the spectra were in good agreement with those expected for the corresponding MeCN-coordinated species 
in light of the m/z values and isotopic patterns (Figure 3-15). In addition, the product of the thermal reaction 

of complex 4 in MeCN gave a 1H NMR signal at δ 2.16 ppm in MeCN-d3, which was ascribed to the 
coordinated MeCN ligand (Figure 3-16). The 1H NMR signal showed a slight downfield shift (by Δδ = 0.20 
ppm) compared to that of free MeCN, owing to coordination to the RuII center. 
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Figure 3-15. MS (ESI-TOF) of complexes 4’ (a), 5’ (b), and 6’ in MeCN (c). Top: experimental results; 
bottom: simulated spectra. 
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Figure 3-16. 1H NMR spectrum of 6’ in MeCN-d3 at room temperature. 

 
Kinetic analysis of the thermal dissociation reactions of the axial pyridine moiety was performed to 

investigate the reaction mechanisms (Table 3-4). The first-order rate constants of the reactions at various 
temperatures were determined in MeCN by monitoring the absorbance changes at 440 nm for each complex 

(see the Experimental Section). The obtained rate constants were plotted against the inverse of the 
temperature to provide an Eyring plot (Figure 3-17).[38] The activation parameters of the reaction, activation 

enthalpy (ΔH‡), and activation entropy (ΔS‡) were determined by linear analysis. The activation parameters 
of the four complexes investigated herein were very similar to one another (Table 3-4), thus indicating that 

their thermal dissociation reactions all proceeded through the same mechanism. The large, negative ΔS‡ 



 51 

values indicate that the transition state involves strong MeCN coordination to the RuII center (see below) 

through an interchange-associative (Ia) mechanism (Scheme 3-2).[39] The positive ΔH‡ values also indicate 
that the seven-coordinate RuII complex is thermodynamically unstable as a transition state.[33] 
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Figure 3-17. Eyring plots for thermal reactions of 4 (a), [4 + H]+ (b), 5 (c) and 6 (d) in MeCN-d3. 
 

Table 3-4. First-order rate constants (k) [× 10–5 s–1] and activation parameters for the thermal structural 
changes of complexes 4, [4 + H]+, 5, and 6 in MeCN-d3. 

 4 [4 + H]+ 5 6 

k (332 K) 1.0 0.90 0.72 0.99 
k (335 K) 1.5 1.3 1.0 1.3 
k (338 K) 1.8 1.8 1.8 1.4 

k (341 K) 2.6 2.0 1.9 2.4 
k (344 K) 3.4 2.8 2.6 2.9 

ΔH‡ [kJ mol–1] 92 77 95 82 

ΔS‡ [J mol–1 K–1] –64 –111 –57 –94 
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Scheme 3-2. A plausible reaction mechanism of the thermal dissociation reaction. M = blank, H+, RuII(bpy)2 
or PdIICl2. 
 
3-2-5. Photoinduced recoordination of the dissociated pyridine 

The photoinduced recoordination reactions of the dissociated pyridine moieties in complexes 4’, [4’ + 
H]+, 5’, and 6’ were investigated by using NMR spectroscopy (Figure 3-14) under photoirradiation at 430 nm. 
On the photoirradiation of a solution of 4’ in MeCN-d3, the 1H NMR signals for the methylene TPA protons 
in the dissociated species gradually diminished, whilst the signals for closed-form complex 4 gradually 

became more intense. After 4 h, the spectroscopic changes ceased, thus indicating that the reaction mixture 
had reached a photostationary state, and the integral ratio between complexes 4 and 4’ was 2:1 (Figure 3-14a, 
bottom), that is, 67% conversion from complex 4’ into complex 4. The photoirradiation of a solution of 
protonated complex [4’ + H]+ also afforded a photostationary state between complexes [4 + H]+ and [4’ + 

H]+. However, in comparison to neutral complex 4, the conversion from the open form into the closed form 
was much improved, thus exhibiting an integral ratio of [4 + H]+/[4’ + H]+ = 5:1 (Figure 3-14b, bottom), that 
is, 83% conversion from complex [4’ + H]+ into [4 + H]+. In sharp contrast, it should be noted that the 
photoirradiation of solutions of dinuclear complexes 5’ and 6’ for 10 h led to complete conversion into 

closed-form species 5 and 6, without the presence of any remaining complexes 5’ and 6’, respectively 
(Figure 3-14c, d, bottom). Similar behaviors were also observed in the photochemical reactions of 
closed-form complexes 4 and [4 + H]+ in MeCN-d3, thus giving rise to a photostationary state that included 
the corresponding open-form complex (4’ or [4’ + H]+). In sharp contrast, no spectroscopic changes were 

observed during the course of the photoirradiation of solutions of 5 and 6 in MeCN-d3. 
To investigate the mechanism of the complete conversion of the open-form dinuclear complexes into their 

corresponding closed form, the quantum yields (φ, at 430 nm) for the photoinduced recoordination of the 
pyridine moiety in complexes 4’, [4’ + H]+, 5’, and 6’ (Table 3-5) were determined. Experiments with 

[FeIII(oxalato)3]3– as an actinometer, in accordance with previously reported procedure,[40] allowed us to 
determine the quantum yields in the photoconversion of complexes 4’, [4’ + H]+, 5’, and 6’ to be 0.014, 
0.015, 0.024, and 0.013, respectively. Because the quantum yields for the four complexes are not 
significantly different to one another, the reason for the different conversion efficiencies of these four 

complexes cannot be the improvement in the quantum yields of the recoordination reactions of the 
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dissociated pyridine moiety relative to those of the corresponding photodissociation reactions. The detailed 

reaction mechanisms will be discussed below. 
 

Table 3-5. Quantum yields (φ) of the recoordination reactions at λ = 430 nm and the photoconversion 
efficiencies of open-form complexes 4’ – 6’. 
Compound Quantum yields (φ) Photoconversion efficiency [%] (λirr [nm]) 
4’ 0.014 67 (430) 
[4’ + H]+ 0.015 83 (430) 
5’ 0.024 100 (430) 
6’ 0.013 100 (430) 
[Ru(TPA)(bpy)]2+ [a] 0.0057 40 (423) 
[Ru(TPA)(bpm)]2+ [a] 0.028 89 (453) 
[Ru(TPA)(phen)]2+ [a] 0.011 65 (423) 

[a] See ref. [26]. 
 
 

3-2-6. Perturbation of the excited states by metal coordination 
As mentioned above, the four RuII-tpphz complexes 4, [4 + H]+, 5, and 6 showed thermal dissociation 

reactions in MeCN, concomitant with their structural transformation into open-form complexes 4’, [4’ + H]+, 
5’, and 6’, respectively, in quantitative yields, which contained a free pyridylmethyl moiety on the facial 

η3-TPA ligand and an axial MeCN ligand. Thus, in MeCN, the open-form complexes are thermodynamically 
more stable than the closed-form complexes. This result is consistent with the calculated energy difference 
between complexes 5 and 5’ as mentioned above. 

Under photoirradiation conditions, the open-form complexes turned back to their corresponding 

closed-form complexes. Complex 4’ afforded a photostationary state with a conversion efficiency of 67% 
from complex 4’, protonated complex [4 + H]+ exhibited improved efficiency (83%) from [4’ + H]+, and 
dinuclear complexes 2 and 3 achieved complete conversion to their corresponding closed-form complexes. 
To elucidate the controlling factor of the photoinduced conversion efficiency, the author focused on the 

perturbation of the energy level of the triplet MLCT excited states (3MLCT*) by protonation and metal 
coordination at the vacant diimine site of the tpphz ligand. It has been proposed that the photodissociation of 
ligands in RuII complexes occurs through the triplet MC excited states (3MC*) that are formed by the thermal 
conversion of the 3MLCT* states, which generated through very fast intersystem crossing from the singlet 

MLCT excited state (1MLCT*).[41] From the resulting 3MC* state, the ligand dissociation proceeds as a 
thermal process through an unstable coordinated intermediate (Figure 3-18a).[41] The photodissociation and 
photo-recoordination reactions of RuII(TPA)(diimine) complexes proceed in the same manner. The axial 
pyridine moiety in the closed form and the coordinated MeCN molecule in the open form dissociate through 

their corresponding 3MC* states. Based on the UV/Vis and emission spectra of complexes, 4, [4 + H]+, 5, 
and 6, the 1MLCT* and 3MLCT* states are stabilized by protonation or metal coordination at the vacant 
diimine site of the tpphz ligand that is bound to the RuII(TPA) unit. The cause of the bathochromic shifts of 
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the MLCT absorption and the emission maxima is stabilization of the LUMO (π*) orbital that is localized on 
the tpphz ligand by protonation or metal coordination.[42] 
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Figure 3-18. Plausible energy diagrams for the photoinduced dissociation and recoordination reactions of 
RuII(TPA)(tpphz) complexes 4 (a), 4’ (b), 5 or 6 (c), and 5’ or 6’ (d). GS denotes the ground state. 

 

The stabilization of the π* orbital of the tpphz ligand was also confirmed by electrochemical studies, in 
which the reduction potential of the tpphz ligand was positively shifted in the order: 5 > 6 > [4 + H]+ > 4 (see 
above). However, protonation and metal coordination at the vacant diimine site of the tpphz ligand probably 

do not affect the 3MC* state of the RuII center in the RuII(TPA) unit, judging from the identical oxidation 
potentials of the RuII/III redox couples for the units in all four complexes. Therefore, in the closed forms, 
which contain the tetradentate TPA ligand, the transition process from the 3MLCT* state into the 3MC* state 
can be perturbed by protonation and metal coordination at the vacant site of the tpphz ligand, when the 
3MLCT* state is well-stabilized relative to the 3MC* state (Figure 3-18c). As a result, the activation barrier 
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(ΔG1
‡) of the thermal transition from the 3MLCT* state into the 3MC state becomes large enough not to be 

overcome at the reaction temperature (Figure 3-19, lower black line). On the other hand, the 3MC* states of 
the open-form complexes are highly stabilized in comparison with those in the closed-form complexes, 
because the RuII centers are weakly coordinated by an MeCN molecule instead of a strong pyridine ring of 
the TPA ligand (Figure 3-18b, d).[43] As a consequence, the 3MC* state is at a lower energy than the 3MLCT* 

state in the MeCN-bound open-form complexes, even after the 3MLCT* state is stabilized by protonation or 
metal coordination at the vacant site of the tpphz ligand (Figure 3-18d). Therefore, the activation barrier of 
the thermal transition from the 3MLCT* state into the 3MC state remains low enough to promote the 
dissociation reaction of the MeCN ligand at the reaction temperature. 
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Figure 3-19. Schematic representation of the stabilization of a 3MLCT* state by metal coordination to the 

ligand and the resulting disturbance of the transition into the MC* state. 
 
3-3. Conclusion 

The completely photochromic structural conversion has been achieved between the closed and open 

forms of dinuclear [{RuII(TPA)}(µ-tpphz)(ML)] complexes (ML = RuII(bpy)2, PdIICl2), thus demonstrating 
molecular bistability. Heating a solution of the closed-form complex in MeCN quantitatively afforded the 

corresponding open-form complex, which contained a coordinated MeCN ligand and a facial η3-TPA ligand, 
with an uncoordinated pyridylmethyl arm. On the contrary, illumination of the solution induced the complete 

conversion of the partially dissociated (open-form) complex that was obtained from the thermal process into 
the original fully coordinated (closed-form) complex. This reversible structural conversion between two 
states of a transition-metal complex has been accomplished by a simple perturbation of the electronic 

structure of the complex, that is, further metal coordination to the other coordination site of the π-conjugated 
bis-diimine ligand of the complex. Metal coordination to the opposite site of the bis-diimine ligand causes a 

lowering of the energy level of the LUMO (π*) orbital of the ligand, which results in the stabilization of the 
3MLCT* state of the complex. In the closed form, the stabilization of the 3MLCT* state hinders the transition 
into the 3MC* state, which is the key excited state in the photoinduced ligand dissociation and recoordination, 

whereas the 3MC* state in the closed form is originally stabilized by the substitution of one pyridine ligand 
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for an MeCN solvent molecule, and thus, the transition from the 3MLCT* to 3MC* is still possible even after 

further metal coordination. 
The strategy presented in this chapter is applicable to the development of the complete regulation of 

molecular functionality by external stimuli on the basis of molecular bistability. This kind of unique 
molecular machinery, which is completely controlled by thermal and photonic stimuli, is highly promising 

for future applications in photoresponsive drug-delivery systems[44] or on/off switchable catalysts.[45, 46] 
 
3-4. Experimental section 
Materials and synthesis. Phendiamine,[31] [RuCl(TPA)]2 (ClO4)2,[35] and [RuCl2(bpy)2]·2H2O[32] were 

prepared according to literature procedures. Phendione was synthesized according to a literature procedure[30] 

and purified by column chromatography on silica gel (Wakogel C-200, 75 – 150 µm; CHCl3/MeOH, 10:1 
v/v). 
Methods. NMR measurements were performed on JEOL EX270 and Bruker AVANCE400 spectrometers. 

UV/Vis absorption spectra were recorded in MeCN on a Shimazu UV-3600 spectrophotometer at room 
temperature. Emission spectra were recorded on JASCO FP-6500 and HITACHI F-4500 spectrofluorometers 
at room temperature. MS (ESI-TOF) was performed on Applied Biosystems QSTAR Pulsar i and JEOL 
JMS-T100CS mass spectrometers. Photoirradiation of the sample was performed by using a Xe light source 

(300 W) on an ASAHI SPECTRA MAX-301. 
[RuII(TPA)(phendione)](PF6)2. Orange solid of [RuII(TPA)]2(ClO4)2

[35] (0.432 g, 0.41 mmol) was added to a 
degassed solution of phendione[30] (0.450 g, 2.1 mmol) in MeOH (50 mL) under an Ar atmosphere. The 
mixture was heated at reflux for overnight and then cooled to room temperature. NH4PF6 was added to the 

solution to give a brown precipitate. The precipitate was filtered, thoroughly washed with Et2O, and then 

dried under vacuum. Yield: 0.551 g (0.62 mmol, 75%). 1H NMR (MeCN-d3): δ 9.86 (dd, J = 5.4, 0.7 Hz, 1H; 
phen-H2), 9.26 (dd, J = 5.4, 1.3 Hz, 1H; phen-H9), 9.08 (d, J = 5.8 Hz, 1H; pyr-H6(ax)), 8.71 (dd, J = 7.9, 
1.2 Hz, 1H; phen-H4), 8.42 (dd, J = 7.9, 1.2 Hz, 1H; phen-H7), 8.18 (dd, J = 6.2, 2.1 Hz, 1H; phen-H3), 7.80 

(dd, J = 5.6, 0.7 Hz, 2H; pyr-H6(eq)), 7.74 – 7.70 (m, 3H; pyr-H4(ax) and pyr-H4(eq)), 7.67 (td, J = 7.8, 1.5 
Hz, 1H; phen-8 H), 7.41 (d, J = 7.9 Hz, 3H; pyr-H3(ax) and pyr-H3(eq)), 7.34 (td, J = 6.7, 1.4 Hz, 1H; 
pyr-H5(ax)), 7.05 (t, J = 6.5 Hz, 2H; pyr-H5(eq)), 5.50 and 5.17 (ABq, J = 17.1 Hz, 4H; CH2(eq)), 4.75 (s, 
2H; CH2(ax)). MS (ESI): calcd for [M – 2PF6]2+: m/z = 301.05, found: m/z = 301.06. Anal: calcd (%) for 

C30H24N6O2P2F12Ru: C 40.41, H 2.71, N 9.43, found: C 40.70, H 2.90, N 9.70. 
[RuII(TPA)(tpphz)](PF6)2 (4): Brown solid of [RuII(TPA)(phendione)](PF6)2 (0.199 g, 0.22 mmol) was 
added to a degassed solution of phendiamine[31] (0.100 g, 0.48 mmol) in MeOH (60 mL) under an Ar 
atmosphere. The mixture was heated at reflux for 12 h and then cooled to room temperature. The solution 

was filtered through Celite 535 and thoroughly washed with MeCN. NH4PF6 and water were added to the 
concentrated filtrate to afford a precipitate. The orange product was filtered, thoroughly washed with water, 
EtOAc, and Et2O, and dried under vacuum. Yield: 0.172 g (0.16 mmol, 73%). 1H NMR (MeCN-d3, 1.7 mM): 

δ 10.14 (d, J = 5.6 Hz, 1H; tpphz(h)-H6), 9.75 – 9.70 (m, tpphz(h)-H4, 3H; tpphz(j)-H6 and pyr-H6(ax)), 
9.62 (d, J = 7.8 Hz, 1H; tpphz(c)-H6), 9.56 (d, J = 5.6 Hz, 1H; tpphz(a)-H4), 9.32 (d, J = 6.1 Hz, 1H; 
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tpphz(a)-H6), 8.98 (dd, J = 4.5, 1.7 Hz, 1H; tpphz(j)-H4), 8.85 (dd, J = 4.5, 1.7 Hz, 1H; pyr-H5(ax)), 8.43 

(dd, J = 8.1, 2.7 Hz, 1H; tpphz(h)-H5), 8.02 (dd, J = 8.1, 2.8 Hz, 1H; tpphz(c)-H4), 7.96 (d, J = 5.0 Hz, 2H; 
pyr-H6(eq)), 7.92 – 7.85 (m, 2H; pyr-H4(ax) and tpphz(j)-H5), 7.78 (t, J = 8.4 Hz, 1H; tpphz(c)-H5), 7.62 
(td, J = 7.7, 1.7 Hz, 2H; pyr-H4(eq)), 7.48 – 7.42 (m, 4H; pyr-H3(ax), pyr-H3(eq), and tpphz(a)-H5), 6.96 (t, 
J = 6.1 Hz, 2H; pyr-H5(eq)), 5.72 and 5.28 (ABq, J = 17.1 Hz, 4H; CH2(eq)), 4.85 (s, 2H; CH2(ax)). UV/Vis 

(MeCN): λmax (log ε) = 363 (ππ*, 4.37), 381 (ππ*, 4.54), 424 nm (MLCT, 4.13); MS (ESI): calcd for [M 
– 2PF6]2+: m/z = 388.08, found: m/z = 388.10. Anal: calcd (%) for C42H30N10P2F12Ru·0.5H2O: C 46.94, H 2.91, 
N 13.03, found: C 46.97, H 3.19, N 13.12. 

[Ru(η 3-TPA)(tpphz)(MeCN)(PF6)2 (4’). A solution of 4 (10 mg, 9.4 µmol) in MeCN (5 mL) was heated at 
60 ºC for 5 days in the dark. EtOAc was added to this solution to afford a precipitate. The orange precipitate 

was filtered, thoroughly washed with EtOAc and Et2O, and dried under vacuum. Yield: 8 mg (7 µmol, 70%). 
1H NMR (MeCN-d3, 1.7 mM): δ 9.79 (dd, J = 8.1, 1.5 Hz, 2H; tpphz(h)-H6 and tpphz(j)-H6), 9.71 (d, J = 
8.3 Hz, 2H; tpphz(h)-H4 and tpphz(j)-H4), 9.11 (d, J = 5.3 Hz, 2H; tpphz(a)-H6 and tpphz(c)-H6), 9.01(d, J 

= 3.2 Hz, 2H; pyr-H6(eq)), 8.79 (dd, J = 5.3, 1.2 Hz, 2H; tpphz(a)-H4 and tpphz(c)-H4), 8.44 (d, J = 4.0 Hz, 
1H; pyr-H6(ax)), 8.08 (dd, J = 8.2, 5.3 Hz, 2H; tpphz(h)-H5 and tpphz(j)-H5), 7.96 – 7.90 (m, 4H; 
pyr-H4(eq), tpphz(a)-H5, and tpphz(c)-H5), 7.54 – 7.46 (m, 5H; pyr-H4(ax), pyr-H5(eq), and pyr-H3(eq)), 
7.18 (dd, J = 6.8, 4.9 Hz, 1H; pyr-H5(ax)), 7.02 (d, J = 7.8 Hz, 1H; pyr-H3(ax)), 4.88 and 4.28 (ABq, J = 

17.1 Hz, 2H; CH2(eq)), 3.42 (s, 1H; CH2(ax)), 2.16 (s, 3H; MeCN). UV/Vis (MeCN): λmax (log ε) [nm] = 433 
(MLCT, 3.84). MS (ESI): calcd for [M – 2PF6]2+: m/z = 408.60, found: m/z = 408.56. 

[Ru(TPA)(tpphz-H+)](PF6)3 ([4 + H]+). Trifluoromethanesulfonic acid (8 µL, 0.09 mmol) was added to a 
solution of complex 4 (0.031 g, 0.029 mmol) in MeCN (20 mL). The solution was filtered through Celite 535 

and thoroughly washed with MeCN. NH4PF6 and water were added to the concentrated filtrate to afford a 
precipitate. The orange product was filtered, thoroughly washed with water, and dried under vacuum. Yield: 

0.021 g (0.017 mmol, 59%). 1H NMR (MeCN-d3, 1.6 mM): δ 10.17 – 10.12 (m, 2H; tpphz(h)-H6 and 
pyr-H6(ax)), 10.07 (dd, J = 8.2, 1.5 Hz, 1H; tpphz(h)-H4), 9.99 (dd, J = 8.2, 1.2 Hz, 1H; tpphz(j)-H6), 9.78 

(dd, J = 8.1, 0.8 Hz, 1H; tpphz(c)-H6), 9.58 (dd, J = 5.4, 1.1 Hz, 1H; tpphz(a)-H6), 9.30 – 9.21 (m, 3H; 
tpphz(a)-H4, tpphz(j)-H4, and pyr-H5(ax)), 8.51 (dd, J = 8.1, 5.5 Hz, 1H; tpphz(h)-H5), 8.29 – 8.21 (m, 2H; 
tpphz(j)-H5 and pyr-H4(ax)), 8.07 (dd, J = 7.1, 5.4 Hz, 1H; tpphz(c)-H4), 7.81 (dd, J = 5.8, 0.8 Hz, 2H; 
pyr-H6(eq)), 7.76 (td, J = 7.7, 1.3 Hz, 1H; tpphz(a)-H5), 7.61 (td, J = 7.7, 1.5 Hz, 2H; pyr-H4(eq)), 7.45 – 

7.37 (m, 4H; pyr-H3(ax), pyr-H3(eq), and tpphz(c)-H5), 6.92 (t, J = 6.1 Hz, 2H; pyr-H5(eq)), 5.65 and 5.23 

(ABq, J = 17.1 Hz, 4H; CH2(eq)), 4.80 (s, 2H; CH2(ax)). UV/Vis (MeCN): λmax (log ε) [nm] = 363 (ππ*, 
4.26), 378 (ππ*, 4.37), 428 (MLCT, 4.00). Anal: calcd (%) for C42H31N10P3F18Ru·H2O·0.5MeCN: C 41.31, 
H 2.78, N 11.76, found: C 41.48, H 3.06, N 11.56. 

[Ru(η 3-TPA)(tpphz-H+)(MeCN)](PF6)3 ([4’ + H]+). A solution of [4 + H]+ (12 mg, 0.010 mmol) in MeCN 
(5 mL) was heated at 60 ºC for 5 days in the dark. EtOAc was added to the solution to afford a precipitate. 
The orange precipitate was filtered, thoroughly washed with EtOAc and Et2O, and dried under vacuum. 

Yield: 9 mg (7 µmol, 70%). 1H NMR (MeCN-d3, 1.6 mM): δ 9.77 (dd, J = 8.1, 1.6 Hz, 2H; tpphz(h)-H6 and 
tpphz(j)-H6), 9.66 (d, J = 8.0 Hz, 2H; tpphz(h)-H4 and tpphz(j)-H4), 9.12 (d, J = 5.5 Hz, 2H; tpphz(a)-H6 
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and tpphz(c)-H6), 8.95 (d, J = 3.6 Hz, 2H; pyr-H6(eq)), 8.79 (dd, J = 5.3, 1.2 Hz, 2H; tpphz(a)-H4 and 

tpphz(c)-H4), 8.44 (d, J = 4.8 Hz, 1H; pyr-H6(ax)), 8.07 (dd, J = 8.2, 5.3 Hz, 2H; tpphz(h)-H5 and 
tpphz(j)-H5), 7.95–7.90 (m, 4H; pyr-H4, tpphz(a)-H5, and tpphz(c)-H5), 7.52 – 7.46 (m, 5H; pyr-H4(ax), 
pyr-H5(eq), and pyr-H3(eq)), 7.18 (dd, J = 7.6, 4.9 Hz, 1H; pyr-H5(ax)), 7.04 (d, J = 7.8 Hz, 1H; 
pyr-H3(ax)), 4.88 and 4.28 (ABq, J = 16.9 Hz, 2H; CH2(eq)), 3.43 (s, 1H; CH2(ax)), 2.16 (s, 3H; MeCN). 

UV/Vis (MeCN): λmax (log ε) [nm] = 408 (MLCT, 3.98). 
[(bpy)2Ru(µ-tpphz)Ru(TPA)](PF6)4 (5). A solution of [RuCl2(bpy)2]·2H2O[32] (96 mg, 0.19 mmol) and 
silver trifluoromethane-sulfonate (98 mg, 0.38 mmol) in acetone (30 mL) was heated at 40 ºC for 8 h and 
then cooled to room temperature. After filtration to remove the resulting silver chloride and washing the 

solid with acetone (10 mL), the solution of complex 4 (82.3 mg, 0.077 mmol) in acetone (20 mL) was added 
to the collected filtrate. Then, the mixture was degassed and stirred for 3 days under an Ar atmosphere at 
room temperature. The solution was filtered, NH4PF6 and water were added, and the mixture was stored at 4 
ºC for 2 h until a red precipitate appeared. The precipitate was filtered off, washed with water, EtOH, and 

Et2O, and dried under vacuum. Yield: 110 mg (0.062 mmol, 80%). 1H NMR (MeCN-d3, 1.3 mM): δ 10.56 (d, 
J = 4.5 Hz, 1H; tpphz(h)-H6), 10.34 (d, J = 7.2 Hz, 1H; tpphz(h)-H4), 10.24 (d, J = 7.0 Hz, 1H; tpphz(j)-H6), 
10.14 – 10.04 (m, 2H; tpphz(j)-H4 and pyr-H6(ax)), 9.64 (d, J = 7.3 Hz, 1H; tpphz(c)-H6), 8.92 – 8.85 (m, 
5H; pyr-H5(ax), pyr’-H6(ax), and pyr’-H6(eq)), 8.72 – 8.63 (m, 3H; tpphz(h)-H5 and pyr’-H3(eq)), 8.33 – 

8.05 (m, 12H; pyr-3H(ax), pyr-4H(ax), pyr-H6(eq), pyr’-H5(ax), pyr’-H3(ax), pyr’-H4(eq), tpphz(c)-H4, and 
tpphz(j)-H5), 7.87 (t, J = 7.7 Hz, 1H; tpphz(a)-H6), 7.77 – 7.60 (m, 8H; pyr-H5(eq), pyr-H3(eq), 
pyr’-H4(ax), tpphz(a)-H5, and tpphz(a)-H4), 7.52 (t, J = 6.0 Hz, 1H; tpphz(c)-H5), 7.42 (t, J = 5.9 Hz, 2H; 
pyr’-H5(eq)), 7.05 (t, J = 6.1 Hz, 2H; pyr-H4(eq)), 6.12 and 5.59 (ABq, J = 17.5 Hz, 4H; CH2(eq)), 5.18 (s, 

2H; CH2(ax)). UV/Vis (MeCN): λmax (log ε) [nm] = 353 (ππ*, 4.40), 371 (ππ*, 4.51), 442 (MLCT, 4.39). 
MS (ESI): calcd for [M – 4PF6]4+: m/z = 297.55, found: m/z = 297.59. Anal: calcd (%) for 
C62H46N14P4F24Ru2·2H2O: C 41.25, H 2.79, N 10.86, found: C 41.10, H 2.85, N 10.77. 

[(bpy)2Ru(µ-tpphz)Ru(η 3-TPA)(MeCN)](PF6)4 (5’). A solution of 5 (20 mg, 0.011 mmol) in MeCN (5 
mL) was heated at 60 ºC for 5 days in the dark. EtOAc was added to this solution to form a precipitate. The 
orange precipitate was filtered, thoroughly washed with EtOAc and Et2O, and dried under vacuum. Yield: 15 

mg (8.3 µmol, 75%). 1H NMR (MeCN-d3, 1.3 mM): δ 10.03 (d, J = 5.3 Hz, 2H; tpphz(h)-H6 and 
tpphz(j)-H6), 9.99 (dd, J = 8.3, 1.2 Hz, 2H; tpphz(a)-H6 and tpphz(c)-H6), 9.06 (d, J = 5.4 Hz, 2H; 

pyr-H6(eq)), 8.84 (dd, J = 5.4, 1.2 Hz, 2H; pyr’-H6(ax)), 8.58 (d, J = 8.1 Hz, 2H; pyr’-H6(eq)), 8.54 (d, J = 
8.2 Hz, 2H; tpphz(h)-H4 and tpphz(j)-H4), 8.44 (d, J = 4.8 Hz, 1H; pyr-H6(ax)), 8.30 (dd, J = 5.3, 1.2 Hz, 
2H; tpphz(a)-H4 and tpphz(c)-H4), 8.18 – 8.12 (m, 4H; tpphz(h)-H5 and tpphz(j)-H5), 8.05 – 8.00 (m, 4H; 
pyr’-H4(ax) and pyr’-H4(eq)), 7.93 – 7.87 (m, 4H; pyr-H4(eq), tpphz(a)-H5, and tpphz(c)-H5), 7.74 (d, J = 

5.5 Hz, 2H; pyr’-H3(ax) and pyr’-H3(eq)), 7.56 (td, J = 7.8, 1.8 Hz, 1H; pyr-H4(ax)), 7.51 – 7.44 (m, 6H; 
pyr-H5(eq), pyr’-H5(ax) and pyr’-H5(eq)), 7.28 – 7.20 (m, 3H; pyr-H5(ax), pyr-H3(eq)), 6.96 (d, J = 7.8 Hz, 
1H; pyr-H3(ax)), 4.85 and 4.25 (ABq, J = 17.1 Hz, 2H; CH2(eq)), 3.31 (s, 2H; CH2(ax)), 2.16 (s, 3H; MeCN). 

UV/Vis (MeCN): λmax (log ε) [nm] = 437 (MLCT, 4.33). MS (ESI): calcd for [M – 4PF6]4+: m/z = 307.81; 
found: m/z = 307.81. 
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[Cl2Pd(µ-tpphz)Ru(TPA)](PF6)2 (6). A solution of 4 (42 mg, 0.040 mmol) and PdCl2 (41 mg, 0.29 mmol) 
in EtOH (25 mL) was degassed and heated at reflux for 24 h under an Ar atmosphere. Then, the solution was 
cooled to room temperature and the solvent was removed under vacuum. The residual brown solid was 
dissolved in MeCN and the black precipitate was filtered off. The volatile compounds in the orange filtrate 
were removed and the residue was dissolved in a small amount of DMSO. The solution was filtered, NH4PF6 

and water were added, and the mixture was stored at 4 ºC for 2 h until a red precipitate appeared. The 
precipitate was filtered off, washed with water, EtOH, and Et2O, and dried under vacuum. Yield: 21 mg 

(0.017 mmol, 43%). 1H NMR (MeCN-d3, 1.5 mM): δ 10.32 (d, J = 5.1 Hz, 1H; tpphz(h)-H6), 9.98 (d, J = 8.2 
Hz, 1H; tpphz(h)-H4), 9.70 (d, J = 8.1 Hz, 1H; tpphz(j)-H6), 9.64 (d, J = 5.3 Hz, 1H; tpphz(a)-H6), 9.59 – 

9.56 (m, 2H; tpphz(c)-H6 and pyr-H6(ax)), 9.30 (d, J = 5.3 Hz, 1H; tpphz(a)-H4), 9.11 – 9.06 (m, 2H; 
tpphz(j)-H4 and pyr-H5(ax)), 7.91 (d, J = 5.0 Hz, 2H; pyr-H6(eq)), 7.76 (t, J = 7.0 Hz, 1H; tpphz(a)-H5), 
7.58 (td, J = 7.8, 1.5 Hz, 2H; pyr-H4(eq)), 7.46 – 7.38 (m, 4H; tpphz(c)-H3, pyr-H3(ax), and pyr-H3(eq)), 
6.89 (t, J = 6.3 Hz, 2H; pyr-H5(eq)), 5.66 and 5.22 (ABq, J = 17.0 Hz, 4H; CH2(eq)), 4.80 (s, 2H; CH2(ax)). 

UV/Vis (MeCN): λmax (log ε) [nm] = 359 (ππ*, 4.37), 378 (ππ*, 4.54), 437 (MLCT, 4.06). MS (ESI): 
calcd for [M – 2PF6]2+: m/z = 476.51, found: m/z = 476.49. Anal: calcd (%) for C42H30N10P2F12Cl2RuPd: C 
38.89, H 2.80, N 10.80, found: C 39.19, H 2.50, N 10.88. 

[Cl2Pd(µ-tpphz)Ru(η 3-TPA)(MeCN)](PF6)2 (6’). A solution of 6 (12 mg, 9.7 µmol) in MeCN (5 mL) was 
heated at 60 ºC for 5 days in the dark. EtOAc was added to this solution to afford a precipitate. The orange 
precipitate was filtered, thoroughly washed with EtOAc and Et2O, and dried under vacuum. Yield: 8 mg (6 

µmol, 62%). 1H NMR (MeCN-d3, 1.7 mM): δ 9.99 (dd, J = 4.2, 1.2 Hz, 2H; tpphz(h)-H6 and tpphz(j)-H6), 
9.64 (dd, J = 8.2, 1.3 Hz, 2H; tpphz(h)-H4 and tpphz(j)-H4), 9.23 (dd, J = 5.4, 1.3 Hz, 2H; tpphz(a)-H6 and 

tpphz(c)-H6), 9.10 (d, J = 5.2 Hz, 2H; tpphz(a)-H4 and tpphz(j)-H4), 8.89 (dd, J = 5.3, 1.3 Hz, 2H; 
pyr-H6(eq)), 8.47 (dd, J = 4.8, 1.0 Hz, 1H; pyr-H6(ax)), 8.24 – 8.18 (m, 4H; pyr-H4(eq), tpphz(h)-H5, and 
tpphz(j)-H5), 7.91 (td, J = 7.9, 1.5 Hz, 2H; tpphz(a)-H5 and tpphz(c)-H5), 7.56 (td, J = 7.8, 1.8 Hz, 1H; 
pyr-H4(ax)), 7.52 – 7.54 (m, 4H; pyr-H3(eq) and pyr-H5(eq)), 7.22 (m, 1H; pyr-H5(ax)), 7.04 (d, J = 7.9 Hz, 

1H; pyr-H3(eq)), 4.87 and 4.27 (ABq, J = 17.0 Hz, 4H; CH2(eq)), 3.40 (s, 2H; CH2(ax)), 2.15 (s, 3H; MeCN). 

UV/Vis (MeCN): λmax (log ε) [nm] = 405 (MLCT, 3.82). MS (ESI): calcd for [M – 2PF6]2+: m/z = 499.04, 
found: m/z = 499.04. 
 

Electrochemical measurements. Cyclic and differential-pulse voltammetry were performed in MeCN in the 
presence of 0.1 M [(n-Bu)4N]PF6 (TBAPF6) as an electrolyte under an Ar atmosphere at room temperature, 
with a Pt disk as a working electrode, Ag/AgNO3 as a reference electrode, and Pt wire as an auxiliary 
electrode. 

 
Photoirradiation. The photoirradiation of 4, [4 + H]+, 5, and 6 was performed by using a Xe light source 
(300 W) on an ASAHI SPECTRA MAX-301 that was equipped with a band-path filter for a 
bandwidth-at-half-maximum of 20 nm, centered at 430 nm. The complexes were dissolved in freshly 

distilled MeCN to a concentration of 3.4 × 10–5 M for the UV/Vis measurements and in MeCN-d3 to a 
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concentration of 1.6 mM for the 1H NMR experiments. The sample solutions were degassed by bubbling 

with Ar. The degassed solutions were irradiated at 430 nm for 12 h and the reaction was monitored by 
monitoring the absorption or 1H NMR spectroscopic changes. 
Determination of quantum yields: The quantum yields of the photodissociation reactions of 4, [4 + H]+, 5, 
and 6 were determined by using standard methods on an actinometer (potassium ferrioxalate) in water with 

photoirradiation at 430 nm.[40] The reaction was monitored to observe the decrease in absorbance at 430 nm 
over time. The data for the initial stage, during which a linear change was observed, were used to determine 
the quantum yield.[47] 
 

Kinetics analysis of the thermal processes. The absorbance change at 440 nm was monitored and fit to 
Equation (1). 
 
Abs = Abs∞ + (Abs0 – Abs∞)e–kt   (1) 

 
Determination of rate constants by using 1H NMR spectroscopy: The concentration of the starting complex at 
each time was determined as the integral ratio between the signal of the equatorial methylene moieties of the 
TPA ligand and that of the methyl groups of tetraethylsilane, which was used as an internal standard. The 

decrease in concentration of the starting complex was plotted against the time and the plot was fitted to 
Equation (2). 
 
c = c0e–kt     (2) 

 
Similar experiments were performed at various temperatures and the obtained rate constants were plotted 
against the reciprocal of the temperature. The resulting plot was fitted to the Eyring equation (Equation (3)) 
to estimate the activation parameters. 

 

ln(kT–1) = –ΔH‡R–1T–1 + ΔS‡R–1 + ln(χkB/h)  (3) 
 
X-ray crystallography of 4. A single crystal of 4 was obtained by recrystallization through the slow 

diffusion of benzene into its solution in acetone in the presence of excess sodium tetraphenylborate to 
exchange the counteranion for improved crystallinity. The diffraction data were measured on a Rigaku 
Mercury CCD system at the Photon Factory–Advanced Ring for Pulse X-rays (PF-AR NW2A) of the High 
Energy Accelerator Research Organization (KEK). The data were integrated, scaled, and corrected for 

absorption by using the HKL2000 program. The structure was solved by using direct methods (SIR-97) and 
expanded with differential Fourier techniques. All non-hydrogen atoms were refined anisotropically and the 
refinement was performed by using full-matrix least-squares on F. All calculations were performed by using 
the Yadokari-XG crystallographic software package.[48] 

Crystallographic data: C42H30N10Ru·2B(C6H5)4·C4H8O2; Mw = 904.40; red-orange crystals; monoclinic; space 
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group P21/n; a = 14.3387(7), b = 17.8504(8), c = 33.121(2) Å; β = 95.39(2)º; V = 8439.9(8) Å3; Z = 4; ρcalcd = 

1.321 g cm–3; F000 = 3512; R1 = 0.1071 (I > 2σ(I)), wR2 = 0.3066 (all data); GOF = 0.984. CCDC-921694 (4) 
contains the supplementary crystallographic data and these data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
 

Computational methods. The structures of 5 and 5’ were optimized by using the hybrid 
(Hartree–Fock/DFT) B3LYP functional.[49] The SDD basis set[50] were used for Ru atoms and the D95** 
basis set[51] for H, C, and N atoms. The program was the Gaussian 09 package.[52] A model structure of 2 was 
developed on the basis of the crystal structures of [RuII(TPA)(phen)](PF6)2

[26] and cis-[RuIICl2(bpy)2].[32] 
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Chapter 4 
Photocatalytic and photoelectrocatalytic hydrogen evolution 

using a ruthenium(II)-tpphz complex 
 

4-1. Introduction 
Dihydrogen is one of plausible candidates of clean energy sources to replace fossil fuels;[1, 2] however, 

present productions of dihydrogen mainly require a great amount of thermal energy. In the case of 
steam-methane reforming, which is the most general method to produce dihydrogen at present, the process 

proceeds at 700 – 800 ºC in the presence of a Ni or Ru catalyst and releases a large amount of carbon 
dioxide.[2e] Thus, production of dihydrogen from abundant sources such as water with use of clean and 
sustainable energy including sunlight is inevitably required for future sustainable society.[3-8] 

Along this line, photocatalytic water splitting has been intensively investigated with use of 

heterogeneous catalysts such as semiconducting materials;[9] for example, Fujishima and Honda have 
reported electrochemical photolysis of water, so-called ‘Honda-Fujishima effect’, in which a semiconductor 
electrode (TiO2) loaded with a continuous voltage is photoirradiated to evolve dioxygen and dihydrogen 
molecules from the surface as a result of water-splitting.[9a] When a noble metal such as Pt, Pd, or Rh is 

deposited on semiconductor particles consisting of TiO2, white light irradiation to the semiconducting 
particles allows us to observe photocatalytic hydrogen evolution based on water-splitting, in which the 
semiconductor particles and the metal loaded on their surface play roles of a photocatalyst and a promoter, 
respectively.[9b] 

For the first example of homogeneous photocatalytic hydrogen-evolution systems, Sutin and coworkers 
have employed a CoII complex having a macrocyclic ligand as a catalyst and [Ru(bpy)3]2+ ion as a 
photosensitizer to reduce protons of water molecules in the presence of ascorbate ion.[6a] Later, Castellano 
and coworkers have improved the turnover number (TON) of the catalysis up to 35 with use of a 

CoII-dimethylglyoximate complex as a catalyst in the presence of CuI complex as a photosensitizer and 
dimethyl-p-toluidine as an electron donor.[6e] Additionally, a molecular catalyst for hydrogen evolution, in 
which a PdII complex moiety as a catalyst and a RuII complex moiety as a photosensitizer are covalently 
linked, has been also reported to show a relatively high TON, 150 (Figure 4-1).[8a] Including these examples  
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Figure 4-1. Photocatalytic hydrogen evolution using RuII–PdII dyad complex. 
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FeII complex in THF has been recently reported, in which the 1,2-phenylenediamine ligands of the complex 

mentioned above, molecular catalysts for hydrogen evolution reported so far include a metal center as an 
active site of the hydrogen evolution. On the other hand, photochemical hydrogen production with use of an 
has been reported to act as a hydrogen evolution site.[10] 

Herein, the author describes photocatalytic hydrogen evolution catalyzed by a RuII-complex (7 or 8) 

having a π-expanded heteroaromatic diimine ligand with use of a sacrificial reductant such as triethylamine. 
Scrutiny into the hydrogen production process revealed that the reaction involves an intermediate having a 

2H-reduced π-expanded heteroaromatic diimine ligand, and thus, the Ru moiety is not the catalytic site but 
just a photosensitizer and the π-expanded heteroaromatic diimine ligand plays a principal role in the 
hydrogen evolution as the active site. 
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Chart 4-1. Molecular structures of ruthenium(II)-polypyridine complexes 7, 8, 9 and 10. 

 
4-2. Results and discussion 
4-2-1. Electrochemical measurements and phosphorescence quenching of 7 

The RuII complex, 7,[11] employed as a catalyst in this work, has two 2,2’-bipyridine (bpy) molecules and 

one tetrapyridophenazine (tpphz) molecule as ligands (Chart 4-1). As a counter anion of the complex, 
perchlorate was chosen due to the reasonable solubility into aqueous media. In the cyclic and 
differential-pulse voltammograms (CV and DPV, respectively) of 7·(ClO4)2 in CH3CN including 0.1 M 
tetrabutylammonium hexafluorophosphate ((n-Bu)4NPF6) as an electrolyte, reduction waves were observed 

at –0.98 and –1.12 V vs SCE (Figure 4-2), the former of which was assigned to the reduction of the tpphz 
ligand and the latter was to that of a bpy ligand.[11] 

To explore the photochemical properties of 7, the reductive quenching behaviors of the triplet excited 
state of 7 (37*)[12] were investigated with use of various chemical reductants. The emission spectrum of 

7·(ClO4)2 with the excitation wavelength at 424 nm in a water : CH3OH = 1 : 1 mixed solvent, in the  
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Figure 4-2. CV and DPV of 7·(ClO4)2 (1 mM) in MeCN including (n-Bu)4NPF6 (0.1 M) at room 

temperature. 
 
of reductants, exhibited phosphorescence centered at 634 nm at room temperature (Figure 4-3; black line). 
Upon addition of Et3N (1.8 M) as a chemical reductant, the phosphorescence was quenched by 76% (Figure 

4-3; red line); hence, 37* can be efficiently quenched by Et3N. For seeking a better sacrificial reductant, 
phosphorescence quenching efficiencies were determined with use of other reductants (Table 4-1). Among 
the reductants examined in this work, L-ascorbic acid (As) and oxalic acid (Ox) exhibited comparable 
quenching efficiencies to that with Et3N; 89% for As and 61% for Ox, and N-ethylmorpholine (EtMor) 

performed quenching with lower efficiency of 12%. Ferrocene (Fc) as a reductant also showed degradation 
of the phosphorescence of 7. However, interference on light absorption of 7 by the absorption of Fc was very 

severe in the visible region (ε = 82 for Fc at λmax = 440 nm), because a large excess amount of Fc, 1000 equiv 
against 7·(ClO4)2, was used in the experiment, and thus, the incident light should be exclusively absorbed 
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Figure 4-3. Phosphorescence spectra of 7·(ClO4)2 (25 mM, λex = 424 nm) in water : MeOH = 1 : 1 (black 
line) and in water : MeOH : Et3N = 3 : 3 : 2 mixed solvents (red line). 
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with Fc. Therefore, the quenching efficiencies could not be estimated correctly. The quenching efficiencies 

of Et3N, As, Ox and EtMor can be accounted by relation between the oxidation potentials (Eox) of the 
reductants and the reduction potential (Ered) of 37*; the calculated Ered of 37* is +1.06 V vs SCE, and thus, 37* 
can be quenched by Et3N (Eox = +0.80 V vs SCE), As (+0.15), Ox (+0.98) and EtM (> +1.0), judging from 
the Eox values obtained from DPV measurements (Figure 4-4). Additionally, as Eox of the reductant lowers, 

the quenching efficiency becomes higher, due to the increase of driving force of electron transfer from the 
reductants to 37*. 
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Figure 4-4. DPVs of triethylamine (11 mM, red), L-ascorbic acid (1 mM, orange), oxalic acid (1 mM, blue 
line) and N-ethylmorpholine (11 mM, green line) in MeOH : phosphate buffer (pH 7.0) = 1 : 1 mixed 
solvent. 

 
Table 4-1. Summary of the properties of the electron donors employed in this work: the first oxidation 
potentials (Eox) of electron donors, quenching efficiencies (Eff) for phosphorescence of 7·(ClO4)2, the amount 
of hydrogen evolution catalyzed by 7·(ClO4)2 with an electron donor under photoirradiation (380 – 670 nm), 
and the initial rates (vH2) of the photocatalytic hydrogen evolution under photoirradiation (380 – 670 nm)[a]

 

Entry Electron Donor Eox [V vs SCE] Eff H2 evolution [µmol][b] vH2 [nmol h–1] 

1 Et3N +0.80[c] 76%[e] 0.083 8.2[e] 
2 N-ethylmorpholine > 1[c] 12%[e] 0.015 1.5[e] 
3 Oxalic Acid +0.98[c] 61%[f] 0.015 1.5[f] 
4 L-Ascorbic Acid +0.15[c] 89%[g] 0.003 0.25[g] 

5 Ferrocene +0.05[d] ––– 0.029 0.3[h] 

[a] [7·(ClO4)2] = 25 µM for all measurements. [b] The amount of H2 evolved for initial 10 h. [c] In 
CH3OH/phosphate buffer (1 : 1 v/v, pH 7.0). [d] In CH3OH/water (4 : 1 v/v) with 0.1 M 

tetramethylammonium chloride as an electrolyte. [e] In CH3OH/H2O/electron donor (3 : 3 : 2 v/v, 4 mL): the 
concentration of the electron donor in the solution is 1.8 M. [f] In CH3OH/phosphate buffer (1 : 1 v/v, 4 mL, 
pH 6.0) with an electron donor (1.1 M). [g] In CH3OH/phosphate buffer (1 : 1 v/v, 4 mL, pH 7.0) with an 
electron donor (0.025 M). [h] In CH3OH/water (4 : 1 v/v, 4 mL) with an electron donor (0.025 M).  
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4-2-2. Photocatalytic hydrogen evolution with 7·(ClO4)2 as a catalyst 

Photoirradiation of white light (380 – 670 nm) to the solution of 7·(ClO4)2 (25 µM) in a mixed solvent of 
water : CH3OH = 1 : 1 (3 mL), including Et3N (1.8 M) as a sacrificial reductant, was performed for 6 h at 

room temperature. As a result, evolution of 0.08 µmol of dihydrogen was observed with gas chromatography 
(GC) and the TON based on the catalyst was determined to be 1. Similar photocatalystic hydrogen evolution 

was also performed with the other reductants employed for the reductive quenching experiments in Section 
4-2-1; however, the amount of hydrogen evolution was not related to the quenching efficiencies and using 
Et3N as the reductant afforded the highest rate of hydrogen evolution among them (Table 4-1). The low 
efficiency for As as a reductant is probably due to the back electron transfer, because the redox process of As 

is exceptionally reversible among the reductants used in this study.[13]  

Dilution of the catalyst to 2.5 µM and further elongation of the reaction time to 380 h, 1.6 µmol of 
dihydrogen evolved was detected and then the TON was improved to 160. The highest TON was obtained 
with use of triethanolamine as a reductant, and the TON of the hydrogen evolution was determined to be 620 

for 380 h. 
 
4-2-3. Photoelectrocatalytic hydrogen evolutions with 7·(ClO4)2 

To improve an efficiency of the hydrogen evolution, a photoelectrocatalytic reaction[14] was performed, 

using electrolysis as electron sources for the reduction of the tpphz ligand. At first, a change of the electric 
current by irradiation of white light (380 – 670 nm) was observed in CH3OH : borate buffer (pH 9.5) = 1 : 1 
with a continuous voltage at –1.4 V vs Ag/AgCl loaded on the working electrode (Figure 4-5). The current 
clearly increased upon photoirradiation, which indicates that a catalytic reaction can proceed in the presence 

of 7·(ClO4)2 under photoirradiation accompanying with electrolysis. When photoirradiation of a white light 
(380 – 670 nm) was performed for 3 h on the glassy-carbon working electrode surface, on which a  
 

 
Figure 4-5. Electric currents with (white) and without (red) photoirradiation of white light (380 – 670 nm) to 

the solution of 7·(ClO4)2 (300 µM) in CH3OH : borate buffer (pH 9.5) = 1 : 1, applying a continuous voltage 
at –1.4 V vs Ag/AgCl on the working electrode. Working electrode: glassy carbon, counter electrode: Pt wire, 

reference electrode: Ag/AgCl. 
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continuous voltage was loaded at –1.40 V vs Ag/AgCl in the solution of 7·(ClO4)2 (300 µM) in CH3OH : 

borate buffer (pH 9.5) = 1 : 1 mixed solvent (5 mL) containing no chemical electron donors, 76 µmol of 
hydrogen was evolved and the TON based on the catalyst was determined to be 51. In contrast, only the 
electrolysis at the same applied voltage in the dark did not exhibit any hydrogen evolution. Additionally, 
only the photoirradiation without electrolysis did not afford any signs of hydrogen evolution. Therefore, both 

light irradiation and electrolysis are necessary for the hydrogen evolution by 7·(ClO4)2. 
 
4-2-4. Catalytically active site in 7 for the hydrogen evolution 

The coordination sites of the RuII center in 7 are fully occupied with substitution-inert diimine ligands, 

and thus, the RuII center cannot be the active site for the hydrogen production. Therefore, to investigate the 
active site in 7, the catalytic activity of four RuII complexes was explored, having similar structures to that of 

7; complex 8[15] with a π-expanded diimine ligand, in which the two nitrogen atoms at the h- and j-pyridine 
rings of the tpphz ligand are replaced by C-Hs (Chart 4-1), [RuII(bpy)3]2+ (9), and [RuII(bpy)2(bpm)]2+ (10, 

bpm = 2,2’-bipyrimidyl) were also examined as catalysts for hydrogen evolution under the same conditions. 
In consequence, complex 8·(ClO4)2 performed catalytic hydrogen evolution with showing a comparable or 
slightly better efficiency to that of 7·(ClO4)2, whereas with use of complexes 9·(ClO4)2 and 10·(ClO4)2, no 
hydrogen evolution was observed (Figure 4-6). Therefore, the active site of the catalytic hydrogen evolution 

for 7 is presumed to be not the RuII center, not the terminal vacant diimine moiety, but the pyrazine moiety at 
the center of the tppz ligand in 7. 
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Figure 4-6. Amount of dihydrogen evolved by photocatalytic reaction (λirr = 380 – 670 nm) using 7·(ClO4)2 
(red filled square), 8·(ClO4)2 (black filled circle), 9·(ClO4)2 (orange triangle) and 10·(ClO4)2 (green 

inverted-triangle). The concentration of the catalyst in the solution was set as 25 µM in water : MeOH : Et3N 
= 1 : 1 : 1 mixed solvent. 
 
4-2-5. Characterization of the reaction intermediate for the hydrogen evolution with 7 

To explore the reaction mechanism of the catalytic hydrogen evolution, UV-Vis and 1H NMR 

spectroscopies were applied to monitor the reaction of 7 under photoirradiation of white light (380 – 670 nm) 
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in the presence of Et3N. Complex 7·(ClO4)2 exhibits an MLCT absorption band at 450 nm and a π-π* 
transition band of the tpphz moiety around 380 nm in the water : CH3OH = 1 : 1 mixed solvent (the light 
blue trace in Figure 4-7). Under photoirradiation with the white light to the solution of 7·(ClO4)2 in the  
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Figure 4-7. UV-Vis spectral change under photoirradiation (380 – 670 nm) to the solution of 7·(ClO4)2 in 
water : CH3OH : Et3N = 1 : 1 : 1 mixed solvent at room temperature: before photoirradiation (light blue 
trace) and after 10 min irradiation (red trace). 
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Figure 4-8. UV-vis spectral changes at room temperature upon photoirradiation (380 – 670 nm) for 30 min 

to the solution of 7·(ClO4)2 (25 µM) in water : MeOH = 1 : 1 mixed solvent, containing a reductant: (a) 
N-ethylmorpholine (1.8 M), (b) oxalic acid (1.1 M), and (c) L-ascorbic acid (0.025 M). 
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presence of Et3N (1.8 M), the π-π* transition band, observed around 380 nm gradually decreased and the 
MLCT band gradually increased, concomitant with the appearance of a broad absorption band in the range of 
500 – 800 nm (the red trace in Figure 4-7), which could be assigned to that due to decomposed products 
derived from 1e–-oxidized Et3N.[16] The change was completed within 10 min, and the quantum yield of the 
change was determined to be 30% by a typical actinometer method.[17] Similar spectral changes were 

observed with use of other reductants (Figure 4-8). In addition, a similar spectral change was observed in the 
case of the electrolytic reduction at –1.4 V vs SCE in the presence of tetramethylammonium chloride 
(Me4NCl) as an electrolyte in a CH3OH : borate buffer (pH 9.5) = 1 : 1 mixed solvent (Figure 4-9). The 

disappearance of the π-π* transition band of the tpphz moiety indicates decrease of the π-conjugation circuit 
expanding to the whole tpphz moiety. 
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Figure 4-9. UV-Vis spectral change of 7·(ClO4)2 (300 µM) in the presence of Me4NCl (0.1 M) as an 
electrolyte in CH3OH : borate buffer (pH 9.5) = 1 : 1 mixed solvent, applying a continuous voltage at –1.4 V 
vs Ag/AgCl at room temperature under dark and Ar atmosphere: before electrolysis (light blue trace) and 
after 6 h electrolysis (red trace). The UV-vis measurements were preformed in a quartz cell with 2 mm path 
length. Working electrode: glassy carbon, counter electrode: Pt wire, reference electrode: Ag/AgCl. 

 
When photoirradiation with white light (380 – 670 nm) was performed to the solution of 7·(ClO4)2 (0.3 

mM) and Et3N (71 mM) in D2O : CD3OD = 1 : 1 mixed solvent, the 1H NMR signals of the tpphz ligand in 7 
showed downfield shifts, whereas those of the bpy ligands were almost intact (Figure 4-10). The 1H NMR 

spectral change suggests that the photoproduct (11) derived from 7 should have a 2H-reduced tpphz ligand at 

the central pyrazine moiety (Scheme 4-1) to cause the decrease of the π-conjugation circuit. In addition, 
complex 8 also afforded a reduced intermediate (12), similar to 11, under photoirradiation in the presence of 
Et3N (Figure 4-11). 
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Scheme 4-1. Photochemical reduction of 7 to form 11. 
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Figure 4-10. Molecular structures of (a) 7 and (b) 11. 1H NMR spectra of 7·(ClO4)2 in D2O : CD3OD = 1 : 1 
mixed solvent in the presence of Et3N (71 mM) (c) and after photoirradiation with white light (380 – 670 
nm) for 30 min at room temperature (d). The red signals indicate those derived from the hydrogen atoms of 

the tpphz moiety, and the symbols indicate the positions of protons in the structures of 7 and 11 shown 
above. 
 

 

Figure 4-11. 1H NMR spectral change of 8·(ClO4)2 (0.20 mM) with Et3N (1.0 mM) in CD3OD : D2O = 1 : 1 
mixed solvent: (a) before and (b) after photoirradiation (380 – 670 nm). 
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The NH atoms of the reduced pyrazine moiety in 11 cannot be observed with 1H NMR spectroscopy in 

deuterated protic solvents due to the exchange with protic deuterated solvents. Therefore, the 1H NMR 
spectrum of 11·(ClO4)2, which was generated from 7·(ClO4)2 by photoirradiation at 450 nm for 2 h in a sealed 
NMR tube, was measured at 223 K in non-deuterated solvents under Ar with use of a “water-gate" 
method.[18] The method successfully suppressed the OH signal at 5.6 ppm, derived from CH3OH and water. 

The CH3 signal of CH3OH was also presaturated with irradiation to observe the exchangeable NH proton 
signal without disturbance with the non-deuterated solvent signals (Figure 4-12a). Furthermore, for a 
reference, the OH signal was presaturated with the conventional irradiation and the CH3 signal of CH3OH 
was suppressed with the “water-gate” method (Figure 4-12b), and the differential spectrum of them was 

obtained (Figure 4-12c). As a result, a broad signal derived from the NHs was observed at 8.1 ppm in the 
non-deuterated solvent (Figure 4-12c, d). 
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Figure 4-12. 1H NMR spectra of 7·(ClO4)2 in CH3OH : benzene-d6 = 9 : 1 mixed solvent with solvent 

suppression by a “water-gate” method for the signal of the hydroxyl group (CH3OH and H2O) and 
presaturation for the signal of the methyl group (CH3OH) (a), and by the “water-gate” method for the signal 
of CH3OH and presaturation for the signal of CH3OH and H2O (b), and the differential spectrum between a 
and b (c and d). The differential 1H NMR spectrum in (e) was obtained with similar procedure for that of (d) 

with (7-15N)·(ClO4)2, and the coupling constant, J(15N-1H) is determined to be 52.4 Hz. All measurements 
were done at 223 K. 
 
In addition, complex (7-15N)·(ClO4)2, whose two nitrogen atoms in the pyrazine moiety of the tpphz ligand 

were labeled with 15N (98%), was photoirradiated to generate (11-15N)·(ClO4)2 with the same procedure for 
11·(ClO4)2. The 1H NMR signal at 8.1 ppm for the N-H proton of (11-15N)·(ClO4)2 was observed as a doublet 
(1J(15N-1H) = 52.4 Hz) (Figure 4-12e). The coupling constant between the 15N and 1H atoms is in the typical 
range of those reported in literatures.[19] To directly observe the reduction of the pyrazine moiety of the tpphz 

ligand, 15N NMR spectra of 15N-labeled complexes were also measured under high concentration conditions. 
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To improve the solubility of 7-15N in CH3OH, the counter ions were changed from ClO4
– to Cl–, using the 

ion-exchange resin DOWEX MATATHON A2 (Cl– form). In the 15N NMR spectrum of (7-15N)·Cl2, a singlet 

signal was observed at δ 308.22 ppm, calibrated with an external reference of (NH4)2SO4 (20.55 ppm), at 
room temperature (Figure 4-13a). On the other hand, after photoirradiation to the solution of (7-15N)·Cl2 for 4 
h in the presence of Et3N (71 mM) in CH3OH, the 15N signal was shifted to 68.86 ppm at room temperature 

(Figure 4-13b). Theses results indicated that the hybridization of the N atoms of the pyrazine moiety is 
changed from sp2 hybridization to sp3 one in the course of the photochemical reduction. Upon lowering the 
temperature to 195 K, the 15N NMR signal of (11-15N)·Cl2 was shifted to73.43 ppm and the signal was split 
into a doublet due to coupling with a 1H atom (J = 81.6 Hz), indicating that the 15N atoms at the pyrazine 

moiety in the photochemical product (11-15N)·Cl2 are bound to an H atom (Figure 4-13c, d). These 
observations strongly support the hydrogenation of the pyrazine nitrogen atoms of the tpphz ligand as the 
results of photoinduced proton-coupled electron transfer (PCET), in which protons are derived from the 
solvent (MeOH) and electrons are from Et3N. 
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Figure 4-13. 15N NMR spectra in CH3OH : benzene-d6 = 9 : 1 mixed solvent of (7-15N)·Cl2 (a) and after 

photoirradiation (380 – 670 nm) in the presence of Et3N at room temperature (b and c) and at 195 K (d). 
Arrows in (a) and (b) indicates the signals assigned to the 15N atoms of the pyradine moiety of 7-15N and the 
corresponding 15N atom of the photochemical product, 11-15N, respectively. * = artifact at frequency center. 
 

In addition, complex 11·(ClO4)2 is highly air-sensitive; once it was exposed to air, it immediately turned 
back to 7, exemplifying the high reactivity of 11 as a reductant (Figure 4-14). After quenching 11·(ClO4)2 
with air, the solution was analyzed with iodometry. When a NaI solution was added to the reaction mixture 
after the exposure to dioxygen, the absorbance around 350 nm did not increase (Figure 4-15). If the solution 

contains H2O2, absorption around 350 nm should appear due to I3
– formed by oxidation of I– with H2O2. The 



 77 

lack of the absorption around 350 nm due to I3
– after the treatment of the solution with KI indicates that the 

product from the reaction of O2 with 11 is not H2O2. 
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Figure 4-14. 1H NMR spectrum of 11·(ClO4)2 generated by photoirradiation to 7·(ClO4)2 (300 µM) with 
white light (380 – 670 nm) for 4 h in the presence of 5 equiv of Et3N in CD3OD (a), and that after exposure 

to dioxygen (10 µL) to the solution of 11·(ClO4)2 (b). 
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Figure 4-15. UV-vis spectra of 1 M NaI in acetonitrile (2 mL, black line) and after addition of a 

photochemical reaction solution (100 µL) of 7·(ClO4)2 (red line). The reaction solution was prepared as 

follows: a solution of 7·(ClO4)2 (25 µM) in a CH3OH/H2O (1 : 1 v/v) mixed solvent in the presence of Et3N 
(1 mL) was irradiated with 380 – 670 nm for 8 h under Ar, and then O2 was added to the cell with continuous 
flow for 10 min. After stirring the mixture for 5 min, the UV-vis spectrum was measured to obtain the red 
trace. 

 
DFT optimization on 11 was performed at the B3LYP/SDD level of theory (Figure 4-16). The reduced 

tpphz ligand is very slightly distorted and the NH atoms are slightly deviated from the tpphz plane to the 
same direction. Additionally, the LUMO is located on the two bpy ligands and the Ru-side phenanthlorine 

moiety of the reduced tpphz ligand, and the π-conjugation on the whole tpphz moiety, observed in 7,[11c] 
disappears after the reduction (Figure 4-16). This is consistent with the fact that the π-π* transition band 
around 380 nm, derived from the tpphz ligand, weakened in the course of the photochemical reduction 
(Figure 4-7). 
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a)

Side View Top View
b)

LUMO+1 LUMO

HOMO HOMO–1  

Figure 4-16. DFT calculations on 11 at the B3LYP/SDD level of theory: (a) the optimized structure of 11 

and (b) frontier MOs of 11. 
 
4-2-6. Kinetic studies on the photochemical formation of 11 

To confirm the formation mechanism of 11, dependence of the rate of the photochemical process on the 

concentration of 7 and on the irradiation power were explored. The formation rate of 11·(ClO4)2 increased in 

response to increase of the concentration of 7·(ClO4)2 in the concentration range of 0 – 40 µM and showed a 
saturation behavior around 60 µM (Figure 4-17a). Also, the irradiation power affected the formation rate of 
11·(ClO4)2, which increased depending on the irradiation power of white light controlled by ND-filter 

(Figure 4-17b). The dependence indicates that the photochemical process includes an intermolecular reaction, 
such as disproportionation. 

To investigate kinetic isotope effect (KIE) on the formation of 11·(ClO4)2, photoirradiation was 
performed to the solutions of 7·(ClO4)2 in H2O/CH3OH and D2O/CD3OD mixed solvents and the progress of 

the reaction was monitored with the absorption spectral change at 380 nm, which derives from the π-π* 
transition band of 7 (Figure 4-18). As a result, the reaction in the deuterated solvent was faster than that in 

the non-deuterated solvent; the initial rate in the non-deuterated solvent (vH) was determined to be 0.88 × 10–6 
M s–1 and that in the deuterated solvent (vD) was 1.4 × 10–6 M s–1. Thus, the KIE value (vH/vD) was determined 

to be 0.63 for the formation of 11·(ClO4)2. Additionally, the quantum yield in the deuterated solvent (ΦD) 
was higher than that in the non-deuterated solvent (ΦH): ΦH = 0.30 and ΦD = 0.48. The reverse KIE indicates 
that the bond formation including H atoms is involved in the rate-determining step (RDS).[20] Therefore, the 
RDS of the photochemical process is probably the N-H bond formation to form 11. 
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Figure 4-17. a) A plot of the initial rates (v) of the formation of 11·(ClO4)2 from 7·(ClO4)2 through a 
photochemical process against the initial concentration of 7. The reactions were done in a mixed solvent (3 
mL) of CH3OH : H2O = 1 : 1 in the presence of Et3N (1 mL) under irradiation of white light (380 – 670 nm). 

The initial rates were obtained from the linear analysis with use of the absorbance changes at 380 nm. b) A 
plot of the initial rates of the formation of 11·(ClO4)2 from 7·(ClO4)2 through a photochemical process against 
the irradiation power. The reactions were done in a mixed solvent (3 mL) of CH3OH : H2O = 1 : 1 in the 
presence of Et3N (1 mL) under irradiation of white light (380 – 670 nm). The initial rates were obtained from 

the linear analysis with use of the absorbance changes at 380 nm. The irradiation power was controlled by a 
ND-filter equipped to the light source unit. 
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Figure 4-18. Absorbance change at 380 nm in the initial step of the photochemical reduction of 7·(ClO4)2 (25 

µM) in H2O : CH3OH : Et3N = 3 : 3 : 2 mixed solvents (filled circles, blue line) and D2O : CD3OD : Et3N = 
3 : 3 : 2 mixed solvents (filled squares, red line) under photoirradiation (λ = 420 nm) at 297 K. 
 

When the solution of 11·(ClO4)2 was kept under dark, the UV-Vis and 1H NMR spectra indicated the 
recovery of 7·(ClO4)2 from 11·(ClO4)2. In the UV-vis spectral changes, the absorption from 400 nm to 900 
nm initially increased (Figure 4-19a), which was assigned to that due to decomposed products derived from 

1e–-oxidized Et3N. Subsequently, the absorption assigned to the π-π* transition of the tpphz ligand recovered 



 80 

(Figure 4-19b). In the 1H NMR spectral changes, the signals assigned to 11·(ClO4)2 initially became broad, 

and subsequently, the signals assigned to 7·(ClO4)2 recovered (Figure 4-20). The spectrum was completely 
changed into the same as the spectrum of 7·(ClO4)2 after 86 h. During the dark reaction, however, hydrogen 
evolution was not observed at all, and the reaction rate of the dark reaction was very slow in comparison 
with those of the catalytic hydrogen evolution. Therefore, in the dark reaction, the recovery from 11 to 7 

probably occurs through the reaction of 11 with decomposed products derived from 1e–-oxidized Et3N 
formed in photoinduced electron transfer from Et3N to 37*.[21] Thus, the hydrogen evolution process from the 
intermediate 11 requires further photoirradiation, which matches to the fact that hydrogen evolution required 
both photoirradiation and electrolysis in the photoelectrocatalytic reaction, while the reaction did not occur 

only by the electrochemical reduction at the same potential (See section 4-2-3). 
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Figure 4-19. UV-vis spectral changes of 11·(ClO4)2 in water : MeOH = 1 : 1 mixed solvent in the dark at 
room temperature: (a) 0 – 10 h (every 2 h) and (b) 10 – 26 h (every 2 h). 
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Figure 4-20. 1H NMR spectral change of 11·(ClO4)2 in CD3OD at room temperature in the dark. Complex 

11·(ClO4)2 was generated by photoirradiation (380 – 670 nm, for 4 h) to 7·(ClO4)2 (300 µM) in the presence 
of 5 equiv Et3N in CD3OD. The red signals in the spectra at 0 and 86 h are derived from the hydrogens 

assigned to the reduced tpphz ligand in 11 and the tpphz ligand in 7, respectively. 
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4-2-7. Kinetic studies on the catalytic hydrogen evolution process 
The amounts of hydrogen evolved from the catalytic reaction were monitored with GC both in H2O/CH3OH 
and D2O/CD3OD mixed solvents (Figure 4-21) under photoirradiation. In sharp contrast to the result of the 
photochemical process to form the intermediate 11·(ClO4)2 (See Section 4-2-6), the hydrogen evolution in 
the non-deuterated solvent was faster than that in the deuterated solvent. The initial rates were determined to 

be 7.8 nmol h–1 in the non-deuterated solvent and 1.5 nmol h–1 in the deuterated solvent, respectively, which 
indicates the KIE value to be 5.2 for the final hydrogen evolution process from 11·(ClO4)2. The rate constants 
of the H2 evolution were much slower than those of the formation of 11·(ClO4)2. Therefore, the RDS of the 
whole catalytic hydrogen evolution by 7·(ClO4)2 is not the photochemical process to afford the intermediate 

11·(ClO4)2 but the hydrogen evolution process from 11·(ClO4)2. The normal KIE observed in the hydrogen 
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Figure 4-21. The amount of dihydrogen evolved in photocatalytic reaction in H2O : CH3OH = 1 : 1 (filled 

circles, blue line) and D2O : CD3OD = 1 : 1 (filled diamonds, red line), containing 7·(ClO4)2 (25 µM) under 
photoirradiation of a white light (380 – 670 nm) at 297 K. 
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Figure 4-22. The rate of H2 evolution catalyzed by 7·(ClO4)2 (25 µM) in a mixed solvent (3 mL) of CH3OH : 
H2O = 1 : 1 in the presence of Et3N (1 mL) and 70% HClO4 (10 µL, 30 µL, 50 µL and 80 µL) under 
photoirradiation (380 – 670 nm). 
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evolution process clearly indicates that the RDS in the process should be cleavage of a bond involving a 

hydrogen atom. 
Dependence of the hydrogen evolution rates on proton concentration was also investigated. With 

increasing the amount of HClO4 added to the sample solution, the hydrogen evolution rates increased almost 
proportionally (Figure 4-22). Thus, protons are involved in the hydrogen evolution  

process. Based on the observations, the author proposes that the hydrogen evolution occurs through an 
intermolecular coupling between a proton and one of NH of 11 as a hydride donor, followed by 
aromatization to recover the pyrazine moiety and simultaneous deprotonation of the remaining N-H proton to 
recover 7 (See below). 
 
4-2-8. Reaction mechanism of photochemical hydrogen evolution catalyzed by 7 

Based on the results described above, complex 11 is confirmed to be an intermediate of the catalytic 
hydrogen evolution by 7. In a plausible catalytic cycle (Scheme 4-2), the photoexcitation of 7 forms the 37* 

state as the first step, which is reductively quenched with Et3N to afford [RuII(bpy)2(tpphz•–)]+. The reduced 
tpphz ligand in [RuII(bpy)2(tpphz•–)]+ catches a proton to generate the intermediate 11 probably through a 
disproportionation reaction.[22] The disproportionation reaction is supported by dependence of the rate of the 
photochemical process on the concentration of 7 and on the irradiation power. Subsequently, dihydrogen 

molecule was formed by reaction of the intermediate 11 with protons present in the solvent under 
photoirradiation, as evidenced by the dependence of the hydrogen evolution efficiency on the proton 
concentration. In addition, KIE for the rate of the hydrogen evolution catalyzed by 7 indicates that the RDS 
throughout all the process is the H-H bond formation between the intermediate and a proton. 
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Scheme 4-2. A plausible reaction mechanism of the photocatalytic hydrogen evolution with 7. 
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4-3. Summary 
A photocatalytic hydrogen evolution has been demonstrated in an aqueous media with use of an electron 

donor and a RuII complex as a catalyst, which has tpphz as a π-expanded diimine ligand. It should be noted 
that the intermediate of the hydrogen evolution has been detected and characterized by spectroscopic 

methods. The active site of the hydrogen evolution has been verified to be the π-expanded diimine ligand, in 
which uncoordinated and potentially basic pyrazine nitrogen atoms are responsible for the formation of an 

intermediate having the 2H-reduced π-expanded ligand. The 2H-reduced intermediate (11) is formed via 
intermolecular disproportionation of one-electron-reduced and protonated species of 7 as a product of 
photoinduced PCET. Furthermore, the plausible mechanism of hydrogen evolution has been revealed to 

involve a photoinduced reaction of 11 with proton as the final step to form H2. As for catalytic hydrogen 
evolution reactions, it is very rare that the catalytic center is not the metal center but an organic ligand.[10] 
The fact that the organic ligand can act as the active site for the hydrogen evolution reaction suggest that 
facile adjustability of the properties of organic ligands should be effective to develop more efficient catalytic 

systems based on ruthenium(II)-polypyridine complexes. In addition, the high reducing activity of the 
2H-reduced intermediate 11 can be utilized to reductions of organic substrates. 
 
4-4. Experimental section 
General. 

All reactions and measurements were carried out under argon. [RuII(bpy)2(tpphz)] (ClO4)2 (7·(ClO4)2),[11a] 
[RuII(bpy)2(taptp)](ClO4)2 (8·(ClO4)2),[14] [RuII(bpy)3](ClO4)2 (9·(ClO4)2)[23] and [RuII(bpy) 2(bpm)](ClO4)2 
(10·(ClO4)2)[24] were synthesized according to the literature methods. NMR measurements were performed on 

a Bruker AVANCE-600 spectrometer. 15N NMR spectrum was calibrated with an external reference of 

(15NH4)2SO4 (δ 20.55 ppm) in H2O. UV-vis absorption spectra were recorded with use of Shimadzu UV-3600 
and UV-2450 spectrometers. Emission spectra were recorded on a HORIBA FluoroMax-4 spectrometer. 
Electrochemical measurements were performed using a BAS ALS-710D electrochemical analyzer. Gas 

chromatography was performed using a Shimadzu GC-2014 equipped with a thermal conductivity detector 
(TCD) and a capillary column packed with molecular sieves 5A. Photoirradiation of the sample was 
performed by using a Xe light source (300 W) on an ASAHI SPECTRA MAX-301. 
 

Synthesis. 
15N-Labeled 1,10-phenanthroline-5,6-dioxime. The labeled compound was synthesized according to the 
literature method for the non-labeled analog.[25] 15N-enriched hydroxylamine hydrochloride (supplied by 
CIL) was used to form the 15N-labeled oxime groups. 
15N-Labeled 5,6-diamino-1,10-phenanthroline. The labeled compound was synthesized according to the 
literature method for the non-labeled analog.[25] 15N-Labeled 1,10-phenanthroline-5,6-dioxime was used as 

the starting compound to form the 15N-labeled amino groups. 1H NMR (DMSO-d6): δ 8.77 (dd, J = 4.1, 1.3 
Hz, 2H; phen-H2 and phen-H9), 8.48 (dd, J = 8.4, 1.3 Hz, H2; phen-H4 and phen-H7), 7.60 (dd, J = 8.4, 4.2 

Hz, H2; phen-H3 and phen-H8), 5.31 (s, 1H; NH), 5.11 (s, 1H; NH). 
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15N-Labeled [RuII(bpy)2(tpphz)](ClO4)2 ((7-15N)·(ClO4)2). The labeled compound was synthesized 

according to the literature method for the non-labeled analog.[11a] 15N-Labeled 5,6-diamino-1,10- 
phenanthroline was used to form the 15N-labeled tpphz ligand with [RuII(bpy)2(1,10-phenanthroline- 

5,6-dione)](PF6)2.[11a] 1H NMR (MeCN-d3): δ 9.42 (dd, J = 8.2, 1.8 Hz, 2H; tpphz-Ha), 9.19 (dd, J = 8.2, 0.9 
Hz, 2H; tpphz-Ha’), 8.62 (d, J = 8.0 Hz, 2H; bpy-H3), 8.58 (d, J = 8.0 Hz, 2H; bpy-H3’), 8.29 (dd, J = 5.0, 

1.1 Hz, 2H; tpphz-Hc’), 8.24 (t, J = 5.2 Hz, 4H; tpphz-Hc and bpy-H6), 8.18 (td, J = 8.0, 1.4 Hz, 2H; 
bpy-H4), 8.05 (td, J = 8.0, 1.4 Hz, 2H; bpy-H4’), 7.94 (dd, J = 5.5, 0.9 Hz, 2H; bpy-H6’), 7.83 (dd, J = 8.2, 
5.0 Hz, 2H; tpphz-Hb), 7.69 (dd, J = 7.9, 4.3 Hz, 2H; tpphz-Hb’), 7.54 (ddd, J = 5.5, 1.4, 0.9 Hz, 2H; 

bpy-H5), 7.39 (ddd, J = 5.5, 1.4, 0.9 Hz, 2H; bpy-H5’). 15N NMR (MeCN-d3): δ 244.71 (s). MS (ESI): calcd 
for [M – 2ClO4]2+: m/z = 400.07, found: m/z = 400.07. 
Formation of 11·(ClO4)2. The reaction to form 11 and its NMR measurements were performed in a sealed 
NMR tube under Ar. A white light (380 – 670 nm) was irradiated to the solution containing 7·(ClO4)2 (0.3 
mM) and Et3N (71 mM) in CD3OD : D2O = 1 : 1 mixed solvent (0.7 mL) for 30 min under Ar. After 

photoirradiation, the 1H NMR spectrum of the sample was directly measured at room temperature without 

isolation of 11. 1H NMR (CD3OD : D2O = 1 : 1): δ 8.98 (d, J = 5.0 Hz, 2H; tpphz-Ha), 8.75 (d, J = 8.2 Hz, 
4H; tpphz-Ha’ and bpy-H3), 8.72 (d, J = 8.0 Hz, 2H; bpy-H3’), 8.62 (dd, J = 5.0, 1.2 Hz, 2H; tpphz-Hc’), 
8.18 (td, J = 8.0, 1.4 Hz, 2H; bpy-H4), 8.10 (td, J = 8.0, 1.2 Hz, 2H; bpy-H4’), 8.01 (t, J = 5.3 Hz, 2H; 

tpphz-Hc), 7.96 (dd, J = 5.5, 1.0 Hz, 2H; bpy-H6’), 7.83-7.77 (m, 4H; tpphz-Hb and tpphz-Hb’), 7.70 (dd, J 
= 8.0, 1.5 Hz, 2H; bpy-H6), 7.55 (td, J = 7.9, 1.4 Hz, 2H; bpy-H5), 7.39 (td, J = 8.0, 1.4 Hz, 2H; bpy-H5’). 
Formation of (11-15N)·Cl2. The reaction to form (11-15N)·Cl2 and its NMR measurements were performed in 
a sealed NMR tube under Ar. For the 1H NMR measurements, white light (380 – 670 nm) was irradiated to 

the solution containing (7-15N)·Cl2 (0.7 mM) and Et3N (71 mM) in CH3OH : benzene-d6 = 9 : 1 mixed 
solvent (0.7 mL) for 4 h under Ar. After photoirradiation, the 1H NMR spectrum of the sample was directly 

measured at room temperature without isolation of (11-15N)·Cl2. 1H NMR (CH3OH : benzene-d6 = 9 : 1): δ 
7.95 (d, J = 19.0 Hz, NH). For the 15N NMR measurements, white light (380 – 670 nm) was irradiated to the 

solution containing (7-15N)·Cl2 (1 mM) and Et3N (0.2 M) in CH3OH : benzene-d6 = 9 : 1 mixed solvent (0.7 
mL) for 4 h under Ar. After photoirradiation, the 15N NMR spectrum of the sample was directly measured at 

room temperature without isolation of (11-15N)·Cl2. 15N NMR (CH3OH : benzene-d6 = 9 : 1, at 195 K): δ 
73.43 (d, J = 81.6 Hz). 

 
Ion-exchange from (7-15N)·(ClO4)2 to (7-15N)·Cl2. 

(7-15N)·(ClO4)2 was dispersed in H2O using a ultrasonic bath sonicator and ion-exchange resin DOWEX 
MATATHON A2 (Cl– form) was added to the suspension. The mixture was stirred to solve the dispersed 

solid for 5 min, and the resin was removed by filtration. (7-15N)·Cl2 was obtained by removal of the solvent 
under vacuum. 
 
Hydrogen evolution catalyzed by 7·(ClO4)2. 
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Photocatalytic hydrogen evolution was carried out in a quartz cuvette with five transparent faces (cell 

volume: 5.34 mL), which was capped by a rubber septum and whose inside was filled with Ar gas. Before 
photoirradiation, the solution (total volume: 4 mL) was degassed by bubbling with Ar gas for 30 min. A 
white light of 380 – 670 nm, which was generated from a Xe lamp equipped with a mirror module to remove 
the UV light, was irradiated to the cuvette from the underneath with a path length of 4 cm. After 

photoirradiation, 0.1 mL of the gas phase in the cell was taken with a gas-tight syringe and analyzed by GC. 
 
Electrochemical measurements of 7·(ClO4)2. 

Cyclic and differential-pulse voltammetry (CV and DPV) were performed in MeCN in the presence of 

[(n-butyl)4N]PF6 ((n-Bu)4PF6, 0.1 M) as an electrolyte under an Ar atmosphere at room temperature in the 
dark, with a glassy-carbon disk as a working electrode, Ag/AgNO3 as a reference electrode, and Pt wire as an 
auxiliary electrode. 
 

Determination of quantum yields of photochemical reactions. 
The quantum yield of the photochemical reduction of 7·(ClO4)2 was determined by using a standard 

method[16] with an actinometer (potassium ferrioxalate) in water under photoirradiation at 440 nm. The 
reaction was monitored to observe the decrease in absorbance at 380 nm and the data at the initial stage, 

during which a linear change was observed, were used to determine the quantum yield. 
 

DFT calculations. 
Theoretical calculations of 7 and 11 were performed by using the Gaussian 09 program package.[26] In 

the ground state 7 and 11 is the singlet state. Restricted density functional theory (RDFT) calculations were 
carried out at the B3LYP functional.[27, 28] SDD basis[29] for Ru atoms and 6-311+G** basis[30] for H, C, and N 
atoms are used. 
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Chapter 5 
Concluding Remarks 

 
In this thesis, toward the efficient utilization of light energy as a clean energy source for chemical 

reactions, the author has described photochromic complete conversion and photocatalytic hydrogen 
evolution, both of which proceed through the triplet excited states of ruthenium(II)-polypyridine complexes. 

The photochromic complete conversions of ruthenium(II)-polypyridine complexes have been achieved 
based on dissociations and recoordinations of ligands in ruthenium(II)-polypyridine complexes by 

photoirradiation and heating; particularly, partial dissociations and recoordinations of axial pyridines of TPA 
ligands have been discussed in detail. The ruthenium(II)-TPA-pterin complex 1 has been demonstrated to 
perform the photoisomerization involving a 180º-pseudorotation of the pterin ligand by photoirradiation and 
heating with complete conversion efficiency. In this isomerization, both forward and backward reactions 

occur through the partial dissociation of the axial pyridine moiety of the TPA ligand by photoexcitation or 
heating; the relative position of the energy levels between 1, I, 2 and transition states of the thermal steps is 
controlled by the steric hindrance between the TPA ligand, the pterin ligand and the coordinated solvent 
molecules. Also, the dinuclear ruthenium(II)-ruthenium(II) complex 5 and ruthenium(II)-palladium(II) 

complex 6 exhibit a complete conversion efficiency in the photoinduced structural interconversion between 
completely coordinated complexes (5 and 6) and partially dissociated complexes having an acetonitrile 
ligand (5’ and 6’); however, the strategies to accomplish the complete conversion are different from the 
cases of the ruthenium(II)-pterin complexes. In the photochromic interconversion of the dinuclear complexes 

5 and 6, to inhibit the partial dissociation of the axial pyridine moiety of the η4-TPA ligand by 
photoirradiation, the energy levels of the MLCT triplet excited states can be shifted lower than those of the 
MC triplet excited states by addition of the cationic metal ions, such as ruthenium(II) and palladium(II), to 

the π-expanded heteroaromatic ligands. As a result, the ruthenium(II)-η4-TPA complexes were converted to 

the partially dissociated ruthenium(II)-η3-TPA complexes with the acetonitrile ligand by heating in 
acetonitrile, and subsequently, the partially dissociated complexes were converted to the 

ruthenium(II)-η4-TPA complexes by photoirradiation without further dissociation. The complete 
interconversion in the ruthenium(II) complexes verified in this study should have a great potential in the 

development of metal-based photoswitchable devices. 
The photocatalytic hydrogen evolution was performed using a ruthenium(II) complex, 7, as a catalyst in 

an aqueous solvent. In this catalytic system, the π-expanded heteroaromatic ligand (tpphz) of 7 plays a role 
as the active site for the catalysis, while the ruthenium(II) moiety of 7 plays a role as a photosensitizer in the 

presence of an electron donor. Under photoirradiation, the pyradine moiety of the tpphz ligand is reduced by 
the photoinduced electron transfer from the ruthenium(II) center followed by electron transfer from a 
reductant such as Et3N to the oxidized ruthenium(III) center; subsequently, a proton in the solvent is attached 
to one of the pyrazine N atoms of the reduced tpphz ligand. The photochemical product 11, which is formed 

via disproportionation of the aforementioned one-electron reduced species as an intermediate in the 
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hydrogen evolution, is thermodynamically stable enough to be characterized by spectroscopic measurements 

under inert atmosphere. Since the intermediate exhibit high reactivity, the intermediate can reduce a proton 
in the solvent to generate a dihydrogen molecule under photoirradiation. Since the organic ligand acts as the 
active site for the catalytic hydrogen evolution, control of the reactivity through the chemical modification 
around the active site should be facile and make it possible to develop more efficient photocatalytic 

hydrogen evolving systems. 
Throughout this research, the author has achieved utilization of light energy for chemical reactions 

performed by the ruthenium(II)-polypyridine complexes. In this thesis, the photochemical products (or 
intermediates) were fully characterized by various spectroscopies, for both the photochromic structural 

changes and the photocatalytic hydrogen evolution. Characterization of photochemical products is rare, 
because generally, a photochemical product is thermodynamically unstable. The results are quite significant 
for deeper understanding of photoinduced structural changes of ruthenium(II)-polypyridine complexes than 
ever toward construction of well-controlled molecular devices driven by light energy and useful for 

developing efficient photocatalytic hydrogen evolution as a strategy to fertilize future society in a sustainable 
way. 
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