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Chapter 1 

General Introduction 

 

1-1. Energy Problems - Research Opportunities 

 

1-1-1. Renewable Energy Sources 

  While the world population reached 1.6 billion at the beginning of the 20th century, it has 

meanwhile increased to 7 billion.1  Considering current social, economical, and technological 

developments, the global energy resources will soon be unable to meet the demand per capita.2  

For example, the global energy consumption in 2013 was ~5.3 × 1020 J,3 then this energy 

consumption corresponds approximately to the annual energy output of 17,000 nuclear power 

plants of 1 GW.4  Most of the energy carries are still based on so-called fossil fuels such as oil, 

coal, and natural gas (Chart 1), which are derived from carbon recycling on a geological 

timescale.2  Fossil fuel reservoirs continuously decreases, and reserves-to-production ratios of 

2060 (oil), 2070 (neutral gas), and 2120 (coal) have been estimated.3  Another energy source 

that has been exploited since the 1950s is nuclear energy, but the handling of radioactive 

substances, as well as the storage of the associated waste products is relatively risky.3 

  In contrast to exhaustible energy sources, i.e. the fossil fuels and nuclear fuels (e.g. uranium), 

other primary energy sources such as wind, hydroelectric, tidal, and solar power, are called 

renewable energy sources, as they are semi-permanently available.3  Great expectations are 

placed upon these renewable energy sources as alternatives for exhaustible energy carriers. 

 

 
  

Chart 1. Classification for energy sources. 
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1-1-2. The Development of Catalysts for the Generation of Secondary Energy  

  The use of renewable energy sources represented by solar power, is expected to help to solve 

the energy problems.2  However, such renewable energy is difficult to store in its original form, 

and therefore it must be converted into a secondary energy form, e.g. chemical energy.5  One 

of the most attractive carrier for such chemical energy is hydrogen, and it has established a track 

record as an energy source that is used e.g. in fuel cells6 and the Fischer-Tropsch process (Chart 

2).7 

 

 

 

 

 

  Fuel cells are electric generators for the conversion of chemical energy to electrical energy.  

For example, hydrogen or methanol (MeOH) is oxidized at the anode, and electrical energy is 

harvested at the cathode from the reduction of oxygen (eqs. 1-3).  Fuel cells are a relatively 

efficient, as they convert chemical energy to electrical energy directly, without an intermediate 

conversion into thermal and/or kinetic energy.6 

 

 

 

 

 

  The Fischer-Tropsch process combines a series of reactions for the synthesis of liquid 

hydrocarbon compounds from carbon monoxide and hydrogen (eq. 4), and it has been used for 

industrial production of artificial fuels.7 

  

 

eq. 1H2 2H+

eq. 2

eq. 3

–2e–

CH3OH + H2O –6e–
6H+  + CO2

O2 + 4H+ +4e–
2H2O

eq. 1

eq. 2

eq. 3

eq. 4nCO + (2n+1)H2 CnH2n+2 + nH2OΔeq. 4

Chart 2. Diagram for energy conversion. 
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  A strong advantage of hydrogen as a secondary energy carrier is that it can be generated from 

a variety of hydrogen sources.  One of the most promising methods for the generation of 

hydrogen is the splitting of water (eq. 5) by using a photocatalyst (Cat.).8 

 

 

  Water is an attractive starting material for the generation of hydrogen, as the only byproduct 

of this photoreaction, mediated by heterogeneous photocatalysts, is non-polluting oxygen.  As 

photocatalysts, inorganic semiconductors such as e.g. TiO2 have been used, as they are able to 

split water stoichiometrically based on the Honda-Fujishima effect. (Table 1).8  Recently, 

Domen et al. reported that the photocatalyst LaMg0.33Ta0.67O2N, which absorbs light at 410-470 

nm, also promotes the splitting of water.8c  However, in order to use natural sun light, whose 

spectrum contains significant contributions in the visible/NIR region, the development of new 

photocatalysts that absorb light at longer wavelengths is highly desirable.9 

 

Table 1. Inorganic semiconductor catalysts for the splitting of water in refs. 8b and 8c 
Photocatalyst Crystal structure Co-catalyst Activity / µmol h–1 Quantum yield (%) 

   H2 O2  

TiO2 Anatase Rh 449  29 (Hg lamp) 

Rb2La2Ti3O10 Layered perovskite NiOx 869 430 5 (at 330 nm) 

Y2Ti2O7 Cubic pyrochlore NiOx 850 420 6 (at 313 nm) 

K4Nb6O17 Layered structure NiOx 1837 850 5 (at 330 nm) 

Rb4Nb6O17 Layered structure NiOx 936 451 10 (at 330 nm) 

Cs2Nb4O11 Pyrochlore like NiOx 1700 800 3 (at 270 nm) 

K3Ta3B2O12 Tungsten bronze  2390 1210 6.5 (at 254 nm) 

NaTaO3 Perovskite NiO 2180 1100 20 (at 270 nm) 

NaTaO3:La Perovskite NiO 19800 9700 56 (at 270 nm) 

SrTa2O6 CaTa2O6 (orth.) NiO 960 490 7 (at 270 nm) 

Sr2Ta2O7 Layered perovskite NiO 1000 480 12 (at 270 nm) 

Ge3N4  RuO2 1400 700 9 (at 300 nm) 

Ga0.88Zn0.12O0.12N0.88  Rh2–xCrxO3 800 400 5.9 (420–440 nm) 

LaMg0.33Ta0.67O2N Complex perovskite RhCrOx 40 20 0.03 (410-470 nm) 

eq. 52H2O hv
Cat. H2  + O2eq. 5
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  Homogeneous molecular catalysts can also be used in this context, and especially transition 

metal complexes represent an attractive alternative.10  Transition metal complexes have been 

reported to catalyze the generation of hydrogen using a reductant (Red)10a, as well as the 

generation of oxygen using an oxidant (Ox);10b both of these reactions are constitutional parts of 

the water splitting process (eqs. 6 and 7).  As these reactions consume sacrificial reagents, the 

aforementioned stoichiometric water splitting using semiconductor-based catalysts is still more 

desirable.  Moreover, the metal centers in theses homogeneous catalysts usually consist of 

precious metal such as Pt, Ru, or Ir (Tables 2 and 3), which are expensive and limited in terms 

of availability.  Therefore, the development of homogeneous water splitting photocatalysts 

based on non-precious metals represents a desirable research target.11 

 

 

 

 

 

Table 2. Pt complexes for the catalytic evolution of hydrogen in ref. 10a 

Complex Quantum yield (%) 

[PtII
2(NH3)4(µ-acetamidate)2]2+ (12+) 31 

[PtII
2(NH3)4(µ-2-fluoroacetamidate)2]2+ 25 

[PtII
2(NH3)4(µ-α-pyrrolidinonato)2]2+ 10 

[PtII
2(NH3)4(µ-α-pyridonato)2]2+ 23 

[PtII
2(NH3)4(µ-5-carboxy-α-pyridonato]2+ 20 

[PtII
2(bpy)2(µ-ΟΗ)2]2+ 14 

[PtII(NH3)4]2+ 1 
cis-[PtII(Cl)2(NH3)2] 20 
[PtII(Cl)2(ethylenediamine)] 24 
[PtII(Cl)2(4-methylpyridine)2] 22 
[PtII(Cl)2(4,4’-dicarboxy-2,2’-bipyridine)] 2.9 
[PtII(Cl)2(2,2’:6’,2”-terpiridine)]+ 2.4 

a Hydrogen production from an aqueous buffer solution (pH 5.0) containing 
ethylenediaminetetraacetic acid, [RuII(2,2’-bipyridine)3]2+, methyl viologen, and Pt complex, 
irradiated with a 350 W Xe lamp. 

eq. 7

eq. 6

2H2O + Ox Cat. O2  + 4H+ + Ox’

2H+ + Red Cat. H2  + Red’

eq. 6

eq. 7
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  The elementary reactions of the water splitting process are redox reactions, which are 

accompanied by multi-proton transfer reactions.  Essentially, the water splitting reaction 

generates hydrogen from the addition of two electrons to two water molecules under the 

concomitant formation of hydroxide ions (eq. 8).  Conversely, oxygen is produced from two 

water molecules by the abstraction of four electrons (eq. 9).  Accordingly, the design of 

suitable multi-electron and proton transfer reactions is one of the most important tasks in order 

to develop effective molecular catalysts.  

 

 

 

Table 3. Ru and Ir complexes for the catalytic evolution of oxygen in ref. 10b 

Complex TON TOF / s–1 

[RuII(tpy)(2,2’-bibyrazine)(H2O)]2+ (32+) 7.5 0.031 
[RuII(tpy)(bpy)(H2O)]2+ 320 0.00051 
[RuII(tpy)(4-methyl-pyridine)2(H2O)]2+ 450 0.092 
[RuII(tpy)(2,9-dimethyl-1,10-phenanthroline)2(H2O)]2+ 60 0.005 
[RuII(Cl){1-methyl-4-(2-pyridyl)triazole}(p-cymene)]+ 18 0.055 
[RuII(6,6’-dicarboxy-bpy)(isoquinoline)2] 8360 303 

cis-cis-[RuII
2(µ-O)(bpy)4(H2O)2]4+ 13.2 0.0042 

[RuII
2(pdp)(tpy)2(H2O)2]3+ 512 0.014 

trans,fac-[RuIII
2(pdp)(OH)2(bpea)]3+ 11.1 0.0033 

trans,fac-[RuII
2(pdp)(H2O)2{tris(2-pyridyl)methane}]3+ 9.6 0.031 

[RuII
2(Cl)(bbnp)(4-methoxypyridine)4]3+ 601 0.07 

[RuII
2(Cl)(bbnp)(4-methylpyridine)4]3+ 459 0.041 

[IrIII(ppy)2(H2O)2]+ 2490 0.0041 

[IrIII(η5-1,2,3,4,5-pentamethylcyclopentadiene)(ppy)(Cl)] 1500 0.91 
a Hydrogen production from an aqueous solution containing cerium ammonium nitrate and Ru 
complex.  tpy = 2,2’:6’,2”-terpiridine, bpy = 2,2’-bipyridine, pdp = pyrazole-3,5-diyl) 
dipyridine,  bpea = N,N-bis(pyridine-2-ylmethyl)ethanamine, ppy = cyclometalated 
phenylpyridine, bbnp = 3.6-bis[6’-(benzo[b]-1”,8”-naphthyrid-2”-yl)pyrid-2’-yl]pyridazine.  

eq. 8

eq. 9

2H2O +2e–
H2  + 2OH–

2H2O –4e–
O2  + 4H+

eq. 8

eq. 9



 6 

  For example, Sakai et al. reported [PtII
2(NH3)4(µ-acetamidate)2]2+ (12+), which reduces water 

to generate hydrogen in the presence of a sacrificial reagent (Scheme 1).12  In this reaction, the 

resting state of 12+ accepts one electron from the sacrificial reagent, before donating two 

electrons to protons under the formation of 22+.  Subsequently, 22+ reacts with water-derived 

protons and electrons from the sacrificial reagent to afford hydrogen under regeneration of 12+.  

In this hydrogen evolution reaction, the transfer and binding of two electrons and two protons 

occurs on Pt center, while the supporting ligands do not engage in the electron and proton 

transfer reactions.  

 

 

 

 

 

 

 

 

 

 

 

  Meyer et al. reported that [RuII(tpy)(bpz)(H2O)]2+ (32+) (tpy = 2,2’:6’,2”-terpyridine; bpz = 

2,2’-bibyrazine) is able to catalytically oxidized water under acidic conditions (Scheme 2).13  

Complex 32+, which is a resting state, is oxidized under concomitant elimination of a proton 

from an aquo ligand by using a sacrificial reagent to produce the corresponding oxidized species 

43+, which is considered the active species for the oxidation of water.  As 43+ is extremely 

electron-deficient, it accepts two electrons from the oxo ligand and water to produce 52+.  In 

this electron transfer process, the water molecule is considered to form an O–O bond with the 

oxo ligand via an acid-base mechanism.  In a subsequent reaction, 52+ is oxidized on the 

Scheme 1. Proposed mechanism for the evolution of hydrogen catalyzed by 12+ in ref. 12. 
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expense of a sacrificial reagent to generate 62+.  The Ru(IV) center in 62+ extracts two electrons 

from the peroxo ligand, and 12+ is regenerated under the generation of oxygen.  It should be 

noted that in this four-electron oxidation of water, Ru plays the role of an electron transfer site, 

and that although the tpy and bpz ligands protect the active Ru center, they are not directly 

involved in electron transfer reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

1-1-3. Development of Materials for the Storage of Secondary Energy Carriers  

  The generation of hydrogen from, for instance, water splitting is a highly useful method to 

create a secondary energy carrier.  However, as hydrogen is a gas under ambient conditions 

and explosive in the presence of atmospheric oxygen, it is not easy to store.14  Currently, the 

prevalent method for physical storage of hydrogen is compression or liquefaction in gas 

cylinders.  As these systems require high pressure (200-700 atom) or very low temperature  

Scheme 2. Proposed mechanism for the oxidation of water catalyzed by 32+ in ref. 13. 
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 (–253 ºC), some problems, e.g. leaks, and losses, are unavoidable.15 

  In contrast, chemical hydrogen storage, which uses chemical bonds between hydrogen and a 

material, is able to store hydrogen more stably compared to the aforementioned physical 

methods.  For example, metal-organic frameworks (MOFs),16 metal hydrides,17 and clathlates18 

have been investigated with respect to their potential as chemical hydrogen storage materials.  

In addition, organic compounds such as e.g. cyclic hydrocarbons and alcohols are also expected 

to be useful as hydrogen carriers, as they may potentially incorporate hydrogen in their 

structures.19  Especially, methylcyclohexane (MCH) and MeOH are interesting in this context, 

as they are liquid under ambient conditions, and exhibit a relatively high hydrogen storage rate, 

i.e. 6.2 wt% for MCH/toluene19 and 12 wt% for MeOH /water (mol/mol = 1/1)/carbon dioxide 

(CO2)20 (Scheme 3).  However, the dehydrogenation of MCH requires precious metal catalysts 

Table 4. Dehydrogenation catalysts for methylcyclohexane in ref. 19 
Catalyst Temperature / ℃ Activity / mmolH2 gmetal

–1 min–1 

3.82 wt% Pt/Alumina 300 1700 
10 wt% Pt/AC cloth  298 520 
0.1 wt% K+ 0.6 wt% Pt/Al2O3 320 744 (mmol Lcat min) 
44 wt% Mo-SiO2 400 0.9 
61 wt% Mo-SiO2 400 3.6 

AC = activated carbon. 
 

Table 5. Heterogeneous dehydrogenation catalysts for methanol in ref. 20 
Catalyst Preparation method Temperature / ℃ Activity / µmolH2 gcat

–1 s–1 
Cu/ZrO2 IMP 260 3 
 OGCP 260 90 
Cu/ZnO CP 250 51 
Cu/ZnO/Al2O3 HP 250 109 
Cu-Mn OGCP 260 51 
Cu-Mn spinel SRG 260 79 
Cu/Zn/Zr/Al WT 260 159 
 CP 260 261 

IMP = impregnation, CP = co-precipitation, OGCP = oxalate gel co-precipitation, HP = 
homogeneous precipitation, SRG = soft reactive grinding technique, WT = wet impregnation. 
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and high temperature-conditions (~300 ºC) in order to achieve high activity (Table 4).19  The 

dehydrogenation of MeOH can be catalyzed by either Cu-based heterogeneous catalysts at high 

temperatures (~200-300 ºC) (Table 5),20 or at lower temperatures (64-150 ºC) by homogeneous 

transition metal catalysts based on Pd,21 Ir,22 Rh21, 23, Ru24-31, or Fe32 (Table 6).  Accordingly, 

catalysts based on non-precious metals are required for evolution of hydrogen from hydrogen 

carriers. 

 
 

 

 

 

 
 
 
 
Figure 6. Homogeneous dehydrogenation catalysts for MeOH 

Catalyst Condition TON Ref. 

[PdI
2Cl2(dpm)2] 64 ℃, hv 156 21 

(Et4N)3[IrIVH(SnIICl3)5] 65 ℃, hv > 1.1 22 
[RhI(bpy)2]Cl 120 ℃  23 
[RhI

2Cl2(CO)(dpm)2] 64 ℃, hv 130 21 
[RuII

2(OAc)4Cl]/PEtPh2 65 ℃ 34 24 
[RuII

2(OAc)4Cl]PPh3 65 ℃ 30 25 
[RuII(H)2(N2)(PPh3)3] 150 ℃, hv > 1000 23 
[RuII(SnIICl3)5]/PPh3] 65 ℃ 16 26 
RuIIICl3/AgBF4 79 ℃ > 1.1 27 
RuIIICl3/SnIICl2 140 ℃ > 100 28 
[RuIICl2(PPh3)3] 64 ℃ > 9 29 
K[RuI(H)(top2dad)] 90 ℃  30 
[RuII(H)(Cl)(CO){HN(CH2CH2PiPr2)2}] 91 ℃ 350000 31 
[FeII(H)(BH4)(CO){HN(CH2CH2PiPr2)2}] 120 ℃ 6270 32 

top2dad = 1,4-bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-diene. 

+  3H2

CO2  +  3H2CH3OH  +  H2O

Scheme 3. Hydrogen evolution reaction from a) MCH and b) MeOH with water. 
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  The elementary reactions of chemical hydrogen storage and release involve redox reactions.  

Hydrogen is split homolytically into two hydrogen radicals, or heterolytically into a hydride and 

a proton (eqs. 10 and 11).  Hydrogen radicals, hydrides, and protons form chemical bonds with 

the storage material, and these bond-forming and cleavage processes have to be chemically 

reversible.  Therefore, the judicious design of multi-electron and proton transfer is very 

important for the development of hydrogen storage materials. 

  

 

 

 

  Beller et al. reported that [RuII(H)(Cl)(CO){HN(CH2CH2PiPr2)2}] (7) is able to catalytically 

dehydrogenate MeOH to produce hydrogen and CO2 (Scheme 4).31  Complex 7 is dissolved in 

MeOH/water under basic conditions, which leads to the formation of 8 under elimination of HCl.  

Complex 8, which is the active species for the alcohol oxidation, incorporates a hydride and a 

proton from MeOH on the Ru center and ligand, respectively, to form 9 and formaldehyde 

(HCHO).  Subsequently, hydrogen is released from in 9 to regenerate 8.  In this catalytic 

eq. 10

eq. 11

H2 2H·

H2 H– + H+

eq. 10

eq. 11

Scheme 4. Proposed mechanism for dehydrogenation of MeOH catalyzed by 7 in ref. 31. 
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hydrogen evolution cycle, HCHO is oxidized to formic acid (HCO2H) in the presence of water, 

and HCO2H is oxidized to CO2.  In this system, the central Ru acts as a hydride-transfer site, 

while the ligand serves as a proton transfer site. 

  

1-1-4. Limitations and Research Opportunities 

  Previous studies succeeded in producing oxygen or hydrogen, capitalizing on the 

multi-electron and proton transfer properties of molecular catalysts.  However, these electron 

and proton transfer reactions usually require the presence of precious metal centers.  Although 

the studies on these precious metal complexes have afforded a valuable stock knowledge 

regarding the generation, chemical storage, and release of hydrogen, the development of 

non-precious metal-based catalysts and materials is desirable on account of the aforementioned 

limitations of precious metals (e.g. high cost and limited availability).  Moreover, the question 

of how exactly ligands coordinated to the metal center act as an electron and proton transfer 

sites is still not fully understood.  Accordingly, the design and synthesis of new multi-electron 

and proton transfer systems is necessary. 
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1-2. Electron and Proton Transfer Reactions at Molecular Level  

 

1-2-1. Theoretical Background for the Transfer of Electrons and Protons  

  Thermodynamical electron transfer reactions depend on the redox potential (E) of the electron 

donor and acceptor.  E is usually expressed by the Nernst equation (eqs. 12 and 13):33 

  

 

 

 

wherein Red, Ox, E°, n, F, R, T, [Red], and [Ox] refer to the reduced species, oxidized species, 

standard redox potential, number of electrons, Faraday constant, gas constant, temperature, 

concentration of the reduced species, and concentration of the oxidized species, respectively.  

Then, the change in Gibbs free energy (ΔG) between the redox potential of the electron donor 

(ED) and that of the electron acceptor (EA) may then be quantified by eq. 14.33 

 

 

  Eq. 14 indicates that ED must be lower than EA for thermodynamical electron transfer 

reactions to occur.  In the case of oxygen evolution from the oxidation of water, for example, 

the use of an electron acceptor with a higher redox potential than that of water (E° = 1.23 V vs. 

SHE) is necessary.33  Conversely, in the case of the generation of hydrogen from the reduction 

of protons, the redox potential of the electron acceptor has to be lower than 0 V, for the electron 

transfer reactions to proceed thermodynamically.33  Therefore, the design of molecular 

catalysts and materials, especially with respect to controlling their redox potentials is very 

important. 

  A kinetic theory of electron transfer reactions has been established by Marcus,35 and the 

outer-sphere electron transfer reaction between the electron donor (D) and the acceptor (A) in 

solution is shown in eq. 15. 

eq. 12

eq. 13

Red Oxn+
–ne–

+ne–

E  =  E�  +              ln�
nF�

RT�

[Red]�

[Oxn+]�

eq. 12

eq. 13

eq. 14ΔG  =  –nF(EA – ED)�eq. 14
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  In this theory, species D and A are solvated in solution, and the potential energy of the 

solvated molecules changes with the orientation of the solvent molecules according to the 

potential curve shown in Figure 1a.  Solvated D and A approach each other by diffusion, and 

form an activated complex [D···A] via solvent reorientation and intramolecular nuclear 

displacement.  Subsequently, electron transfer occurs from D to A in [D···A] to generate 

[D+···A–], followed by relaxation and dissociation of [D+···A–] to afford D+ and A– as products 

(eq. 15). 

  For electron transfer reactions to occur in an activated complex, the potential energy of 

[D···A] and [D+···A–] must be equal, as atoms cannot move accordingly to the Franck-Condon 

principle if the electron transfer rate is too high.  Accordingly, identical potential energies are 

given for an activated complex between the solvated state before the reaction, i.e. R (D + A), 

and after the reaction P (A+ + D–) (Figure 1b).  In this context, it should be noted that, the 

potential energy gap between the ground and the excited state is given the electron coupling 

energy (2HDA). 

  Usually, formation of the activated complex is assumed to be the rate-determining step in 

such electron transfer reactions; it can be described quantitatively by eqs. 16-20:  

eq. 15eq. 31 D + A [D···A] [D+···A–] D+ + A–

Figure 1. Potential curves for a) solvated species and b) electron transfer reactions from the R to 
the P state. 

P (D+ + A–)�
R (D + A)�

2HDA�

ΔG�Δ‡G�

Reaction coordinate� Reaction coordinate�

E�E�
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wherein, ket κ, A, Δ‡G, λ, wR, wP, Z, ε, and rDA refer to the electron transfer rate, probability for 

the electron transfer to proceed (insulation coefficient), frequency factor, activation energy, 

reorientation energy, electrostatic work to ascertain the average distance for the activated 

complex between D and A, electrostatic work to remove D from A from the average distance of 

the activated complex to infinity, charge of chemical species, electrostatic permittivity, and the 

distance between D and A when the electron transfer occurs, respectively.  The correlation 

between ket and ΔG’ can then be expressed by eq. 21: 

 

 

 

  Figure 2 shows the parabola based on the relationship between lnket and –ΔG’, exhibits a 

maximum value at –ΔG’ = λ.  In the region –ΔG’ < λ, the so-called normal region, ket increases 

eq. 21eq. 31 ln ket  =  –�
4RT�
λ� ΔG’ �

λ�

2�
1 +�

wR�

RT�
–� +�ln κA�

eq. 16

eq. 17

eq. 31

eq. 31

ket  =  !A exp�
RT�

–!‡G�

!G’ �
!‡G  =  wR +  �

4�
!�

!�

2�
1 +�

eq. 18

eq. 19

eq. 20

eq. 31

eq. 31

!G’  =   !G + wR – wP �

wR  =�
! rDA�

ZD ZA�

wP  =�
! rDA�

ZD+ ZA–�

Figure 2. Relationship between ln ket and –ΔG’ based on eq. 21. 
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with an increase of –ΔG, while ket decreases with an increase of –ΔG’ in the region –ΔG’ > λ, 

which is called inverted region.  Marcus theory stipulates that electron transfer reactions are 

kinetically suppressed if ΔG is too large, even if the process is thermodynamically 

advantageous. 

  The index for proton transfer is generally defined by the acid dissociation constant (pKa) 

described by eqs. 22 and 23,33 wherein AH and A– refer to the protonated and deprotonated 

species, respectively.  Proton transfer occurs from the proton donor, with a small pKa value, to 

the proton acceptor with a large pKa value. 

 

 

 

 

  Moreover, the proton transfer may be accompanied by an electron transfer, and the 

simultaneous transfer of protons and electrons is called proton-coupled electron transfer (eqs. 

24-26),33,34 wherein RedHm and m refer to the protonated reduced species and the number of 

protons, respectively.  In transfer reactions that involved one electron and one proton, E 

increases linearly by 59 mV with an increase of the pH value.  Accordingly, the water splitting 

reaction requires potentially 0.82 V for the evolution of oxygen, and of –0.41 V for the 

evolution of hydrogen at pH = 7. 

 

  

 

 

 

 

 

 

eq. 22

eq. 23

AH –H+

+H–
A–

pKa  =  –log�
[AH]�

[H+][A–]�

eq. 15

eq. 16

eq. 24

eq. 25

eq. 26

RedHm
–mH+
–ne–

+ne–

+mH+

Oxn+eq. 17

eq. 18

eq. 19

eq. 20

E  =  E�  +              ln�
nF�

RT�

[RedHm]�

[Oxn+][H+]m�

E  =  E�  +                  pH  +              ln�
nF�

RT�

[RedHm]�

[Oxn+]�

nF�

2.3mRT�
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1-2-2. Multi-electron Transfer Reactions on Metal Centers 

  Several types of molecular compounds that exhibit multi-electron transfer activity on their 

metal centers have been developed,36-45 and a representative selection of these is described 

below.  

 

Multi-nuclear Transition Metal Complexes 

  The electrochemical properties of trinuclear Ru complexes such as [RuIII
3O(CH3CO2)6(H2O)3]+, 

which has been synthesized by Wilkinson et al., are well documented.36  For example, Meyer 

et al. reported that [RuIII
3O(CH3CO2)6(py)2(bpe)]+ (10+) (py = pyridine, bpe = trans-1,2-bis 

(4-pyridyl)4-ethylene) exhibits a reversible five-step one-electron transfer process in acetonitrile 

(MeCN) (eq. 27),37 and that all these electron transfers occur on the Ru centers. 

  

 

 

  

 

 

 

  Ito and Kubiak et al. synthesized dimers of trinuclear Ru complexes such as 

[{RuIIRuIII
2O(CH3CO2)6(CO)(py)}2(µ-pz)] (11), by introduction of a bridging pyrazine (pz) 

ligand.38  They discovered that complex 11 shows a reversible metal-centered two-step 

one-electron reduction, as well as a reversible two-step two-electron oxidation (eq. 28).  The 

one-electron reduction suggests a step-wise electron transfer for the two trinuclear units in 11, 

whereas the two-electron oxidation is indicative of a synchronized electron transfer on the units.  

Accordingly, the electronic interactions between the two trinuclear units depend on the 

eq. 27

eq. 28

eq. 31

eq. 31

eq. 31

eq. 31

[RuIIIRuIV
2]2– [RuIII

2RuIV]– [RuIII
3]+

[RuIIRuIII
2]0 [RuII

2RuIII]2+ [RuII
3]3+

[RuII
2RuIII–RuII

2RuIII]2– [RuII
2RuIII–RuIIRuIII

2]– [RuIIRuIII
2–RuIIRuIII

2]0

[RuIII
3–RuIII

3]2+ [RuIII
2RuIV–RuIII

2RuIV]4+

10+

–e–

+e–

–e–

+e–

–e–

+e–

–e–

+e–

–e–

+e–

–e–

+e–

–e–

+e–

–2e–

+2e–

–2e–

+2e–

11
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oxidation states of the metals. 

  Moreover, Ito and Yamaguchi et al. reported that trimers (12+) and tetramers (132+) of this 

trinuclear complex show reversible metal-centered eleven-step twelve-electron transfer reactions, 

as well as reversible 14-step 15-electron transfer reactions (Chart 3).39 

 

 

 
 
 
 
 
 
 
Ferrocenyldendrimers 

  Ferrocene (Fc) and ferrocenium cation (Fc+) are well known for their reversible FeII/FeIII 

redox couple,33,35 and Astruc et al. reported the multi-electron transfer properties of 

ferrocrnyldendrimers such as 1,3,5-tris(ferrocenylethynyl)benzene (14) and hexa 

(ferrocenylethynyl)benzene (15).40  While the former contains three ferrocenyl units, and 

shows reversible three-step one-electron oxidations in dichloromethane (CH2Cl2), the latter 

contains six ferrocenyl units, and displays reversible three-step two-electron oxidations (Scheme 

5).  It was suggested that the ferrocenyldendrimers transfer electrons onto metal centers, and 

that the electronic interactions between the ferrocenyl moieties proceed via the central benzene 

ring. 

 

 

 

 

 

 

Chart 3. Structures of a) 12+ and b) 132+ in ref. 39. 

Scheme 5. Reversible three-step two-electron redox scheme for 15 in ref. 40. 



 18 

  Cuadrado et al. reported another ferrocenyldendrimer, based on an organosilicon frameworks 

(16-19) (Chart 4).41  For example, ferrocenyldendrimer 16 exhibits two-step one-electron redox 

properties in solution, due to the interactions between the ferrocenyl units.  For the 

corresponding dimer (17), tetramer (18), and octamer (19), two-step two-, four-, and 

eight-electron transfer properties were observed, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polyoxometalates 

  Polyoxometalates (POMs), established by Pope and Müller, also show interesting 

multi-electron transfer reactions.  For example, Kegging-type α-[PMoVI
12O40]3– (203–) was 

reported to show reversible five-step two-electron reductions in 0.1 M aqueous HCl (eq. 29).42  

Since the four-electrons reduced species of 203– (20+) contains inter-valence charge transfer 

(IVCT) bands based on the Mo centers, metal-centered processes should be involved in the 

Chart 4. Structures of 16-19 in ref. 41. 
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electron transfer reactions.43 

  Keita et al. reported that α-[P2WVI
18O62]6– (216–) shows two-step one-electron reductions, and 

subsequent two-step two-electron reductions in 1 M aqueous HCl (eq. 30).44  Conversely, in 

12.4 M aqueous HCl, three-step two-electron transfers accompanied by positive shifts of the 

redox potentials were observed (eq. 31).  The change of redox properties was rationalized in 

terms of a change of electronic interactions between the Mo atoms, on account of accepting a 

proton on the oxo ligands. 

 

 

 

 

 

 

  Hill et al. reported reversible two-step one-electron reductions, as well as four-step 

one-electron oxidations on the Ru centers of [{RuIV
4O4(OH)2(H2O)4}(γ-SiWVI

10O36)2]10– (2210–) 

(eq. 32).45  Interestingly, the reversible reduction of the W moiety was confirmed to proceed 

after the four-step reductions on the Ru centers. 

 

 

 

 

1-2-3. Multi-electron and Proton Transfer Reactions on Metal Centers 

  The abovementioned molecules with multi-electron transfer properties require the presence of 

multiple metal sites.  On another hand, molecules with mono- or dinuclear precious metal 

eq. 29

eq. 31

eq. 31

[PMo12O40]7+ [PMo12O40]5+ [PMo12O40]3+

[PMo12O40]+ [PMo12O40]– [PMoVI
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–2e–

+2e–

–2e–

+2e–

–2e–

+2e–

–2e–

+2e–

–2e–

+2e–
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eq. 31

eq. 31

eq. 31

eq. 30
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–2e–
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–e–

+e–
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+e–

–e–

+e–

–e–

+e–

–e–

+e–

–e–

+e–

–e–
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centers have been reported to exhibit metal-centered electron and proton transfer properties.46-51  

A representative selection of such complexes is discussed in the following section. 

 

Ir Complexes 

  Crabtree et al. demonstrated that [IrIII(H)2{P(C6H11)3}2] (23) is able to catalyze the 

photochemical dehydrogenation of 2,2-dimethylbutane to generate 2,2-dimethyl-3-butene 

(Scheme 6).46  The photochemical excitation of 23 affords hydrogen from the reductive 

elimination of two coordinated hydrides under concomitant formation of the Ir(I) species (24).  

The subsequent oxidative addition of 2,2-dimethylbutane furnishes 2,2-dimethyl-3-butene under 

regeneration of 23.  As this thermal dehydrogenation reaction proceeds via the oxidative 

addition reaction of 2,2-dimethylbutane, the Ir center acts as an electron and proton transfer site 

in this catalytic dehydrogenation.  

 

 

 

 

 

 

 

 

 

 

 

  [IrIII(η5-C5Me5)(bpy)(Cl)]+ (25+), reported by Ziessel, catalyzes the so-called water-gas shift 

reaction, which generates hydrogen and CO2 from water and CO (Scheme 7).47  Initially, a Cl– 

ligand on the Ir center in 25+ is replaced with CO, resulting in the formation of 262+.  

Subsequently, the reaction between water and 262+ produces CO2, protons, and Ir(I) species 27.  

Scheme 6. Proposed electron and proton transfer mechanism of 23 in ref. 46. 
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This oxidation of CO proceeds by a two-electron reduction of the Ir(III) center, followed by an 

oxidative protonation of the Ir center in 27 to afford hydride species 28+.  Subsequently, the 

photochemical reaction of 28+ generates hydrogen under simultaneous recovery of 25+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rh Complexes 

  [RhI(Cl)(PMe3)2(CO)] (29), reported by Goldman et al., was found to be susceptible to 

photochemical elimination of CO from the Rh center to afford 30 (eq. 33).48  Complex 30 

serves as the active species for the dehydrogenation of cycloalkanes (cyclo-CnH2n, n = 6-8) to 

furnish the corresponding cycloalkenes and the Rh (III) di-hydride 31 (eq. 34).  As part of the 

dehydrogenation process, the cycloalkanes oxidatively add onto Rh center, is thermally 

promoted by a two-electron reduction of the Rh center together with the acceptance of two 

protons.  
  

Scheme 7. Proposed electron and proton transfer mechanism of 25+ in ref. 47. 

eq. 33eq. 31

eq. 31

[RhI(Cl)(PMe3)2(CO)] [RhI(Cl)(PMe3)2] + COhv

[RhI(Cl)(PMe3)2] + c-CH2CH2R [RhIII(H)2(Cl)(PMe3)2] + c-CH=CHR eq. 34

29

31

30
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  Cole-Hamilton et al. reported that the photochemical dehydrogenation of 2-propanol 

catalyzed by [RhI(H){P(i-Pr)3}3] (32) proceeds via electron and proton transfer on the Rh center 

(Scheme 8).49  The active species for the photochemical dehydrogenation is 33, which is 

obtained from 32 via elimination of a phosphine ligand.  Complex 33 forms oxidative addition 

product 34 upon incorporation of two electrons and two protons from 2-propanol.  

Subsequently, photolytically induced excitation of 34 results in the generation of hydrogen and 

acetone, as well as in the regeneration of 33. 

 

 

 

 

 

 

 

 

 

 

 

Ru Complexes 

  Bäckvall et al. reported the racemization of (S)-2-phenylpropanol with [RuII(Cl)2(PPh3)3] 

(35).50  Complex 35 reacts with (S)-2-phenylpropanol in the presence of base (B) to afford 

di-hydride 36 and acetophenone (eq. 35).  An ensuring reductive elimination from 36 generates 

Ru0 species 37 and (rac)-2-phenylpropanol (eq. 36).  Subsequently, complex 37 accepts two 

electrons and two protons from (S)-2-phenylpropanol to generate 36 under concomitant 

formation of acetophenone (eq. 37).  The racemization reaction catalyzed by 36 is promoted by 

alternating oxidative addition and reductive elimination reactions on the Ru center. 
  

Scheme 8. Proposed electron and proton transfer mechanism of 32 in ref. 49. 



 23 

 

 

 

 

 

Pt Complexes 

  The photochemical abstraction of hydrogen radicals from 2-propanol by [PtII
2(POP)4]4– (384–) 

(POP = P2O5H2
2–) was independently reported by Roundhill et al.,51a and Gray et al.51b  

Complex 384– forms a Pt–Pt bond, and is converted to the excited biradical state (3dσ*-pσ) by 

photochemical excitation (eq. 38).  The excited state of 384– abstracts a hydrogen radical from 

the α-carbon atom of 2-propanol to afford hydride species 394– and the corresponding radical 

(eq. 39).  The photochemical abstraction of H radicals from 384– represents an electron and 

proton transfer reaction on the metal center, generating a Pt(III) hydride from the corresponding 

Pt(II) precursor.  

 

 

 

 

1-2-4. Limitations and Perspectives 

  On one hand, multi-nuclear metal molecules, such as metal complexes, ferrocenyldendrimers, 

and polyoxometalates usually include a number of redox-active transition metal centers and thus 

represent molecules with multi-electron transfer properties.  Even though multiple nucleation 

of is a powerful method to construct such multi-electron transfer molecules, the electron transfer 

activity depends predominantly on the nature of the metals, and regardless of the nature of the 

metal, a considerable amount of metals is required. 

  On the other hand, mono- or dinuclear precious metal complexes are well documented, 

especially regarding their electron and proton transfer properties.  The key reactions for the 

eq. 35

eq. 36

eq. 37

eq. 31

eq. 31

eq. 31

[RuII(Cl)2(PPh3)3] + 2(S)-PhMeCHOH [RuII(H)2(PPh3)3] + 2PhMeC=O2B
–2BH+

[RuII(H)2(PPh3)3] + PhMeC=O [Ru0(PPh3)3] + (rac)-PhMeCHOH

[Ru0(PPh3)3] + 2(S)-PhMeCHOH [RuII(H)2(PPh3)3] + PhMeC=O

35

37

36

eq. 38eq. 31

eq. 39eq. 31

[PtII
2(POP)4]4– hv [PtII

2(POP)4]4–*

[PtII
2(POP)4]4–* + (CH3)2CHOH [PtIIPtIII(POP)4(H)]4– + (CH3)2COH·

384–

394–
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electron and proton transfer are the oxidative addition and reductive elimination of protons 

and/or hydrogen radicals on the metal centers, as well as hydride transfers from the metal center 

to the substrate.  However, the electron and proton transfer activity largely depends on the 

nature of the precious metals, which are usually expensive and scarce. 

  The new design and synthesis of new multi-electron and proton transfer systems, which do 

not depend on the potential activity of the metals, are therefore strongly desirable, especially 

from an economic perspective, but also with respect to a demand for advanced catalytic systems 

and materials.  In many electron and proton transfer systems, ligands merely occupy the 

coordination sphere of the central metal, without getting significantly involved electron and 

proton transfer processes.  If ligands effectively participate in electron and proton transfer 

reactions, multi-electron and proton transfer systems that are independent from the nature of the 

metals should be expected.  
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1-3. Redox-active Ligands 

 

1-3-1. History of Redox-active Ligands 

  In the early 1960s, Gray et al.52 and Schauzer et al.53 reported metal complexes containing 

dithiolene ligands, which potentially have redox-active properties (Chart 5).  Gray et al. 

discussed the magnetic properties of the square-planar bis-type complexes, 

(n-Bu4N)2[MII{S2C2(CN)2}2] (M = Co (40), Ni (41), Pt (42)) and proposed a dianionic state for 

theses ligands.  Conversely, Schauzer et al. proposed a monoanionic radical state for the 

ligands in [Ni(S2C2Ph2)2] (43).  Since only few examples for ligands with a radical state had 

been known compared to ligands with a dianionic state, the redox activity of such ligands as 

well as their potential radical states became the subject of intensive investigation.  Theses 

studies thus opened the research area for metal complexes with redox-active ligands, which has 

since become a widely studied field. 

 

 

 

 

 

 

  In the early phase of research on redox-active ligands, Jørgensen pointed out that transition 

metal-coordinated NO ligands can adopt three electronically different states (NO+/NO·/NO–) 

(Scheme 9).54  In his paper from 1966, he proposed to label ligands “innocent”, if they allow 

oxidation states of the central atom to be defined unambiguously.  Accordingly, ligands such as 

H2O, NH3, and Cl– should be considered innocent.  In contrast, the NO ligand is not innocent, 

as its charge distribution changes with the coordination geometry and environment in the 

complex.  The importance of the Jørgensen’s definition was recognized later, and the word 

“non-innocent” is still used for transition metal complexes with redox-active ligands, for which 

the electronic state cannot be defined unambiguously.55  

Chart 5. Structures of dithiolene complexes reported by a) Gray et al. and b) Schauzer et al. in 
refs. 52 and 53. 
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  In the areas of organic chemistry and biochemistry, it is well documented that aromatic diols 

such as hydroquinone (HQ) and catechol (CatH2) exhibit redox-activity.56  HQ, for example, 

can be oxidized to p-semiquinone and p-quinone via consecutive one-electron transfer (Scheme 

10a), while for CatH2, semiquinone (SQH), and benzoquinone (BQ) are obtained (Scheme 10b). 

  In 1964, Eaton reported that SQ, which was generated from CatH2 in aqueous solution by 

oxygen-induced in-situ oxidation, coordinates with several metal ions such as Na+, Mg2+, Ca2+, 

Sr2+, Ba2+, Zn2+, Cd2+, La3+, and Y3+.57  In 1966, Holm et al. reported the synthesis of several di- 

and trimeric Cat complexes (44-54) as well as Cat or SQ complexes (55-57), for which the 

electronic distribution states were not assigned (Chart 6).58  Further details of the complexes 

were not reveled at this point. 

  In 1971, Balch et al. reported the generation of [PdII(Cl4Cat)(PPh3)2] (58) from the oxidative 

complexation of Pd(PPh3)3 and o-tetrachlorobenzoquinone (Cl4BQ),59a and in 1975, Pierpont et 

al. reported a detailed structure for 58 (Figure 3).59b  The single-crystal X-ray diffraction 

analysis of 58 revealed a square-planar coordination geometry for the Pd center, which is 

Scheme 9. Three different electronical state of the non-innocent NO ligand in refs. 54 and 55. 
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Scheme 10. Schemes for the redox processes involving a) HQ and b) CatH2 in ref. 56. 



 27 

coordinated by Cl4Cat and two molecules of PPh3.  Cl4Cat exhibited a bidentate binding mode 

to the Pd center via the lone pairs of electrons on the oxygen atoms.  The observed bond 

distances of 1.342(10) and 1.345(10) Å for the C–O bonds, and 1.366-1.407(12) Å for the C–C 

bonds in the Cl4C6O2 ligand indicate a single bond and aromatic character, respectively, 

suggesting a fully reduced state of Cl4Cat.  In addition, the square-planar coordination 

geometry of the Pd-center indicates a d8 electron configuration for Pd(II).  Interestingly, 

complex 58 was the first Cat complex to be registered in the Cambridge Crystallographic Data 

Centre (CCDC).  
  

Chart 6. Structures of a) Cat and b) Cat/SQ metal complexes reported by Holm et al. in ref. 58. 
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Figure 3. Molecular structure of 58 reported by Pierpont et al. in ref. 59b. 
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  Since the 1970s, aforementioned Pierpont et al., Lever et al.,60 Raymond et al.,61 Wieghardt et 

al.,62 and many other research groups have reported numerous metal complexes with 

redox-active ligands based on homo- or heterolytically ortho-disubstituted benzenes (Chart 7).63  

These ligands, which exhibit the substitution patterns X = Y = O; X = Y = S; X = Y = NH2; X = 

O and Y = S; X = O and Y = NH2; or X = S and Y = NH2, are called Cat64, 2-benzenedithiolato 

(Bdt),65 o-phenylenediamine (Opda),66 2-mercaptophenolato (Mp),67 2-aminophenolato 

(ApH2),68 or 2-aminothiophenolato (AtpH2),69 respectively, and molecular structures, magnetic 

properties, spectroscopic and electrochemical properties of their transition metal complexes 

have been revealed.  

 

 

 

 

 

 

 

 

 

1-3-2. Electron and Proton Transfer Reactions of Metal Complexes with Redox-active 

Ligands  

  Metal complexes with redox-active ligands are able to transfer electrons and protons not only 

at the metal center but also at their ligands.70-79  Previously reported studies in this area are 

discussed bellow.  
 

Metal-centered Electron transfer 

  Mo complexes of Bdt represent a typical example for multi-electron transfer reactions at a 

metal center (Scheme 11).70  Bennett et al. reported a trigonal prism structure for [MoVI(Bdt)3] 

Chart 7. Representative structures of transition metal complexes with redox-active homo- or 
heterolytically ortho-disubstituted benzene ligands. 
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Y
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X = O, Y = S (Mp)
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X = S, Y = NH2 (AtpH2)
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(59), which was synthesized from MoCl5 and Bdt2– in the presence of oxygen.70a  Subsequently, 

Cervilla et al. reported that complex 59 shows a reversible two-step one-electron reduction.70b  

Moreover, they reported [MoV(Bdt)3]– (59–) as the one-electron reduced species of 59, which 

suggests a metal-centered reduction.  Furthermore, Hahn reported the Mo(IV) complex 

[MoIV(Bdt)3]2– (592–), whose HOMO, SOMO, and LUMO are located on the d-orbitals of Mo, 

thus facilitating metal-centered electron transfer reactions. 
 

 

 

 

 

 

Ligand-centered Electron Transfer  

  While complex 59 shows metal-centered electron transfer reactions, [CrIII(Cl4SQ)3] (60), 

consisting of Cr(III) and tetrachlorosemiquinonato (Cl4SQ) ligands, exhibits ligand-centered 

electron transfer reactions (Scheme 12).71  Pierpont et al. reported the synthesis of 60 from the 

oxidative complexation between Cr(CO)6 and Cl4BQ.71a  The observed C–O bond distances of 

1.265-1.293(9) Å in 60 are indicative of an SQ character for the ligands.  The reported redox 

properties of 60 revealed a reversible three-step one-electron reduction in CH2Cl2.71b  

Subsequently, Chang and Kitagawa et al. synthesized and characterized one- and two-electron 

reduced species of 60.71c  The one-electron reduced species [CrIII(Cl4Cat)(Cl4SQ)2]– (60–), was 

prepared from 60 by addition of the oxidant Fc+.  The solid state and the spectroscopic 

behavior of 60– in CH2Cl2 revealed the presence of IVCT bands in the NIR region, indicating a 

mixed-valence state of the ligands.  The corresponding two-electron reduced species 

[CrIII(Cl4Cat)2(Cl4SQ)]2– (602–) was obtained from 60 by treatment with cobaltocenium cation, 

which is a stronger reductant than Fc+.  Complex 602– also showed IVCT bands, albeit at longer 

wavelengths region than 60–.  These characteristics clearly demonstrate ligand-centered 
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electron transfer reactions for 60.  It should be noted that even though the corresponding 

three-electron reduced species [CrIII(Cl4Cat)3]3– (603–) could not be isolated, an estimate of its 

properties could be obtained by extrapolation.  The ligand-centered redox property were 

attributed to the frontier orbitals, i.e. π and π* ligand orbitals, because Cr(III) is a 

thermodynamically stable state in this coordination environment.  

 

 

 

 

 

 

Electron Transfer on Complexes with Delocalized Charge Distribution 

  For the Ru complex [Ru(3,5-DTBQ)3] (61) (3,5-DTB = 3,5-di-tert-butyl, Q means a 

quinoid-type ligand) reported by Pierpont et al., the charge distribution could not be assigned 

unambiguously, due to interactions between the d-orbitals of Ru the π-orbital of the ligands 

(Chart 8).72  When the d-orbitals of the metal lie energetically higher than the π-orbital of the 

ligands, the frontier orbitals are located on the metal and vice versa.  An example for the 

former case is 59, while an example for the latter case is 60.  In 61, however, metal d- and 

ligand π-orbital levels overlap, and therefore, the frontier orbitals are delocalized over the metal 

and the ligands.  Accordingly, complex 61 exhibited a reversible one-electron oxidation as well 

as a two-step one-electron reduction (Scheme 13), and the intramolecular charge distribution in 

the redox isomers of 61 could not be defined.   
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Intramolecular Electron Transfer Induced by External Stimuli  

  The intramolecular charge distribution of metal complexes with redox-active ligands can be 

modulated by external stimuli.  For example, Pierpont et al. reported that 

ls-[CoIII(3,5-DTBCat)(3,5-DTBSQ)(bpy)] (ls-62a) was reversibly converts to hs- 

[CoII(3,5-DTBSQ)2(bpy)] (hs-62b) upon heating (eq. 40).73  This conversion was rationalized in 

terms of a valence tautomerization (VT), which is driven by the entropy change (ΔS) (eqs. 41 

and 42) and involves an electron transfer from DTBCat to Co(III), resulting in the formation of 

DTBSQ and Cu(II), accompanied by a spin crossover reaction on the metal-center;74 

  

 

 

 

 

where ΔH, T, ΔStotal, ΔSvib, and ΔSelect refer to the enthalpy change, temperature, total entropy 

change, entropy change of the vibrational mode, and the entropy change of the spin multiplicity 

in the reaction, respectively.  The electron configuration of ls-62a, which exhibits an octahedral 

geometry, was assigned as (dπ)6(dσ∗)0(π)2(π)1, whereas that of hs-62b was assigned as 

(dπ)5(dσ∗)2(π)1(π)1.  As two electrons reside in the dσ∗ orbital of hs-62b, which is the 

antibonding orbital between Co and the ligands, the bond strength around the Co center 

decreases, resulting in an increase of ΔSvib as well as ΔSelect.  The increased temperature induces 

a more negative value for ΔG, thus driving the VT reaction.  Alternatively, the VT reaction 

Chart 8. Diagram for the energy of the frontier orbitals of metal complexes with redox-active 
ligands in ref. 72. 
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also proceeds when using light75 or pressure76 as external stimuli. 

  It is noteworthy that not only Co complexes exhibit such VT reactions, but also complexes of 

Mn, Fe, and Cu.77  For example, Pierpont et al. reported that [MnIV(3,6-DTBCat) 

(3,6-DTBSq)2] (63a) (3,6-DTBCat = 3,6-di-tert-butylcatecholato, 3,6-DTBSQ = 3,6-di-tert- 

butylsemiquinonato) afforded the valence tautomer [MnIII(3,6-DTBSq)3] (63b) from a thermally 

induced intramolecular electron transfer from DTBCat to Mn(IV) (Scheme 14).78  This VT 

equilibrium is driven by the increase of ΔSvib and ΔSelect as a result of changing the electron 

configuration from (dπ)3(dσ∗)0(π)2(π)1(π)1 to (dπ)3(dσ∗)1(π)1(π)1(π)1.  
 

 

 

 

 

 

Ligand-centered Electron and Proton Transfer 

  As redox-active ligands such as Opda contain protons on their coordinating nitrogen atoms, 

they are able to transfer these in addition to electrons.  For example, Peng et al. reported that 

the mixture of Fe2+ and three equivalents of Opda afforded ls-[FeII(Bqdi)3]2+ (ls-642+) (Bqdi = 

o-benzoquinodiimine) in the presence of oxygen in anhydrous CH2Cl2 (Scheme 15).79  Despite 

the reduced form of ls-642+ has not been reported so far, it was isolated and characterized 

hs-[FeII(Opda)3] (hs-652+), which will be presented in Chapter 5.  During this reaction, the 

oxidation state of the Fe center remained unaffected, but the Opda ligand was oxidized to Bqdi 

which is the by two electrons and two protons oxidized Opda analogue.  In this context, it 

should be noted that Bqdi is able to accommodate strongly back-donation from the ls-Fe(II) 

center, which has a (dπ)6 electron configuration.  Therefore, the preferential oxidation of Opda 

in this reaction was rationalized in terms of a higher level of the Opda π-orbital with respect to 

the d-orbital of the metal center on one hand, as well as in terms of a stabilization of the ls-Fe(II) 
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center from the Bqdi ligand on the other.  

 

 

 

 

 

 

1-3-3. Catalytic Activity of Metal Complexes with Redox-active Ligands  

  In the 1990s, the first reports on the catalytic activity of metal complexes with redox-active 

ligands started emerge,80-83 and since then, the electron transfer properties of the ligands have 

been identified as key features for the catalytic activity.  The following section describes a 

representative selection of such studies.  

 

Oxidation of Water  

  Tanaka et al. reported that a dinuclear Ru complex of BQ (662+) can act as a catalyst for the 

generation of oxygen from water.84a  In this reaction, the redox-active ligands serve as electron- 

and hole-pooling sites (Scheme 16).84b  The proposed reaction mechanism is initiated by the 

deprotonation of the two hydroxo ligands in 662+, which affords the corresponding peroxo 

complex (674+) with a O–O bond.  Upon formation of the O–O bond, each BQ ligand accepts 

one electron from the peroxo ligand, and a subsequent electrochemical oxidation removes one 

electron from each Ru canter to afford 686+.  Then, in the presence of water, each 

electron-deficient Ru(III)-center in 686+ accepts one electron from the peroxo ligand to furnish 

692+ under concomitant extrusion of oxygen.  Complex 662+ is then recovered from a 

ligand-centered electrochemical oxidation of 692+.  Interestingly, both the Ru centers, as well 

as the redox-active ligands, act as electron-accepting sites for water.  Although this catalytic 

oxidation of water depends on the non-innocent behavior between Ru and BQ, the use of 

redox-active ligands as electron- and hole-pooling sites afforded a new design guide, which is 

Scheme 15. Multi-electron and proton transfer of hs-652+ in ref. 79. 
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different from the electron transfer systems based on metal centers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxidation of Alcohols 

  Chaudhuri and Wieghardt et al. reported that primary alcohols, e.g. MeOH and ethanol 

(EtOH), are susceptible to oxidation in the presence of catalysts based on Zn or Cu complexes 

of a Bqdi derivative with Ap and iminosemiquinonato (ISQ) functionality (70+ and 71+) (scheme 

17).85a  Dissolving 70+ and 71+ in alcohol affords the two electron-reduced species 70– and 71– 

under simultaneous generation of the corresponding aldehyde.  During this reaction, the 

oxidation state of the metal center remains unchanged, while the ligand is subject to a 

two-electron reduction.  A subsequent oxidation using oxygen regenerates 70+ and 71+ and 

affords hydrogen peroxide.  It should be noted that all electron transfer processes in this 

reaction are ligand-centered and that similar reactions using redox-active ligands were reported 

by Chaudhuri et al.,85b,85c as well as by Safaei and Storr et al.85d 

  

Scheme 16. Proposed mechanism for the oxidation of water catalyzed by 662+ in ref. 84. 
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Oxidation of Hydrogen  

  Rauchfuss et al. reported that Ir complexes of Ap derivatives, containing additional 

substituents on the nitrogen atom (72 and 73), are able to catalyze the oxidation of hydrogen in 

the presence of sacrificial Fc+ oxidants (Scheme 18).86  Initially, 72 and 73 are subjected to the 

ligand-centered oxidation by Fc+ to afford the corresponding one-electron oxidized species 72+ 

and 73+, which contain ISQ moieties.  Subsequently, hydrogen is oxidized by 72+ and 73+ in 

Scheme 18. Proposed mechanism for the oxidation of hydrogen catalyzed by 72 and 73 in ref. 86. 

Scheme 17. Proposed mechanism for the oxidation of alcohols catalyzed by 70+ and 71+ in ref. 
85a. 
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the presence of Fc+, furnishing Fc, protons, as well as 72 and 73.  In this oxidation of hydrogen, 

each 72+ and 73+ accepts one electron from hydrogen on the ligand, while the other electron is 

accepted by Fc+. 

 

Cross-coupling Reactions 

  Sorper et al. reported that a square-planer Co complex with an Ap-type ligand (74–) was able 

to act as a catalyst for C–C cross-coupling reaction (Scheme 19).87  Alkyl halides are added 

onto the Co center of 74– to afford 75, in which the coordinated carbanion occupies the apical 

position.  The oxidation state of the Co(III) was maintained, whereas each Ap ligand was 

subjected to a one-electron oxidation, resulting in the formation of the corresponding ISQ 

derivative.  Accordingly, the Ap ligands perform the role of an electron donor during the 

oxidative addition.  The subsequent nucleophilic addition of phenylzincbromide onto 75 

furnished the cross-coupling product (R–Ph) via a reductive elimination under simultaneous 

regeneration of 74–.  It should be noted that during the reductive elimination, each ISQ ligand 

acts as a one-electron acceptor. 

 

 

 

 

 

 

 

 

 

 
  

Scheme 19. Proposed mechanism for cross-coupling reactions catalyzed by 74– in ref. 87. 
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1-3-4. Photochemical Reactions of Aromatic Amines and Alcohols 

  Aromatic amines and alcohols represented by Opda and ApH2, are known to show interesting 

photochemical reactivity.88-90  In 2004, Nakata et al. reported that Opda generated Bqdi and two 

H radicals via a photochemical excitation, generated by UV light absorption in an argon matrix 

(Scheme 20a).88  During the photochemical reaction, the N–H bonds in the amino groups were 

homolytically cleaved in the excited state.  

 

 

 

 

 

 

 

 

 

  A photochemical mechanism of the cleavage of the N–H bonds in aniline, which exhibits a 

similar framework to Opda, was reported by Stavros et al. in 2012 (Chart 9a).89  The three 

excited states of aniline, i.e. 11π-π*, 11π-σ*, (the antibonding orbital of the N–H bond), and 

21π-π*, were located at 4.22 (294 nm), 4.61 (269.5 nm), and 5.10 eV (240 nm) relative to the 

ground state.  The π-π* transition was allowed, whereas the π-σ* transition represents a 

forbidden process.  In the 21π-π* excited state, an internal conversion leads to afford a 11π-π* 

excited state via conical intersection (CI) during the relaxation process, and this excited state 

was further transferred to a 11π-σ* excited state via another CI.  In the 11π-σ* excited state, an 

N-H bond is activated, and H and anilino radicals are generated from the homolytic cleavage of 

the N–H bonds.  Conversely, in the case of a lower energy level, e.g. for the 11π-π* transition, 

an N–H bond cannot be photochemically activated, because the CI level between the 11π-π* and 

the 11π-σ* state is considerably higher than that of the initially formed 11π-π* excited state.  
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Scheme 20. Photochemical hydrogen atom transfer processes of a) Opda and b) ApH2 in refs. 88 
and 90. 
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  In 2014, Pino et al. reported a mechanism for the photochemical generation of H radicals 

from ApH2, which contains aromatic amine as well as alcohol functionality (Scheme 20b, Chart 

9b).90  The two excited states of ApH2, i.e. 1π-π* and 1π-σ* (an antibonding orbital of the O–H 

bond), were located at 4.54 (273 nm) and 4.64 eV (267 nm) relative to the ground state.  The 

activation barrier between the 1π-π* and 1π-σ* excited states was found to be relatively small 

(0.2 eV), as they were mixed at the CI via their out-of-plane vibration modes.  Accordingly, the 

H radical and ISQ were produced from the homolytic cleavage of the activated O–H bond after 

the 1π-π* excited state was converted to 1π-σ* excited state. 

 
  Chart 9. Energy diagrams for the photochemical reactions of a) aniline and b) ApH2 in refs. 89 
and 90. 



 39 

1-4. Electron and Proton Transfer Reactions of Group 8 Metal Complexes 

 

1-4-1. The Conversion of Amines to Imines 

  Metal complexes of group 8 (Fe, Ru, and Os) with amine ligands can be oxidized to produce 

the corresponding imine complexes,91 and a selection of representative studies is discussed 

bellow. 

 

Fe Complexes 

  In 1972, Busch et al. reported that [FeII(htd)]2+ (762+), a Fe complex containing the 

tetradentate planar amine ligand 5,7,7,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca- 

4,11-diene (htd), can be oxidized by oxygen (Scheme 21).92  This oxidation generates 

[FeII(htt)]2+ (772+) (htt = 5,7,7,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-1,4,8,11- 

tetraene), which is the by four electrons and four protons oxidized form of htd.  Most 

importantly, the oxidation state of the Fe center does not change during this reaction, whereas 

each of the two amino moieties is oxidized to the corresponding imines.  

 

 

 

 

 

 

 

Ru Complexes 

  In 1976, Meyer et al. reported the electrochemical oxidation reaction of [RuII(bpy)2(en)]2+ 

(782+) (en = ethylenediamine) to afford 792+ with an oxidized en ligand (Scheme 22).93  For this 

oxidation.  [RuIII(bpy)2(en)]3+ was proposed as the active species, and it was suggested that 

Ru(III) could extract one electron from the en ligand, prior to furnishing 792+ in a subsequent 
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Scheme 21. Ligand-centered oxidation of 762+ under concomitant proton transfer in ref. 92. 
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electrochemical oxidation. 

 

 

 

 

 

 

 

Os Complexes 

  In 2011, Konno et al. reported that the photochemical oxidation of [OsII(bpy)2 

(2-aminoethanesulfinate)]2+ (802+) is induced by a metal-to-ligand charge transfer excitation in 

802+, which generates an Os(III) excited state (Scheme 23).94  Subsequently, this excited state is 

able to oxidize the amine moiety of the ligand in the presence of oxygen to generate 

[OsII(bpy)2(2-iminoethanesulfinate)]2+ (812+) via the transfer of two electrons and two protons.  

Here, it should be noted that the oxidation state of Os center is identical before and after the 

reaction, but changes in the intermediate state. 

 

 

 

 

 

 

 

 

1-4-2. Hydrogen Evolution Reactions based on Amine/imine Conversions  

  In 2013, Grützmacher et al. reported that Ru complex 82– catalyzes the thermal evolution of 

hydrogen from alcohols including MeOH upon addition of water to afford 83 (Scheme 24).30  
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Scheme 23. Photochemical ligand-centered oxidation of 802+ under simultaneous proton transfer 
in ref. 94. 
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The evolved hydrogen originates from the Ru-bound hydride in 82– and a water-derived proton.  

Moreover, the alcohol O–H bond is activated and the corresponding alkoxide coordinated onto 

the Ru-center in 83, while the proton is transferred to the amine moiety of 83, thus affording 84.  

Subsequently, the Ru(II) center accepts two electrons from the alkoxide, and the α-carbone of 

the amino group accepts a proton from the alkoxide to afford 85 and the corresponding aldehyde.  

By accepting two more electrons and two protons from another alcohol molecule, 86 is 

generated, before a subsequent thermal reaction in the presence of base liberates hydrogen as 

well as proton from the ligand to regenerate 82–.  Remarkably, during this alcohol 

dehydrogenation, the ligand performs the role of an electron- and proton-pooling site.  In the 

reaction from 83 to 84, the ligand acts as a two-proton acceptor, whereas it accepts two electrons 

and two protons in the reaction from 84 to 85.  Furthermore, it converts its two electrons and 

two protons into hydrogen in the reaction from 86 to 82–. 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Scheme 24. Alcohol dehydrogenation catalyzed by 82– in ref. 30. 
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1-4-3. Limitations and Perspective 

  Group 8 transition metal complexes with amine ligands may show activity for the conversion 

of amines to imines by aerobic, electrochemical, or photochemical oxidation.91-94  Additionally, 

in the case of 82–, a ligand-centered conversion of electrons and protons into hydrogen was 

successfully accomplished.30  However, this alcohol dehydrogenation still requires the presence 

of the relatively rare transition metal Ru, as well as substantial amounts of thermal energy.  

Therefore, the development of non-precious metal catalysts that operate at low temperatures 

remains an attractive research target.  Considering the previous discussion, the use of ligands 

that act as electron- and proton-pooling and exhibit photochemical functionality represents a 

promising strategy. 
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1-5. Metalloligands 

 

1-5-1. The Discovery of Metalloligands  

  In 1966, Cohen and Hoard et al. reported the synthesis and structural characterization of 

[Ca{FeIII(dcta)(H2O)}2(H2O)5] (87) (dcta = 1,2-diaminocyclohexane-N,N’-tetraacetato), a 

seven-coordinate Fe complex (Figure 4).95  In this complex, the hexadentate dcta ligand does 

not adopt its sterically preferred octahedral coordination; instead a distorted trigonal prism 

geometry is imposed on the Fe-center.  The distortion position at the Fe center is occupied by a 

water molecule, resulting in the formation of [FeIII(dcta)(H2O)]–, which exhibits a trigonal 

prismatic, square face-monocapped structure.  Conversely, Ca2+ counter cation is coordinated 

by five water molecules in a planar pentagonal geometry, as well as by oxygen atoms of 

[FeIII(dcta)(H2O)]– carboxylates at the apical positions, generating a distorted pentagonal 

bipyramidal structure.  The distance of 2.380(1) Å, which was observed between Ca2+ and the 

dcta oxygen atoms is shorter than the sum of ionic radius of Ca2+ (1.00 Å)96 and the van der 

waals radius of the oxygen atom (1.52 Å),97 thus unambiguously confirming the formation of a 

Ca–Odcta coordination bond.  Two molecules of [FeIII(dcta)(H2O)]– bind to Ca2+ and thus form a 

discrete complex in 87.  Thereafter, transition metal complexes with the ability to coordinate 

other metals via peripheral coordination sites in their ligands are called metalloligands (MLs).98 

 
  

Figure 4. Molecular Structure of 87 in ref. 95. 
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1-5-2. Catalytic Activity of Multi-nuclear Metal Complexes based on MLs  

  Recently, several reactions that use multi-nuclear complexes with MLs as molecular catalysts 

have been reported.99-102  For example, Kleiji et al. reported that the dinuclear Zn complex 88 

reacts with ZnI2 to furnish the trinuclear complex 89, in which Zn2+ is coordinated by the lone 

pairs of the ligand oxygen atoms (Scheme 25).99  Subsequently, this trinuclear complex 89 is 

able to catalyze the insertion of CO2 into epoxy moieties in (methoxymethyl)oxirane to furnish 

propylene carbonate derivatives (eq. 43).  While this catalytic reaction progresses efficiently 

(conversion rate = 100%), mechanistic details of this reaction, e.g. the activation site of the 

substrates, or the role of the ML, still remain to be determined.  

 

 

 

 

 

 

 

 

 

 

 

  Hamelin et al. reported that optically active Λ-Ru complex Λ-902+ can act as an ML to form 

dinuclear Ru complex Λ-913+, which accommodates a guest metal (Ru2+) via the lone pairs on 

the nitrogen atoms of the 2,2’-bipyrimidine ligand (Scheme 26).100  Complex Λ-913+ serves as a 

moderately selective catalyst (26%ee) for the reduction of phenylmethylketone to 

(S)-1-methyl-2-phenylethanol (eq. 44).  Even though the optical selectivity in this catalytic 

reaction was attributed to the chirality of the ML, the detals of the reaction mechanism ware not 

discussed.  

eq. 43eq. 31 CH3OCH2CH2CH2O CH3OCH2CH2CH2O2CO89
CO2

18 h, 85 ºC

Scheme 25. Coordination of 88 to Zn2+ in ref. 99. 
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  A complexation reaction using Fc derivative 92 as an ML was reported by Balakrishna et 

al.101  Complex 92 binds Pd2+ via the lone pairs on the phosphorus atoms to afford 

heterobimetallic dinuclear complex 93 (Scheme 27), which showed catalytic activity (TON = 

150,000) in a cross-coupling reaction (eq. 45). 

 

 

 

 

 

 

 

 

 

  Nishhibayashi and Yoshizawa et al. synthesized Fc derivative 94 and 95, which is a discrete 

complex of 94 and MoCl5, in the presence of Mg under an atmosphere of N2 (Scheme 28).102a  

Complex 95 can catalyze the reduction of N2 with sodium metal using Me3SiCl as a sacrificial 

reagents (Scheme 29).102b  During the first step of the catalytic reaction, the elimination of one 

N2 molecule from the Mo-center affords coordinatively unsaturated 96.  Subsequently, two 

eq. 44eq. 31 (S)-C6H5CHOHCH3
Λ-913+

HCO2Na
24 h, 80 ºC

C6H5COCH3

eq. 45eq. 31 p-CN-C6H4Br + C6H5B(OH)2 4-CN-1-C6H5-C6H4
93

K2CO3
60 ºC

Scheme 26. Coordination of Λ-902+ to Ru2+ in ref. 100. 

Scheme 27. Coordination of 92 to Pd2+ in ref. 101. 
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·SiMe3 radicals attack the coordinated N2 to form 97, before further addition of a ·SiMe3 radical 

furnishes Na(Me3Si)NN(SiMe3)2 under formation of 98, from which 96 is regenerated by 

addition of a molecule of N2.  It should be noted that the fully reduced nitrogen species, 

N(SiMe3)3, may be obtained from Na(Me3Si)NN(SiMe3)2 in a subsequent reaction.  In this 

catalytic reaction, the MLs serve as electron-donating groups to promote the reaction on the 

Mo-center.  
 
 
  
Scheme 28. Coordination of 94 and N2 to Mo0 in ref. 102a. 

Scheme 29. Proposed mechanism for the catalytic reduction of N2 by 95 in ref. 102b. 
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1-5-3. Redox-active Metalloligands 

  Redox-active metalloligands (RMLs) represent a subgroup of MLs.  RMLs have been 

reported to generate multi-nuclear complexes by binding guest metals, to form e.g. discrete 

structure or coordination polymers, that display metal-centered, ligand-centered, or guest 

metal-centered redox properties (Table 7).  Details on representative studies that investigated 

RMLs are discussed bellow.  

 
Table. 7. Multi-nuclear complexes containing RMLs and associated redox properties 

Multi-nuclear Complex Redox centres Ref. 

100+ Metal 103 
101+ Metal 103 
1032+ Metal, Ligand 104 
1042+ Ligand, Guest metal 104 
[FeII{NiII(bme-daco)}(NO)2] Metal, Guest metal 105 

[AgI{TiIV
2Cp4(µ-SC3H6S)2}]+ Metal 106 

[CuI{Mo0(CO)3(κ3-N-Si(3,5-dmpz)3)}Cl]– Metal 107 

[IrI{RuII(Cp)(κ3-N-C(pz)3(CNH))}(Cl)2(cod)]+ Metal 108 

[CuI{RuII(Cp)(κ3-N-C(pz)3)}(SiMe3)] Metal, Guest metal 109 
[ZrIV{NiII(tenb)}2] Metal 110 
[MI(dme)2{RuIII

2(3,5-DTBCat)4}] (M = Li, K, Rb) Metal 111 
[ZnII{RuIII(acac)2(pz)2}2] Metal 112 
[RuII{RuIII(acac)2(pz)2}2(CO)] Metal, Guest metal 112 
[FeIII{FeIII(thpa)3}]3+ Metal 113 
[CuI{5-Fc-2,2’-5’-Me-bpy}(6,6’-dmes-bpy)]+ Metal, Guest metal 114 
[PdII

3{RuII(pytpy)2}3(Cl)6]6+ Metal, Ligand, Guest metal 115 
bme-daco = bismercaptoethanediazacyclooctane, 3,5-dmpz = 3,5-dimethylpyrazolyl, pz = 
pyrazolyl, cod = 1,5-cyclooctadiene, tenb = 3,3’-[(1,1,2,2-tetramethyl-1,2-ethanediyl)-bis- 
(nitrilomethylidyne)]-bis-1,2-benzenediolato, thpa = tris(6-hydroxymethyl-2-pyridylmethyl) 
amine), dmes = dimesityl, pytpy = 4-(3-pyridyl)-tpy. 

 

Metal-centered Electron transfers of Redox-active Metalloligands 

  In 1991 and 1992, Lynn, Kaifer, and Gokel et al. reported that a Fc derivative with a cryptand 

moiety (99) can coordinate Na+ and Ag+ cations via the lone pairs on nitrogen and oxygen to 
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form the dinuclear heterobimetallic complexes 100+ and 101+ (Scheme 30).103  In MeCN, 100+ 

and 101+ exhibited reversible one-electron oxidation processes at the Fe center (eq. 46), and in 

the equilibrium, 100+ and 101+ is partly dissociate from the RML (99).  Coordination of 99 to 

Na+ or Ag+ led to positive shift of the redox potential of the RML by 0.19 or 0.28 V, respectively, 

and this shift suggests that the metal-centered redox properties of the RML is significantly 

perturbed by the positive charge of the guest metal ions.  
  
 
 

 
 
 
 
 
 
 
 
 
 

Ligand-centered Electron Transfers of Redox-active Metalloligands 

  In 2010, Hamelin et al. reported that Ru complex 1022+ produces heterobimetallic dinuclear 

complex 1032+ to bind Zn2+ via the lone pairs on the oxygen and nitrogen atoms (Scheme 31).104  

Complex 1022+ showed reversible two-step one-electron reductions on the bpy ligand, in 

addition to an electrochemically irreversible one-electron oxidation on the Ru center.  

Moreover, a similar reversible bpy-centered redox process was observed for 1032+, even though 

the Ru-centered oxidation is reversible in this case (eq. 47), which indicates that the 

corresponding one-electron oxidized species (1032+) is stabilized by the interaction with Zn2+.  

   

 
  

eq. 46
eq. 31

eq. 31

[{FeII}–MI]+ [{FeIII}–MI]2+

[FeII] + M+ [FeIII]+ + M+

–e–

+e–

99

–e–

+e–

eq. 47
eq. 31

eq. 31

[{RuII(bpy·–)2}–ZnII] [{RuII(bpy·–)(bpy)}–ZnII]+

[{RuII(bpy)2}–ZnII]2+ [{RuIII(bpy)2}–ZnII]3+

–e–

+e–

–e–

+e–

–e–

+e–

1032+

FeII

N

N

O

O

O

O

FeII

N

N

O

O

O

O

MI

M+!

M = Na, Ag�

+�

99� M = Na (100+)!
M = Ag (101+)�

Scheme 30. Coordination of 99 to Na+ or Ag+ in ref. 103. 
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Guest Metal-centered Electron transfers of Redox-active Metalloligands 

  Hamelin et al. reported that 1022+ affords another heterobimetallic dinuclear complex (1042+) 

upon complexation of Mn2+ on the same coordination site as in the case of 1032+ (Scheme 31).104  

Complex 1042+ also showed bpy-centered redox properties, in addition to a reversible 

one-electron oxidation on the Mn center (eq. 48).  In this case, the interaction between the 

RML and the guest metal ion affected the redox properties of the multi-nuclear RML complexes, 

i.e. the redox potentials, the reversibility of redox processes, and the redox centers.  

   

 

 

 

1-5-4. RMLs based on Ortho-disubstituted Benzenes  

  Metal centers, which have a preference for octahedral coordination geometry, may 

accommodate up to three molecules of o-disubstituted benzene ligands.  Such tris 

(o-disubstituted benzene) complexes potentially contain multi-electron transfer sites at the 

central metal and up to three ligands, as well as guest metals (Chart 10).60-69  Among the 

previously discussed ligands, Cat, Bdt, Mp, ApH2, and AtpH2 complexes contain lone pairs on 

oxygen and/or sulfur atoms that them to serve as RMLs.  While Cat and Bdt contain 

homoleptic guest metal binding sites based on oxygen or sulfur, respectively.  Mp contains a 

eq. 48
eq. 31 [{RuII(bpy·–)2}–MnII] [{RuII(bpy·–)(bpy)}–MnII]+

[{RuII(bpy)2}–MnII]2+ [{RuII(bpy)2}–MnIII]3+

–e–

+e–

–e–

+e–

–e–

+e–
1042+

RuII
N N

N

N

N N N OH

N OH
RuII

N N

N

N

N N N O

N O
MII

M2+!
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1022+� M = Zn (1032+)!
M = Mn (1042+)�

2+� 2+�

–2H+�

Scheme 31. Coordination of 1022+ to Zn2+ or Mn2+ in ref. 104. 
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heteroleptic (O/S) guest metal binding site, and ApH2 and AtpH2 contain a heteroleptic guest 

metal binding site based on oxygen.  In this context, it is important to note that the 

homogeneity of the RML binding sites is considered to control the supramolecular assembly 

structure (Table 8). 

 

 

 

 

 

 

 

 
Table 8. Assembly structures for multi-nuclear tris-RMLs 

Multi-nuclear complex Binding Sites ML/guest M Structure Ref. 

[K3{CrIII(Cat)3}(H2O)1.5]n (105) Homo 1/3 Polymer 116 
[K2{MnIV(3,5-DTBCat)}(MeCN)6] (106) Homo 1/2 Discrete 117 
[Na2{MnIV(3,5-DTBCat)}(MeCN)6] Homo 1/2 Discrete 118 
[Li2{MnIII(Br4Cat)3}(thf)4]– Homo 1/2 Discrete 119 
[K3{VIII(Cat)3}]n Homo 1/3 Polymer 120 
[CoII{VIV(Mp)3}(py)2(MeCN)] (107)a Hetero 1/1 Discrete 121 
[VIII{VIV(Mp)3}2]– (108–)a Hetero 2/1 Discrete 122 
[Mo2{Mo(Mp)3}(CO)7]2–, b Hetero 1/2 Discrete 123 
[CoIII{CoIII(AtpH)3}]3+ Hetero (s)c 2/1 Discrete 124 
[CuI{MoV(Bdt)3}]n (109) Homo 1/1 Polymer 125 
[AgI{MoV(Bdt)3}]n (110) Homo 1/1 Polymer 125 
[Mo{Mo(Mp)3}(CO)3]2– (1112–)a Hetero 1/2 Discrete 126 

a Oxygen atoms binding mode.  b Oxygen and sulfur atoms binding mode.  c Single site. 

 

Homoleptic Redox-active Metalloligands with Guest Metal Ions  

  Raymond et al. reported the synthesis and structural analysis of [K3(H2O)1.5{CrIII(Cat)3}]n 

(105) (Figure 5a).116  The single-crystal X-ray diffraction analysis of 105 revealed the 

MY
X

Y X

Y
X

M'

guest
metal ion

Tris-RML

Chart 10. Schematic structure of a tris-RML coordinating to a guest metal ion M’. 
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coordination of three K+ ions via the homoleptic oxygen sites of [CrIII(Cat)3]3–, resulting in the 

formation of a one-dimensional coordination polymer.  

  In addition, Cooper et al. reported the structural characterization of [K2(MeCN)6 

{MnIV(3,5-DTBCat)}] (106).  In contrast to 105, complex 106 was observed to be a discrete 

molecule, accommodating two K+ ions on its oxygen sites (Figure 5b).117  As 3,5-DTB is a 

relatively bulky substituent, the lack of further supramolecular assembly was attributed to steric 

repulsion.  These examples suggest that the supramolecular assembly structure, e.g. discrete vs. 

oligomeric/polymeric, may be controlled by the substituents on the RMLs.  
  

  

 

 

 

 

 

 

 

 

Heteroleptic Redox-active Metalloligands with Guest Metal Ions 

  Usually, Mp complexes adopt facial coordination geometry, due to the trans-effect of oxygen 

and sulfur atoms at the metal center.  Accordingly, Mp complexes contain heteroleptic binding 

sites, and a site-selective coordination of guest metal ions by these heteroleptic sites should be 

expected.59  Kang et al. revealed that [VIV(Mp)3]2– selectively incorporates Co2+ on its oxygen 

sites in a tridentate fashion, resulting in the formation of [CoII{VIV(Mp)3}(py)2(MeCN)] (107) 

(Figure 6a).121  Complex 107 adopts a discrete 1:1 complex, most likely due to the steric 

constraints imposed by the py and MeCN ligands on Co2+, which prevent the coordination of 

another RML.  

Figure 5. a) Assembled structure of 105 and b) structure of 106 in refs. 116 and 117. 
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  Moreover, V3+ is selectively bound via the oxygen sites on two molecules of [VIV(Mp)3]2– to 

generate [VIII{VIV(Mp)3}2] (108–), which is a discrete complex (Figure 6b).122  These 

site-selective metal binding properties should be explained in terms of the HSAB principles 

defined by Pearson.127  Accordingly, relatively hard acid metals such as Co2+ and V3+ can be 

expected to be coordinated by the relatively hard Lewis base oxygen.  Thus, the site-selective 

metal binding of heteroleptic RMLs is a simple yet effective design principle to control the 

supramolecular assembly of RMLs and guest metals.  

 

 

 

 

 

 

 

 

 

Metal-centered Electron Transfer of Homoleptic RMLs 

  In 2011, Matsumoto, Chang, and Kato et al. reported the coordination behavior and the redox 

properties of [MoV(Bdt)3]– (59–).125  The homoleptic RML 59– contains six sulfur atoms as 

guest metal binding sites, and these are able to coordinate soft metal ions such as Cu+ and Ag+, 

which led to the formation of the 1–D coordination polymers [CuI{MoV(Bdt)3}]n (109) and 

[AgI{MoV(Bdt)3}]n (110) in the solid state (Figure 7).  

  In MeCN, complex 59– showed a reversible metal-centered one-electron reduction and a 

one-electron oxidation at –0.68 and 0.00 V vs. Ag/Ag+, respectively (Figure 8a), while 109, 

which formed oligomers in MeCN, exhibited a positive shift of its reduction potential to 0.30 V 

(Figure 8b).  This shift suggests that the coordinative interaction between RML and Cu+ 

increase the electron accepting properties of the RML. 

Figure 6. Molecular structures of a) 107 and b) 108– in refs. 121 and 122. 
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Electron Transfer of Heteroleptic Redox-active Metalloligands 

  In 1991, Zhuang et al. reported the structure and redox properties of the dinuclear complex, 

[Mon{Mom(Mp)3}(CO)3]2– (1112–) (n + m = 4, 1 ≦ n ≦ 3, 1 ≦ m ≦ 3),126 which selectively binds 

Mo via there oxygen atoms (Figure 9).  Subsequently, three molecules of CO coordinate to the 

Figure 8. Cyclic voltammogram of 1 mM a) 59– and b) 109 recorded in MeCN at 500 mV s–1 
under an atmosphere of Ar using 0.1 M n-Bu4NPF6 as the supporting electrolyte in ref. 125. 

Figure 7. Assembled structures of a) 109 and b) 110 in ref. 125. 

Mo�

S�

Ag�Mo�

S� Cu�

109� 110�
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guest Mo center, thus forming a discrete 1:1 complex.  The oxidation state of the two Mo 

atoms in 1112– was not determined, but the absence of Mo0 centers was confirmed.  

  In MeCN, complex 1112– exist in an equilibrium state, which involves [Mo0(CO)3(MeCN)3] 

and [MoIV(Mp)3]2– species (eq. 49).  Complex 1112– exhibited a reversible two-electron 

reduction as well as a one-electron oxidation.  It is worth pointing out that these redox 

processes present the first example for the redox properties of heteroleptic RMLs.  It was 

speculated that the redox centers might be located on the Mo atoms, although this hypothesis 

was not validated. 

  

 

 

 

 

 

 

 

 

 

 

 

 

1-5-5. Research Opportunities  

  Even though homo- and heteroleptic RMLs are able to create various supramolecular 

assemblies by coordination of guest metal ions, systematic studies on such binding reactions and 

the interactions between the RMLs and the guest metal ions still remain scarce.116-126  In 

addition, a lot of questions, regarding the redox properties of assemblies composed of RMLs 

and guest metal ions require answering.125,126  For example, systematic investigations on how 

eq. 49

eq. 31 [Mo2
n+m–1]3– [Mo2

n+m]2– [Mo2
n+m+1]– [Mo2

n+m+2]

[MoIV]2– + Mo0eq. 31

–e–

+e–

–e–

+e–

–e–

+e–

1112–

Mo�

O�

Mo�

1112–�

Figure 9. Molecular structure of 1112– in ref. 126. 
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the modulation of the redox properties of the RML/guest metal assemblies might be exerted are 

necessary, as not only the redox properties of the RML and those of the guest metal ions are 

influenced by the interactions between RML and guest metal ions, but as the RMLs also 

influence each other.  Moreover, ligand-centered redox properties may afford different effects 

than metal-centered one.  The thorough elucidation of the electronic interactions operative in 

the supramolecular assemblies of RMLs and guest metal ions is therefore highly important, not 

only with respect to controlling the redox potentials, but also for developing advanced 

multi-electron transfer reactions. 
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1-6. Objectives of This Study  

 

1-6-1. Development of Multi-electron Transfer Systems based on RMLs  

  Tris(o-disubstituted benzene)-type RMLs can be subdivided into four groups according to the 

homogeneity of their guest metal binding sites and redox centers: i) homoleptic metal-centered 

RMLs, ii) heteroleptic metal-centered RMLs, iii) homoleptic ligand-centered RMLs, and iv) 

heteroleptic ligand-centered RMLs (Chart 11). 

 

 

 

 

 

 

 

 

  Chart 12 shows a flow diagram for the systematic investigations undertaken during the course 

of this study.  Initially, the non-site-selective coordination of homoleptic RMLs (X = Y) to 

guest metal ions was investigated.  Moreover the site-selective coordination of heteroleptic 

RMLs (X ≠ Y) to guest metal ion on one site was evaluated.  Subsequently, the stoichiometry 

between the guest metal ions and the RMLs, as well as the binding constants between RMLs 

and the guest metal ions were examined in order to control the formation of either 1:1 or 1:x 

complexes (x > 1).  When the steric congestion of the RMLs is sufficiently low, the 

coordinated guest metal ions may bind an additional RML molecule.  The reduced steric 

repulsion between RMLs may thus lead to the formation of 1- or 2-D coordination polymers for 

homoleptic RMLs, or to 2:1 discrete complexes for heteroleptic RMLs.  Therefore, the first 

task of this study was to achieve control over the supramolecular assembly structures via the 

homogeneity of the binding sites and the steric bulk of the RMLs by using a bottom-up method.    

 Chart 11. Classification of tris(o-disubstituted benzene)-type RMLs. 

i) Homoleptic Metal-centered RML
 M = Mo etc., X = Y = O or S

ii) Heteroleptic Metal-centered RML
 M = Mo etc., X = O, Y = S

iii) Homoleptic Ligand-centered RML
 M = Cr etc., X = Y = O or S

iv) Heteroleptic Ligand-centered RML
 M = Cr etc., X = O, Y = S

MY
X

Y X

Y
X



 57 

  
    

Chart 12. Flow chart for the coordination of homo- and heteroleptic RMLs to guest metal ions.  
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  The RML metal-, ligand-, and, guest meta-centered, electron transfer activities can be 

affected by the interactions between the RMLs and the guest metal ions (Chart 13).  In this 

context, it should be expected that such interactions cause different perturbations for the central 

metal and the ligands of the RMLs.  For example, ligand-centered two-electron transfers may 

arise from the modulation of electronic interactions between the ligands.  Furthermore, the 

electronic interactions between RMLs should change the redox properties of the RMLs within 

supramolecular assemblies.  Therefore, the second task of this study was to elucidate details on 

the interactions between the RMLs and the guest metal ions, as well as to establish design 

Chart 13. Metal (M)-, ligand (L)-, or guest metal (GM)-centered redox schemes for a) 1:1 
complexes and b) 2:1 discrete complex of RMLs with guest metal ions. 
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principles that provide control over redox potentials, as well as over the number of transferred 

electrons and redox centers in RML complexes and supramolecular assemblies.  

  A previous report from our group revealed the guest metal binding and metal-centered redox 

properties for the homoleptic RML 59–.125  In order to expand and establish this study, guest 

metal bindings and redox properties of a heteroleptic metal-centered RML, as well as those of 

homo- and heteroleptic ligand-centered RML should be investigated. 

 

1-6-2. Development of Photochemical Hydrogen Evolution Reaction Systems based on the 

Electron- and Proton-pooling Activity on Ligands  

  Among the previously discussed redox-active ligands, Opda, ApH2, and AtpH2, which contain 

coordinating nitrogen atoms, are able to simultaneously transfer electrons and protons.79  

Subsequently, H radicals can be generated on account of the abovementioned photochemical 

functionality of the aromatic amine ligands (Scheme 32).  In such reactions, the generation of 

hydrogen is expected to occur via the abstraction of H radicals from neighboring amino groups 

on the ligands or from substrates.  Thus, the task of this study is to create photochemical 

hydrogen evolution reaction (PHER) systems that are operated at ambient temperatures by using 

electron and proton transfer-active ligands as electron- and proton-pooling sites.  The 

Scheme 32. Schematic PHERs from a) ligands or b) MeOH using the electron and proton 
transfer ability of the ligands. 
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objectives for PHER systems were defined in the context of this study: i) the development of 

non-precious metal-based materials which perform PHERs under ambient-temperature based on 

ligand-centered reactions, and ii) the development of non-precious metal-based catalysts which 

can drive PHERs from hydrogen carrier such as MeOH under ambient-temperature. 

  In order to create the PHER systems, molecular structures, as well as photochemical 

properties and reactivities of complexes composed of non-precious metals, e.g. Fe(II), and the 

electron and proton transfer-active ligands, e.g. Opda and ApH2, should be investigated.  
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1-7. Survey of This Thesis 

 

Chapter 1. General Introduction 

  Chapter 1 describes: 1) Energy Problems - Research Opportunities, 2) Electron and Proton 

Transfer Reactions at Molecular Level, 3) Redox-active Ligands, 4) Electron and Proton 

Transfer Reactions of Group 8 Metal Complexes, 5) Metalloligands, and 6) Objectives of This 

Study.  Natural energy that is not obtained from fossil or nuclear carriers is called renewable 

energy, and these alternatives are expected to offer solutions to the currently problematic energy 

situation.  Renewable energy can be stored in secondary energy carriers such as hydrogen, and 

accordingly, the development of catalysts that evolved hydrogen, preferably from benign 

sources such as water, as well as development of hydrogen storage materials is required.  In 

this study, multi-electron and proton systems, which are necessary for water splitting and 

hydrogen absorption/adsorption processes, are created by metal complexes with electron and 

proton transfer-active ligands.  

 

Chapter 2. Coordination Site–dependent Cation Binding and Multi–responsible Redox 

Properties of Janus–head Metalloligand [MoV(2-mercaptophenolato)3]– 

  Chapter 2 describes the site-selective binding of guest metal ions, the structures of the 

corresponding supramolecular assemblies, control over guest metal capture/release properties by 

external stimuli, and metal-centered redox properties for the heteroleptic RML, fac-[MoV(Mp)3]– 

(112–) (Chart 14).  Whereas 112– selectively binds Mn2+ via its oxygen sites to generate the 2:1 

discrete complex, [MnII{MoV(Mp)3}(H2O)(MeOH)] (113), Cu+ is selectively bound via the 

sulfur sites, furnishing the 1-D coordination polymer [CuI{mer-MoV(Mp)3}(MeCN)]n (114).  

The electron-accepting properties of 113 are enhanced upon complexation of Mn2+, which 

suggests stepwise metal-centered two-electron redox behavior for the complex.  Thus, the O/S 

site-selective coordination to guest metal ions, as well as metal-centered multi-electron transfer 

properties for 112– are discussed. 
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Chapter 3. Interactions Between the Trianionic Ligand-centred Redox-active 

Metalloligand [CrIII(perfluorocatecholato)3]3– and Guest Metal Ions 

  Chapter 3 describes the synthesis of the homoleptic RML [CrIII(F4Cat)3]3– (1153–), the 

interactions between 1153– and guest metal ions, as well as ligand-centered redox properties 

(Chart 15).  In CH2Cl2 and MeCN, complex 1153– showed reversible ligand-centered three-step 

one-electron oxidation reactions.  Addition of Cu2+ to a MeCN solution of 1153– resulted in the 

formation of [CrIII(F4Cat)2(F4SQ)]2– and Cu+.  Mn2+, Fe2+, Co2+, and Zn2+ guest metal ions are 

bound via oxygen sites to form a 1:1 complex in MeCN.  Interactions between 1153– and the 

guest metal ions, modulate the ligand-centered redox properties of the RML.  This study 

represents the first example of RML activity for 1153– in solution.   
 
 
 
  

Chart 15. Survey for Chapter 3. 
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Chapter 4. Guest Metal Ion Binding of Ligand-centered Redox-active 

[CrIII(2-mercaptophenolato)3]3– Metalloligand with Heteroleptic Coordination Site 

  Chapter 4 describes the coordination of guest metal ions, the corresponding structures of the 

supramolecular assemblies, and the ligand-centered redox properties of the heteroleptic RML 

[CrIII(Mp)3]3– (1163–) (Chart 16).  Complex 1163– exhibited a reversible one-electron oxidation, 

and the corresponding one-electron oxidized species exhibited IVCT bands in the NIR region, 

suggesting the occurance of ligand-centered oxidation process.  Moreover, complex 1163– is 

able to bind K+ guest cations non-site-selectively, which resulted in the formation of the 

honeycomb-like 2-D coordination polymer [K3{fac-CrIII(Mp)3}]n·6H2O (117).  Conversely, 

Co3+ is site-selectively bound on the sulfur sites, resulting in the formation of the 2:1 discrete 

complex [CoIII{fac-CrIII(Mp)3}2]3– (1183–). 

 

 

 

 

 

 

 

Chapter 5. Nonprecious-Metal-Assisted Photochemical Hydrogen Production from 

ortho-Phenylenediamine 

  Chapter 5 describes the structure, PHER performance, and mechanistic PHER details for 

hs-652+ (Chart 17).  In the presence of Fe2+ in tetrahydrofuran Opda indicates PHERs by π-π* 

excitation (300 nm), whereas such photoreactivity is not observed in the absence of Fe2+.  The 

active species in these PHERs is hs-652+, in which Opda acts as an electron and proton source 

for the generation of hydrogen.  Theses PHERs proceed catalytically upon the addition of HQ 

as a hydrogen reservoir.  This study demonstrated for the first time PHER activity at ambient 

temperature for the non-precious metal complex hs-652+, which is based on its ligand-centered 

electron and proton transfer activity.  

Chart 16. Survey for Chapter 4. 

1163–
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Chapter 6. Photocatalytic Hydrogen Evolution from MeOH by 2-Aminophenol, 

2-Aminophenolate, and Its Fe(II) Complex at Room Temperature 

  Chapter 6 demonstrates the PHER performances using MeOH, and the PHER mechanism for 

ApH2, ApH–, and [FeII(ApH2)2(MeOH)2] (119) (Chart 18).  At ambient temperature, ApH2, 

ApH–, and 119 were able to induce a PHER with MeOH under π-π* excitation (289 nm).  In 

addition, complex 119 was able to induce a PHER with MeOH under CT excitation (350 nm), 

while ApH2 and ApH– did not show any activity under these conditions.  This study delivers 

the first example of an ambient temperature PHER with MeOH using the organophotocatalysts 

and non-precious metal complex 119.  

  

Chart 17. Survey for Chapter 5. 
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Chart 18. Survey for Chapter 6. 
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Chapter 2 

Coordination Site–dependent Cation Binding and Multi–responsible Redox 

Properties of Janus–head Metalloligand [MoV(2-mercaptophenolato)3]– 

 

Abstract 

  The redox-active metalloligand (RML) fac-[MoV(Mp)3]– (Mp = 2-mercaptophenolato) bearing 

asymmetric O- and S-cation binding sites can bind with several kinds of metal ions such as Na+, 

Mn2+, Fe2+, Co2+, Ni2+, and Cu+.  The fac-[MoV(Mp)3]– coordinates to Na+ to form contact ion 

pair [Na+(THF)3{fac-MoV(Mp)3}] (1), while a separated ion pair, fac-(n-Bu4N)[MoV(Mp)3] (2), 

is obtained by exchanging Na+ with n-Bu4N+.  In the presence of asymmetric binding-sites, the 

RML reacts with MnCl2·4H2O, FeCl2·4H2O, CoCl2·6H2O, and NiCl2·6H2O to afford UV-vis-NIR 

spectra, indicating binding of these guest metal cations.  Especially, for the cases of the MnII 

and CoII products, trinuclear complexes, [M(H2O)(MeOH){fac-MoV(Mp)3}2]·1.5CH2Cl2 

(3·1.5CH2Cl2 (M = MnII), 4·1.5CH2Cl2 (M = CoII)), are successfully isolated and structurally 

characterized where the M are selectively bound to the hard O-binding sites of the 

fac-[MoV(Mp)3]–.  On the other hand, a coordination polymer, [CuI(CH3CN){mer-MoV(Mp)3}]n 

(5), is obtained by the reaction of fac-[MoV(Mp)]– with [CuI(CH3CN)4]ClO4.  In sharp contrast 

to the cases of 1, 3·1.5CH2Cl2, and 4·1.5CH2Cl2, the Cu+ in 5 are selectively bound to the soft 

S-binding sites, where each Cu+ is shared by two [MoV(Mp)3]– with bidentate or monodentate 

coordination modes.  The second notable feature of 5 is found in the geometric change of the 

[MoV(Mp)3]–, where the original fac-form of 1 is isomerized to the mer-[MoV(Mp)3]– in 5, which 

was structurally and spectroscopically characterized for the first time. Such isomerization 

demonstrates the structural flexibility of the [MoV(Mp)3]–.  Spectroscopic studies strongly 

indicate that the association/dissociation between the guest metal ions and RML can be 

modulated by solvent polarity.  Furthermore, it was also found that such 

association/dissociation features are significantly influenced by coexisting anions such as ClO4
– 

or B(C6F5)4
–.  This suggests that coordination bonds between the guest metal ions and RML are 

not too static, but are sufficiently moderate to be responsive to external environments.  

Moreover, electrochemical data of 1 and 3·1.5CH2Cl2 demonstrated that guest metal ion binding 

led to enhance electron-accepting properties of the RML.  Our results illustrate the use of a 

redox-active chalcogenolato complex with a simple mononuclear structure as a multifunctional 

RML that is responsive to chemical and electrochemical stimuli.   



 74 

2-1. Introduction 

 

  The redox functions of coordination complexes are fundamentally important in biochemistry 

and materials chemistry.1  The past half-century has witnessed increasing of interest in the 

chemistry of redox-active transition metal complexes, and lately their use has been expanded for 

the creation of electron transfer systems possessing multiple redox processes by assembling 

these redox-active complexes as building modules.2  In this regard, the chemistry of 

dithiolene-3 and dioxolene-complexes4 can be cited as a representative example of complexes 

having remarkable redox activities, they have played a leading role in this research area.  Such 

remarkable redox features inspired us to use these chalcogenolato-complexes as building 

modules of assemblies possessing tunable electron transfer ability.  Very recently, the use of 

the [MoV(Bdt)3]– (Bdt = 2-benzenedithiolato) complex was reported as a “redox-active 

metalloligand (RML)” that leads to new type of redox-active assemblies.5  The selective 

binding ability for soft Cu+ and Ag+, together with strong redox-dependence on metal ion 

binding, prompted us to expand this chemistry.  It may be applicable to a wider range of metal 

ions, and enable the creation of molecular systems with multiple responsive functions.  In this 

regard, the chalcogenolato complex has good design ability, based on the types of central metal 

ions, coordinating atoms, and terminal substituents.  Therefore, the first aim of this expanding 

study was to introduce asymmetric coordination-sites into RMLs, because this would create 

more intelligent RMLs that capture several types of metal ions under controlled chemical and 

physical conditions.  Moreover, the electrochemical properties of the RMLs could be 

Mo
E

S
S

E

E S

n–

n = 0, 1, 2, and 3
E = O: [Mo(mp)3]
       S: [Mo(bdt)3]

Chart 1. Schematic structure of a tris-RML. 

n = 0, 1, 2, and 3
E = O: [Mo(Mp)3]

S: [Mo(Bdt)3]
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significantly affected by cation binding.6  Accordingly, we modified the symmetric S6 

coordination sphere of the aforementioned [MoV(Bdt)3]– into an asymmetric O3S3 sphere by 

using fac-[MoV(Mp)3]– (Mp = 2-mercaptophenolato).7  This Janus-head-type8 complex is able 

to show stepwise redox behavior similar to the [MoV(Bdt)3]– RML (Chart 1).  In this chapter, 

the intriguing coordination site-dependent binding ability of the fac-[MoV(Mp)3]–, depending on 

the types of guest metal ions, Na+, Mn2+, Fe2+, Co2+, Ni2+, and Cu+, are detailed.  Interestingly, 

the association of guest metal ions enhances electron acceptability of the RMLs, and moreover, 

the association/dissociation behavior can be controlled not only by solvents polarity but also 

coexisting anions. 
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2-2. Experimental Section 

 

General Procedures.  All synthetic operations and measurements were performed under Ar 

atmosphere using Schlenk-line techniques.  MoCl5 and NaOMe were purchased from Wako 

Pure Chemical Industries.  MnCl2·4H2O, FeCl2·4H2O, CoCl2·6H2O, NiCl2·6H2O were 

purchased from Kanto Chemical Co. Inc.  2-Mercaptophenol (MpH2), n-Bu4NCl, and 

n-Bu4NClO4 were purchased from Tokyo Kasei Kogyo Co. Ltd.  [CuI(CH3CN)4]ClO4
9 and 

n-Bu4NB(C6F5)4
10 were synthesized using reported procedures.  n-Hexane, and tetrahydrofuran 

(THF) were distilled from Na metal under an Ar atmosphere.  Acetonitrile (CH3CN), 

dichloromethane (CH2Cl2), methanol (MeOH), and o-dichlorobenzene (o-Cl2C6H4) were 

distilled from CaH2 under an Ar atmosphere.  All the solvents were finally degassed in three 

freeze-pump-thaw cycles at least just prior to use.  Caution! Although we experienced no 

difficulties with the perchlorate salt, it should be regarded as potentially explosive, and therefore 

handled with care. 
 

[Na(THF)3{fac-MoV(Mp)3}] (1).  A greenish-blue MeOH (14 mL) solution of Na2Mp, which 

was prepared by the treatment of MpH2 (510 mg, 4.04 mmol) and NaOMe (440 mg, 8.15 mmol) 

in MeOH, was added to a green mixture of MoCl5 (370 mg, 1.35 mmol) and MeOH (4 mL).  

The appearance of the reaction mixture then changed to a reddish-brown suspension.  After 

boiling under reflux for 20 h, a brown suspension formed.  The reaction mixture was cooled to 

room temperature, MeOH was removed, and the product extracted with THF (8 mL).  A white 

by-product was filtered off to afford a brown THF solution.  n-Hexane (16 mL) was layered 

onto this solution, and, after storage for 3 d at room temperature, reddish-brown crystals of 1, 

suitable for X-ray crystallographic analysis, were obtained.  The crystals were finally isolated 

by filtration and washing with n-hexane (3 mL × 3) and drying in vacuo.  Yield 83%.  Anal. 

Found: C, 50.19; H, 4.72. Calc. for C28H32MoNaO5.5S3 (1–0.5THF): C, 50.07; H, 4.80%. 

χMT300K = 0.340 emu·K·mol–1. 
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fac-(n-Bu4N)[MoV(Mp)3] (2).  A reddish-brown MeOH (7 mL) solution of 1 (100 mg, 0.157 

mmol) was added to a colorless MeOH (4 mL) solution of n-Bu4NCl (175 mg, 0.63 mmol).  

After stirring for 1 h at room temperature, a brown precipitate formed.  A brown powder was 

obtained after filtration, washing with H2O (3 mL × 2) and MeOH (1 mL × 2), and drying in 

vacuo.  This powder was then dissolved in THF (10 mL), and n-hexane (15 mL) was layered 

onto this THF solution.  Storage of this mixture for 5 d at room temperature afforded brown 

crystals suitable for X-ray crystallographic analysis.  After filtration and washing with 

n-hexane (3 mL × 3) and drying in vacuo, afforded 2 as brown crystals in 40% yield.  Anal. 

Found: C, 57.44; H, 6.89; N, 2.09. Calc. for C34H48MoNO3S3 (2): C, 57.44; H, 6.81; N, 1.97%. 

χMT300K = 0.337 emu·K·mol–1. 
 

[MnII(H2O)(MeOH){fac-MoV(Mp)3}2]·1.5CH2Cl2 (3·1.5CH2Cl2).  A dark brown MeOH (5 

mL) solution of 1 (200 mg, 0.315 mmol) was added to a pink MeOH (1 mL) solution of 

MnIICl2·4H2O (125 mg, 0.632 mmol).  After stirring for 1 h, a reddish-brown precipitate was 

obtained.  This was filtered, and washed with H2O (3 mL × 2) and MeOH (1 mL × 2).  The 

resulting reddish-brown powder was dried in vacuo and used for UV-vis-NIR measurements as 

MnII-powder sample.  For synthesis of crystal sample suitable for X-ray crystallographic 

analysis, this powder sample was dissolved in CH2Cl2 (20 mL), then n-hexane (20 mL) was 

layered onto this solution.  After storage of this solution for 5 d at room temperature, 

reddish-brown crystals were obtained.  After filtration and washing with n-hexane (2 mL × 3), 

followed by drying in vacuo, complex 3·1.5CH2Cl2 was isolated as reddish-brown crystals in 

23% yield.  Anal. Found: C, 39.42; H, 3.04. Calc. for C38.5H33Cl3MnMoO8S6 (3·1.5CH2Cl2): C, 

39.55; H, 2.84%. χMT300K = 4.471 emu·K·mol–1. 
 

FeII-powder sample.  A dark brown MeOH (0.7 mL) solution of 1 (25 mg, 0.039 mmol) was 

added to a pink MeOH (0.3 mL) solution of FeIICl2·4H2O (15.5 mg, 0.078 mmol).  After 

stirring for 1 h, a reddish-brown precipitate was obtained.  This was filtered, and washed with 
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H2O (0.5 mL × 2) and MeOH (0.3 mL × 2).  The resulting reddish-brown powder was dried in 

vacuo and used for UV-vis-NIR measurements as FeII-powder sample. 
 

[CoII(H2O)(MeOH){fac-MoV(Mp)3}2]·1.5CH2Cl2 (4·1.5CH2Cl2).  A dark brown MeOH (5 

mL) solution of 1 (200 mg, 0.315 mmol) was added to a pink MeOH (1 mL) solution of 

CoIICl2·4H2O (125 mg, 0.632 mmol).  After stirring for 1 h, a reddish-brown precipitate was 

obtained.  This was filtered, and washed with H2O (3 mL × 2) and MeOH (1 mL × 2).  The 

resulting reddish-brown powder was dried in vacuo and used for UV-vis-NIR measurements as 

CoII-powder sample.  For synthesis of crystal sample suitable for X-ray crystallographic 

analysis, this powder sample was dissolved in CH2Cl2 (20 mL), then n-hexane (20 mL) was 

layered onto this solution.  After storage of this solution for 5 d at room temperature, 

reddish-brown crystals were obtained.  After filtration and washing with n-hexane (2 mL × 3), 

followed by drying in vacuo, complex 4·1.5CH2Cl2 was isolated as reddish-brown crystals in 

10% yield.  Anal. Found: C, 39.21; H, 2.86. Calc. for C38.5H33Cl3CoMoO8S6 (4·1.5CH2Cl2): C, 

39.41; H, 2.86%. χMT300K = 4.515 emu·K·mol–1. 
 

NiII-powder sample.  A dark brown MeOH (0.7 mL) solution of 1 (25 mg, 0.039 mmol) was 

added to a pink MeOH (0.3 mL) solution of NiIICl2·4H2O (18.5 mg, 0.078 mmol).  After 

stirring for 1 h, a reddish-brown precipitate was obtained.  This was filtered, and washed with 

H2O (0.5 mL × 2) and MeOH (0.3 mL × 2).  The resulting reddish-brown powder was dried in 

vacuo and used for UV-vis-NIR measurements as NiII-powder sample. 
 

[CuI(CH3CN){mer-MoV(Mp)3}]n (5).  A dark-brown MeOH (5 mL) solution of 1 (100 mg, 

0.14 mmol) was added to a MeOH (1 mL) suspension of [CuI(CH3CN)4]ClO4 (52 mg, 0.14 

mmol).  After stirring for 3 h, a brown precipitate formed. This was filtered, and washed with 

H2O (2 mL × 2) and MeOH (1 mL × 2) and dried in vacuo to give brown powder.  For 

synthesis of crystal sample suitable for X-ray crystallographic analysis, this powder sample was 

dissolved in CH3CN (3 mL) to afford a brown solution.  This solution was layered onto H2O (6 
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mL) and reddish-brown crystals, suitable for X-ray crystallographic analysis, were obtained 

after storage of this solution for 5 d at room temperature.  After filtration and washing with 

CH3CN (2 mL × 7) and diethyl ether (2 mL × 3), followed by drying in vacuo, complex 5 was 

isolated as brown crystals in 40% yield.  Anal. Found: C, 41.95; H, 2.81; N, 2.73. Calc. for 

C20H15CuMoNO3S6 (5): C, 41.92; H, 2.64; N, 2.44%. χMT300K = 0.368 emu·K·mol–1. 

 

Physical Measurements.  Elemental analyses were performed at the analysis center at 

Hokkaido University.  Cyclic voltammetry measurements were recorded with a BAS model 

650A electrochemical analyzer, using a glassy carbon working electrode and a platinum 

auxiliary electrode.  The reference electrode was made from a silver wire, inserted into a small 

glass tube fitted with a porous Vycor frit at the tip, and filled with a CH3CN solution containing 

0.1 M n-Bu4NClO4 and 0.01 M AgNO3.  All three electrodes were immersed in 2 mL of an 

o-Cl2C6H4 or CH3CN solution containing 0.05 M n-Bu4NB(C6F5)4 or 0.05 M n-Bu4NClO4 as a 

support electrolyte, and analytes.  Crystalline samples of 1, 2, and 3·1.5CH2Cl2 were used for 

these measurements.  In all cases, redox potentials were measured with respect to the Ag/Ag+ 

redox couple.  UV-Vis-NIR spectra in solution were recorded on a Hitachi U-4100 

spectrophotometer over the range 200−3300 nm at 296 K using crystalline samples of 1, 2, and 

3·1.5CH2Cl2.  UV-Vis-NIR spectra in the solid state were recorded on a Hitachi U-4100 

spectrophotometer over the range 200−3300 nm at 296 K using KBr pellets using crystalline 

samples of 1, 2, 3·1.5CH2Cl2, and 5, and MnII-, FeII-, CoII-, and NiII-powder samples.  The IR 

spectra were recorded on a Nicolet 6700 ET-IR spectrometer equipped with a Smart-Orbit 

(Diamond) ATR accessory.  Magnetic susceptibility of the crystalline samples was measured 

using a Quantum Design MPMS-XL SQUID magnetometer in a magnetic field of 1 T.  

Diamagnetic correlation were made based on the Pascal’s constants.11 
 

Crystallographic Data Collection and Refinement of Structures.  Crystallographic 

measurements were performed on a Rigaku AFC-7R diffractometer equipped with a Mercury 
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CCD area detector, and graphite-monochromated Mo-Kα radiation (λ = 0.71069 Å).  

Specimens of suitable size and quality were selected under paraffin oil and mounted in a nylon 

loop (for 1 and 2) or onto a glass fiber (for 3·1.5CH2Cl2, 4·1.5CH2Cl2, and 5).  The structures 

were solved by direct methods (SIR2004),12 which successfully located non-hydrogen atoms.  

All calculations were performed using the CrystalStructure crystallographic software package,13 

except for refinement calculations, which were performed using SHELXL-97.14 A summary of 

the crystallographic data for 1, 2, 3·1.5CH2Cl2, 4·1.5CH2Cl2 and 5 are summarized in Tables 1 

and 2.  Full crystallographic details have been deposited with the Cambridge Crystallographic 

Data Centre as a supplementary publication No. CCDC-823173 for 1, -823174 for 2, -823175 

for 3·1.5CH2Cl2, -823176 for 4·1.5CH2Cl2, and -823177 for 5. 
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Table 1. Crystallographic data of 1 and 2 

 

1·0.5Et2O 

2 

1·0.5Et2O 

 1 2 
Formula C30H36MoNaO6S3 C34H48MoNO3S3 
fw 707.72 710.88 
Crystal size (mm3) 0.40×0.40×0.10 0.30×0.24×0.18 
Crystal system trigonal monoclinic 
Space group R-3(No. 148) P21/c(No. 14) 
a (Å) 13.334(3) 9.600(3) 
b (Å) 13.334(3) 18.538(5) 
c (Å) 31.203(6) 19.720(6) 

α (°) 90 90 

β (°) 90 97.4835(11) 

γ (°) 120 90 
V (Å3) 4804.5(18) 3479.4(17) 
T (K) 223 223 
Z 6 4 
Dcalc (g cm–3) 1.468 1.357 
F (000) 2190 1492 

µ(Mo Kα) (cm–1) 6.578 5.895 
Measured 

reflections 
10397 27972 

Unique reflections 2449 7962 
Refined parameters 125 380 
GOF on F2 1.113 0.842 
Rint 0.034 0.036 
R1

a 0.0688 0.0467 
wR2

b (all data) 0.2264 0.1432 
a R1 = Σ||Fo| – |Fc||/Σ|Fo|.  b wR2 = {[Σw(Fo

2 – Fc
2)2]/[Σw(Fo

2)2]}1/2.  



 82 

 
 
 
 

  

Table 2. Crystallographic data of 3·1.5CH2Cl2, 4·1.5CH2Cl2, and 5 

 

1·0.5Et2O 

2 

1·0.5Et2O 

 3·1.5CH2Cl2 4·1.5CH2Cl2 5 
Formula C38.5H33Cl3MnMo2O

8S6 
C38.5H33Cl3CoMo2O

8S6 
C20H15CuMoNO3S3 

fw 1169.22 1173.21 573.01 
Crystal size 

(mm3) 
0.20×0.20×0.05 0.05×0.05×0.05 0.20×0.10×0.05 

Crystal system triclinic triclinic monoclinic 
Space group P-1(No. 2) P-1(No. 2) P21/n(No. 14) 
a (Å) 11.298(3) 11.356(2) 10.3274(15) 
b (Å) 13.113(4) 13.024(2) 11.2089(19) 
c (Å) 15.057(4) 14.982(3) 17.151(2) 
α (°) 96.392(3) 96.542(3) 90 

β (°) 105.830(4) 106.062(3) 92.542(7) 

γ (°) 96.331(3) 95.802(3) 90 
V (Å3) 2109.6(10) 2095.0(6) 1983.4(5) 
T (K) 163 163 163 
Z 2 2 4 
Dcalc (g cm–3) 1.841 1.860 1.919 
F (000) 1168 1172 1140 

µ(Mo Kα) (cm–1) 14.176 15.223 20.423 
Measured 

reflections 
17023 14583 33664 

Unique 
reflections 

9469 9140 5665 
Refined 

parameters 
533 533 263 

GOF on F2 1.015 1.014 1.109 
Rint 0.040 0.025 0.086 
R1

a 0.0536 0.0534 0.0652 
wR2

b (all data) 0.1696 0.1418 0.1518 
a R1 = Σ||Fo| – |Fc||/Σ|Fo|.  b wR2 = {[Σw(Fo

2 – Fc
2)2]/[Σw(Fo

2)2]}1/2. 
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2-3. Results and Discussion 

 

2-3-1. Cation Binding Behavior of 1   

  The starting material 1, the Na+ salt of fac-[MoV(Mp)3]–, was prepared by the treatment of 

Na2Mp with MoCl5 in MeOH solution as reddish-brown crystals, which were grown from 

n-hexane/THF (Scheme 1).  On the other hand, the Na+ in 1 could be easily exchanged by 

treatment with n-Bu4NCl to afford the n-Bu4N+ salt of fac-[MoV(Mp)3]– (2) in MeOH solution, 

implying the lability of the Na+ in 1 in MeOH.  By the treatments of 1 with two equivalents of 

MCl2 (M = Mn2+, Fe2+, Co2+, and Ni2+) in MeOH, brown-colored precipitations were commonly 

obtained.  Especially for MnII- and CoII-samples, reddish-brown crystals were obtained from 

n-hexane/CH2Cl2, and which were structurally characterized as 3·1.5CH2Cl2 (M = MnII) and 

4·1.5CH2Cl2 (M = CoII) (vide infra).  On the other hand, a similar reaction of 1 with 

[CuI(CH3CN)4]ClO4 in MeOH resulted in the formation of precipitation having quite lower 

solubility rather than those of MnII- and CoII-samples.  Complex 5 was finally crystallized from 

CH3CN/H2O as brown colored crystals. 
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1
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1) Na2mp (3 eq.)
in MeOH

2) THF/n-Hex.

1) n-Bu4NCl
     in MeOH

2) THF/n-Hex.

1) MnIICl2 (2 eq.)
     in MeOH
2) CH2Cl2/n-Hex.

1) [CuI(CH3CN)4]ClO4
     in MeOH

2) CH3CN/H2O

Scheme 1. Synthetic schemes for 1, 2, 3·1.5CH2Cl2, 4·1.5CH2Cl2, and 5. 
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2-3-2. Crystal Structures of 1 and 2   

  The asymmetric units of 1 and 2 are shown in Figure 1.  A dinuclear structure of 1 comprises 

a contact ion pair, including a Na+ and fac-[Mo(C6H4OS)3]–, 15 unit, in the ratio of 1:1 (Figure 1a).  

The Na+ and Mo atoms lie on the same threefold axis.  Three THF molecules coordinate to the 

Na+ with a distorted octahedral geometry.  The Na+ can be removed by treatment with 

n-Bu4NCl, to afford 2 (Figure 1b).  In complex 2, no direct interaction is found between the 

n-Bu4N+ and the fac-[Mo(C6H4OS)3]–.  It is noteworthy that the fac-[Mo(C6H4OS)3]– units 

persist in the fac-form in 1 and 2, independently from the type of countercations.  They can be 

considered predominant, based on the trans-effect between the O- and S-atoms16 in 

fac-[Mo(C6H4OS)3]–.  Notably, the Na+ in 1 is coordinated selectively from the O-atoms of the 

fac-[Mo(C6H4OS)3]–, demonstrating the coordination site-selectivity of the RML with 

asymmetric coordinating atoms. 

  The Mo–O and Mo–S bond distances of 1-5 are listed in Table 3.  The Mo–O distance in 1 is 

slightly longer than those in 2, while the Mo–S distance in 1 is shorter than those in 2.  Such 

elongation found in the Mo–O bonds of 1 can be understood by the weakened coordination bond 

from the O-atoms to the Mo center by connection with the Na+, resulting further elongation of 

the Mo–S distances.5,17  According to similar complexes such as [Mo(C6H4S2)3]n– (n = 0, 1, and 

2), bond distances in the C6H4S2 moieties also correlate to the oxidation states of the Mo 

center.18    

Figure 1. Crystal structures of a) 1 and b) 2 with thermal ellipsoid plots for Mo (black), O (red), 
S (yellow), Na (light purple), and N (light blue) (50% probability).  Hydrogen atoms are 
omitted, and carbon atoms are depicted as wireframe for clarity. 
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  The C–O and C–S bond distances of 1-5 are listed in Table 4 and definitions of octahedral 

(OCT) /trigonal prism (TP) criteria, geometrical parameters for 1-5, and bending angles in Mp2– 

of 1-5 are shown in Chart 2, Tables 5 and 6.  The C–O distances of 1 and 2 are all slightly 

longer than those of the previously reported benzoquinone (BQ0) (1.28-1.34 Å)19 or 

semiquinonato (SQ·–) (1.301-1.323 Å)20 type ligands coordinating to a Mo atom.  The C–S 

distances for 1 and 2 are greater than those of dithiobenzoquinone (DTBQ) or 

Table 3. Selected bond distances (Å) of 1-5 

 1 2 3·1.5CH2Cl2 4·1.5CH2Cl2 5 
Mo(1)-O(1) [L1] 2.022(3)* 1.992(2) 2.071(4)* 2.065(4)* 1.980(3) 
Mo(1)-O(2) [L2]  1.992(2) 2.053(3)* 2.072(3)* 1.984(3) 
Mo(1)-O(3) [L3]  1.990(2) 2.026(3) 2.021(3) 1.972(3) 
Mo(2)-O(4) [L4]   2.067(3)* 2.063(3)*  
Mo(2)-O(5) [L5]   2.057(3)* 2.068(3)*  
Mo(2)-O(6) [L6]   2.023(3) 2.017(3)  

Mo(1)-S(1) [L1] 2.3618(14) 2.3787(8) 2.3266(16) 2.3224(15) 2.4274(13)* 
Mo(1)-S(2) [L2]  2.3858(8) 2.3208(13) 2.3190(12) 2.3905(12)* 
Mo(1)-S(3) [L3]  2.3619(8) 2.3499(16) 2.3490(15) 2.4373(14)* 
Mo(2)-S(4) [L4]   2.3299(15) 2.3297(14)  
Mo(2)-S(5) [L5]   2.3080(12) 2.3033(12)  
Mo(2)-S(6) [L6]   2.3515(15) 2.3559(15)  

*Distances between the Mo and chalcogen atoms directly attached to Na (1), Mn 
(3·1.5CH2Cl2), Co (4·1.5CH2Cl2), or Cu (5) atoms. 

Chart 2. Definitions of OCT/TP(%) criteria. 
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dithiosemiquinonato (DTSQ) in [Mo(C6H4S2)3]0.18  These characters suggest that the C–O and 

C–S bonds in 1 and 2 are both single bonds.  Furthermore, these estimations are also supported 

by comparisons of the C–C bond distances of the C6H4OS ring in 1 and 2.  In the case of 

DTBQ or DSTQ in [Mo(C6H4S2)3]0, six-membered ring in the C6H4S2 moiety partially has  

cyclohexa-3,5-diene like character, canonical structures of DTBQ or DTSQ.  However, in the 

 
 
 

Table 4. Bond distances (Å) of the Mp2– in 1-5 

  Å 
 a b c d e f g h 

1 L1* 1.361(4) 1.749(4) 1.375(6) 1.396(6) 1.429(5) 1.406(6) 1.384(8) 1.402(8) 
2 L1 1.336(3) 1.746(3) 1.399(4) 1.393(4) 1.400(4) 1.384(5) 1.377(5) 1.387(6) 

 L2 1.337(3) 1.748(3) 1.394(4) 1.399(4) 1.387(4) 1.378(5) 1.385(5) 1.382(6) 

 L3 1.343(3) 1.751(3) 1.393(4) 1.397(4) 1.395(4) 1.378(4) 1.388(4) 1.385(5) 

 Av. 1.339(3) 1.748(3) 1.395(4) 1.396(4) 1.394(4) 1.380(5) 1.383(5) 1.385(6) 

3·1.5CH2Cl2 L1* 1.367(7) 1.748(6) 1.395(7) 1.386(8) 1.397(9) 1.391(9) 1.374(9) 1.390(8) 

 L2* 1.374(6) 1.751(5) 1.396(6) 1.395(8) 1.400(7) 1.378(8) 1.373(9) 1.386(7) 

 L3 1.347(7) 1.749(5) 1.406(7) 1.396(7) 1.393(9) 1.395(9) 1.387(7) 1.390(8) 

 L4* 1.363(6) 1.755(6) 1.409(8) 1.390(8) 1.399(9) 1.386(8) 1.381(10) 1.389(10) 

 L5* 1.374(5) 1.740(5) 1.405(7) 1.377(7) 1.406(6) 1.387(6) 1.367(9) 1.394(8) 

 L6 1.344(7) 1.740(5) 1.401(7) 1.389(7) 1.406(8) 1.380(9) 1.380(8) 1.396(8) 

 Av. 1.362(6) 1.747(5) 1.402(7) 1.389(8) 1.400(8) 1.386(8) 1.378(9) 1.391(8) 

4·1.5CH2Cl2 L1* 1.361(7) 1.755(6) 1.401(6) 1.393(8) 1.388(8) 1.400(8) 1.370(8) 1.388(7) 

 L2* 1.375(6) 1.749(5) 1.386(6) 1.395(7) 1.397(7) 1.376(8) 1.377(8) 1.396(7) 

 L3 1.341(7) 1.748(5) 1.419(6) 1.387(7) 1.395(8) 1.390(9) 1.388(7) 1.388(7) 

 L4* 1.364(6) 1.750(6) 1.397(7) 1.382(7) 1.411(8) 1.384(8) 1.372(9) 1.388(9) 

 L5* 1.363(4) 1.746(5) 1.411(7) 1.386(7) 1.389(6) 1.379(6) 1.396(8) 1.396(8) 

 L6 1.360(7) 1.752(5) 1.376(7) 1.398(7) 1.401(8) 1.375(8) 1.371(8) 1.398(8) 

 Av. 1.361(6) 1.750(5) 1.398(7) 1.390(7) 1.397(8) 1.384(8) 1.379(8) 1.392(8) 

5 L1* 1.352(6) 1.765(5) 1.395(7) 1.402(7) 1.386(7) 1.381(8) 1.383(8) 1.387(9) 

 L2* 1.338(5) 1.754(5) 1.413(7) 1.400(7) 1.393(7) 1.396(8) 1.378(8) 1.363(9) 

 L3* 1.349(5) 1.748(4) 1.396(7) 1.382(6) 1.402(7) 1.382(7) 1.396(7) 1.379(8) 

 Av. 1.346(5) 1.756(5) 1.401(7) 1.395(7) 1.394(7) 1.386(8) 1.386(8) 1.376(9) 

* Ligands directly attached to Na (1), Mn (3·1.5CH2Cl2), Co (4·1.5CH2Cl2), or Cu (5) atoms.  
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cases of 1 and 2, C6H4OS ring does not show such cyclohexa-3,5-diene but aromatic character.  

Therefore, it is concluded that the C6H4OS moieties in 1 and 2 can be best described as Mp2–.  

On consideration of the monoanionic charge distributions of fac-[Mo(C6H4OS)3]– in 1 and 2, the 

oxidation states of the Mo center are reasonably assigned as MoV, leading to the electronic 

structures of fac-[Mo(C6H4OS)3]– moieties as fac-[MoV(Mp)3]–. 

  Furthermore, the absence of absorption peaks in these complexes arises from an intervalence 

Table 5. Geometrical parameters of 1-5 

 OCT/TPI OCT/TPII OCT/TPIII 
1  43.4 45.3 50.7 
2  50.5 54.0 49.5 
3·1.5CH2Cl2 Mo1 38.2 39.6 45.0 
 Mo2 44.6 46.7 51.6 
4·1.5CH2Cl2 Mo1 36.4 37.7  41.3  
 Mo2 43.5  45.3  50.1  
5  63.5 68.8 76.2 

     
 

 

 

 

Table 6. Bending angles (η) in Mp2– of 1-5 

 η / ˚ 
 1 2 3·1.5CH2Cl2 4·1.5CH2Cl2 5 

L1 9.27* 7.60 4.48* 4.43* 11.32* 
L2 9.27* 6.60 18.92* 20.55* 9.26* 
L3 9.27* 18.0 10.99 10.60 3.35* 
L4   3.19* 2.81*  
L5   16.57* 18.34*  
L6   9.58 9.47  
Av. 9.27 10.73 10.62 11.03 7.98 

* Ligands directly attached to Na (1), Mn (3·1.5CH2Cl2), Co (4·1.5CH2Cl2), or Cu (5) atoms. 
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charge transfer, which can be observed in similar complexes having electronically unequivalent 

ligands such as catecholato, SQ, and BQ; this also supports the characterization of the electronic 

structure and charge valence between three Mp2– ligands.21 

 

2-3-3. Crystal Structures of 3·1.5CH2Cl2 and 4·1.5CH2Cl2   

  In contrast to 1 and 2, the reaction of fac-[MoV(Mp)3]– with Mn2+ afforded the trinuclear 

complex 3·1.5CH2Cl2, which consists of Mn and fac-[Mo(C6H4OS)3] in the ratio of 1:2 (Figure 

2a).  In this complex, as in the case of 1, each [Mo(C6H4OS)3] unit has a fac-form, 

independently from the type of guest cation, which is selectively coordinated from the O-atoms 

of fac-[Mo(C6H4OS)3].  Despite the presence of two equivalents of guest Mn2+ under the 

synthetic conditions used, assemblies having additional binding to extra Mn from the S-atoms 

were not obtained, suggesting that the S-sites are inert.  The central Mn atom has octahedral 

geometry; it is surrounded by four O-atoms from two fac-[Mo(C6H4OS)3] with the bidentate 

coordination mode, and two O-atoms from H2O and MeOH at the cis position. 

  The Mn–O bond distances (2.173(4) and 2.167(3) Å for 3·1.5CH2Cl2) are in the range for the 

well-defined MnII–OH2
22 and MnII–OHMe,23 while the distance are longer than those of Mn=O,24 

MnII–OH,25 and MnII–OMe,25d,26 suggesting a best formulation around a Mn moiety as 

[MnII(H2O)(MeOH)]2+.  On the other hand, as shown in Table 3, remarkably elongated Mo–O 

bond distances are found for 3·1.5CH2Cl2, compared with those of 2, together with shortened 

Mo–S distances.  These deviations of Mo–O and Mo–S distances can be understood by similar 

manner with the case of 1 derived from MnII on O-atom.  However, its larger magnitude of 

deviation in 3·1.5CH2Cl2 than 1 can be explained based on the higher oxidation number of MnII 

and electronegativity (χspec = 1.74), compared with those of Na+ (χspec = 0.979).27  As shown in 

Table 4, the C–O (1.376(5)-1.342(8) Å) and C–S (1.757(7)-1.741(5) Å) bond distances suggest 

that both are single bonds.  Furthermore, taking into consideration the absence of partial 

oxidation in the C6H4OS ring, C6H4OS moieties can be suitably described as Mp2–, naturally 

leading to the representation of RMLs as fac-[MoV(Mp)3]–.  From detailed considerations of the 
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structural properties, 3·1.5CH2Cl2 can be best described as [MnII(H2O)(MeOH) 

{fac-MoV(Mp)3}2]·1.5CH2Cl2.  

  ΔΛ-Chirality around the pseudo-octahedral MoV centers is unified in trinuclear units (Figure 

2b).  The intramolecular π-π interaction with the shortest carbon atom distances among the 

aromatic rings are 3.450 Å (denoted as A) is found between neighboring fac-[Mo(Mp)3]– units 

through L2 and L5, both of which are involved in coordination to additional metal (MnII).  

Furthermore, the optically isomeric trinuclear units are alternately stacked between layers 

through intermolecular π−π interaction between L6 and L6* (denoted as B), which are free from 

additional metal binding, with the closest carbon atom distances 3.480 Å.  Since the other Mp2– 

rings such as L1, L3, and L4 are not related with any intermolecular interaction, it is finally 

revealed that structures of trinuclear units through intermolecular π−π interaction are formed in 

crystals of 3·1.5CH2Cl2. 

Figure 2. a) Asymmetric unit of 3·1.5CH2Cl2 and b) Intramolecular (A) and intermolecular π−π 
interaction (B), with thermal ellipsoid plots for Mo (black), O (red), S (yellow), and Mn (green) 
(50% probability).  Hydrogen atoms and solvent molecules are omitted, and carbon atoms are 
depicted as wireframe for clarity. 
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  The similar structural and spectroscopic properties were obtained also in the structurally 

characterized 4·1.5CH2Cl2, which is isomorphous with 3·1.5CH2Cl2 and described in Figure 3.  

Furthermore, The characteristic absorption maxima around 390, 470, and 590 nm are commonly 

observed for MnII-crystal sample (3·1.5CH2Cl2) and powder samples of MnII, FeII, CoII, and NiII, 

and these spectral features indicate that these divalent metal cations interact with RML 

Figure 3. Asymmetric unit of 4·1.5CH2Cl2 with thermal ellipsoid plots for Mo (black), O (red), 
S (yellow), and Co (blue) (50% probability).  Hydrogen atoms and solvent molecules are 
omitted, and carbon atoms are depicted as wireframe for clarity. 

Figure 4. a) UV-Vis-NIR spectra of MnII powder sample (green line) and MnII crystal sample 
(purple line), and b) 2 (black line), MnII powder sample (green line), FeII powder sample (orange 
line), CoII powder sample (pink line), and NiII powder sample (right blue line) in the solid states 
using KBr pellets. 
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[MoV(Mp)3]– by similar manner (Figure 4b).  Moreover, IR spectra of all these species which 

are alike in shapes also support these considerations (Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5. IR spectra of 2 (black line), MnII crystal sample (3·1.5CH2Cl2) (purple line), MnII 
powder sample (green line), FeII powder sample (orange line), CoII powder sample (pink line), 
and NiII powder sample (right blue line) in the solid states.   



 92 

2-3-4. Crystal Structure of 5   

  The unit structure of 5 is shown in Figure 6a.  In contrast to the cases of 1, 3·1.5CH2Cl2, and 

4·1.5CH2Cl2, the Cu atoms in 5 are selectively bound to the S-atoms of [Mo(C6H4OS)3] as 

indicated at synthetic step.  Each Cu atom is coordinated by two [Mo(C6H4OS)3] with Cu–S 

bond distances of 2.4373(14)-2.3905(12) Å, which fall in the range of previously reported CuI–S 

distances within a tetrahedral S4 sphere.28  Surprisingly, the fac-form of the starting material 1 

is converted to a mer-form during a complexation reaction with the Cu+.  This is the first 

example of the fac-mer isomerization of Mp complexes.  Such a structural change of the 

[Mo(C6H4OS)3] indicates structural flexibility of the RML.  As shown in Table 3, the Mo–O 

and Mo–S bond distances of 5 are very different from those of 1-4·1.5CH2Cl2.  Although the 

different geometries of [Mo(C6H4OS)3] should also be carefully taken into account, the Mo–S 

distances in 5 are remarkably longer than those in 1-4·1.5CH2Cl2 due to the attachment of Cu+ 

on the S-atoms.  Furthermore, the Mo–O distance in L3 (1.972(3) Å) of 5, which is the lowest 

value in Table 3, accounts for the weakened Mo–S coordination bonds.  On the other hand, as 

in the cases of 1-4·1.5CH2Cl2, the C–O distances (1.352(6)-1.338(5) Å) and C–S 

(1.765(5)-1.748(4) Å) in 5 suggest to be single bonds.  The C–C bond distances in the C6H4OS 

ring also substantiate these assignments (see Table 4).  Therefore, C6H4OS in 5 are 

automatically described as Mp2–, as well as in the cases of 1-4·1.5CH2Cl2.  Hereafter, 

mer-[Mo(C6H4OS)3] in 5 should be described as mer-[MoV(Mp)3]–, and formulation 

[CuI(CH3CN){mer-MoV(Mp)3}]n for 5 is naturally leaded.  In contrast to the discrete structures 

of 1-4·1.5CH2Cl2, complex 5 has a 1-D polymeric structure along the b-axis, as shown in Figure 

6b.  These differences in the assembled structures indicate that the mer-[MoV(Mp)3]– functions 

as a connector to form an infinite structure, while fac-form acts as an end-cap ligand, which 

leads to the formation of a discrete structure.  The ΔΛ-chirality around the pseudo-octahedral 

MoV centers is unified in chain, and isomeric chains are stacked alternately in layers (see Figure 

6c). 
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  Based on the structures of 1-5, characteristic coordination site-dependence of [MoV(Mp)3]– on 

guest cation binding were confirmed.  Such dependence can be understood in terms of the 

“hard-hard” and “soft-soft” (HSAB) interaction principle between coordinating chalcogen 

elements and guest metal ions.29  Therefore, it can be said that the [MoV(Mp)3]–, having a 

simple structure, recognizes the chemical hardness of additional metal ions based on the HSAB 

theory, and captures the guest metal ions by its suitable coordination site by changing its 

fac-mer geometry flexibly in adapting to the types of guest metal ions. 

Figure 6. a) Asymmetric units of 5 with thermal ellipsoid plots for Mo (black), N (light blue), O 
(red), S (yellow), and Cu (purple) (50% probability).  Cu/Cu✳ and S/S# denote pairs of 
crystallographically equivalent atoms related by center of symmetry (✳ symmetry code: 1/2–x, 
1/2+y, 1.5–z, #: 1/2–x, –1/2+y, 1.5–z).  b) 1D-chain structure with all the atoms drawn as ball 
and stick models.  c) Crystal packing was projected along with the b-axis.  Hydrogen atoms 
are omitted for clarity for both. 
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2-3-5. Solvent-dependent Metal Ion Binding Behavior of fac-[MoV(Mp)3]–   

  In contrast to the static assembled structure of 5, coordinative interactions between the 

fac-[MoV(Mp)3]– and Na+ or Mn2+ are sufficiently moderate to respond dynamically to external 

stimuli (vide infra).  The UV-Vis-NIR spectra of 1-3·1.5CH2Cl2, and 5 in solid state are shown 

in Figure 7.  The odd-shaped spectrum of 2 with a non-coordinative n-Bu4N+ in the solid state 

has five absorption peaks in the visible region (300-800 nm) and a peak at 1150 nm (see Table 

7).  These absorptions could be assigned to CT transitions including ligand-to-metal charge 

transfer nature based on those of similar complex previously reported.30  On another front, 

broad spectra comprising three (in 1) or four (in 3) peaks around 350-750 nm and a peak around 

1150 nm are obtained in the solid state.  The similarities between the spectra of 1 and 

3·1.5CH2Cl2 probably reflect the similar electronic and geometrical environments around the 

chromophore, fac-[MoV(Mp)3]–, with binding guest metal ions on its O-site.  Furthermore, 

dissimilarities especially at visible region in the spectra of 1 and 3 from the spectrum of 2 are 

presumably related to the binding interaction of fac-[MoV(Mp)3]– with guest metal ions in 1 and 

3.  On another front, the presence of the peak at around 1150-1190 nm for 1-3·1.5CH2Cl2 

indicates these characteristic absorption should be correlated closely with fac-form of 

[MoV(Mp)3]– RML.  On the other hand, complex 5 shows a characteristic peak at 840 nm, 

Figure 7. UV-Vis-NIR spectra of 1 (red line), 2 (black line), 3 (green line), and 5 (blown line) in 
the solid states using KBr pellets. 
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while the peak at 1150-1190 nm found in 1-3·1.5CH2Cl2, was absent.  These differences 

suggest that the observed spectroscopic differences could originate from either S-coordination 

or the mer-form of the RML, or both.  

  In contrast to the spectral differences of 1 and 3·1.5CH2Cl2 from 2 in the solid state, due to the 

assembling, the spectra of 1-3 in CH3CN solution show absorption maxima at almost the same 

wavelengths (Figure 8a).  While complex 2 has an odd-shaped spectrum, with five absorption 

peaks in the visible region (300-700 nm) and a peak at 1052 nm, it completely overlaps with that 

of 1.  The spectrum of 3 is also very similar to that of 2 except for almost twice molar 

extinction coefficients compared with those of 1 and 2, indicating the dissociation of ion pairs in 

highly polar CH3CN (P’ = 6.2).31  Such a spectral similarity can be confirmed more clearly by 

differential spectra (see Figure 8b).  Hence, under such conditions, the type of countercations 

(Na+ for 1, n-Bu4N+ for 2, and Mn2+ for 3) should have no further influence on the spectra.  On 

the other hand, the spectra of 1 and 3 in less polar o-Cl2C6H4 (P’ = 2.7) are notably different 

from the spectrum of 2 (Figure 8c).  The spectra of 2 in both CH3CN and o-Cl2C6H4 solutions 

are very similar, indicating less solvent influence on the ground and excited states of 

fac-[MoV(Mp)3]–.  On the other hand, broad spectra comprising three and four peaks around 

350-750 nm for 1 and 3, and a peak around 1000 nm, are obtained in o-Cl2C6H4.  These 

spectral differences can be seen more clearly in the differential spectra, shown in Figure 8d.  It 

Table 7. UV-Vis-NIR spectroscopic data of 1-3, and 5 in solution and solid states 
Complex Condition λ / nm (ε / M-1cm-1) 

1a Solid 370sh 455 565 1186   
2a Solid 370sh 421 494sh 590 680sh 1150 

3a Solid 370sh 470 590sh 730sh 1152  

5a Solid 390sh 440 520 690sh 840sh  

1 CH3CN 360(10800) 419(12500) 465(11000)
sh 

562(6960)sh 667(3590)sh 1052(790) 

 o-Cl2C6H4 370(11800) 444(15900) 568(9840)sh 986(1860)   

2 CH3CN 362(10900) 418(12600) 472(10800)
sh 

560(7090)sh 667(3640)sh 1052(790) 

 o-Cl2C6H4 367(12200) 420(14000) 470(11600)
sh 

562(7740) 667(3640)sh 1020(930) 

3 CH3CN 362(21500)
sh 

418(24800) 470(21500) 562(13900)
sh 

667(7120)sh 1052(1590) 

 o-Cl2C6H4 365(20600)
sh 

454(28900) 564(16400)
sh 

690(5510)sh 995(3800)  
a Measured for KBr pellets.  sh Appeared as shoulder peak. 
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is worth noting that the spectral similarities of 1 and 3 compared to 2, dependent upon the type 

of solvent molecules, can be understood in relation with association/dissociation behavior of the 

fac-[Mo(Mp)3]– with guest metal ions (Na+ for 1 and Mn2+ for 3).  Briefly, the coordination of 

the fac-[MoV(Mp)3]– with guest metal ions is maintained with a higher degree of association in 

solvents that have relatively low polarity, affording absorption spectra different from that of 

cation-free-fac-[Mo(Mp)3]–.  Based on the spectral features of these complexes, it can be said 

that the guest metal ion capture/release properties of the fac-[MoV(Mp)3]– can be controlled by 

solvent polarity, and the degree of association is spectroscopically detectable.  
 
 
 
 
 

 
 
  

Figure 8. UV-Vis-NIR spectra of 1 (red line), 2 (black line), 3 (green line), and 5 (blown line) a) 
CH3CN solution at 3 × 10–4 M and b) differential spectra of Δ{ε(1) – ε(2)} (red line) and Δ{ε(3) 
– 2 × ε(2)} (green line), and c) o-Cl2C6H4 solution at 3 × 10–4 M and d) differential spectra of 
Δ{ε(1) – ε(2)} (red line) and Δ{ε(3) – 2 × ε(2)} (green line). 
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2-3-6. Guest Metal Ion- and Electrolyte-dependent Electrochemical Properties   

  The abovementioned solvent dependency prompted us to evaluate the redox behavior of the 

complexes in terms of not only the nature of the solvent but also the coexisting electrolytes, 

which might interact with the complexes.  The UV-Vis-NIR spectra, cyclic voltammograms 

(CVs), and differential pulse voltammograms (DPVs) of 2 in CH3CN with n-Bu4NClO4 (TBAP) 

(black line) and in o-Cl2C6H4 with TBAP (blue line) or n-Bu4NB(C6F5)4 (TBAFB) (red line) are 

shown in Figures 9a, 9b, and 10, and the data are summarized in Table 8.  All spectra of 2 

shows similar spectroscopic features with that recorded in the absence of electrolytes, 

suggesting a less influence from the electrolytes at the ground and excited states (Figures 9a and 

10a).  In the CVs, one oxidation and two or one reduction waves are commonly observed at 

 

 

Figure 9. a) UV-Vis-NIR spectra of 2 (3 × 10–4 M) in CH3CN with 1.5 × 10–2 M TBAP (black 
line), o-Cl2C6H4 with 1.5 × 10–2 M TBAP (blue line), and o-Cl2C6H4 with 1.5 × 10–2 M TBAFB 
(red line).  b) CVs and DPVs of 2 (1 × 10–3 M) in CH3CN with 0.05 M TBAP (black line), 
o-Cl2C6H4 with 0.05 M TBAP (blue line), and o-Cl2C6H4 with 0.05 M TBAFB (red line).  For 
o-Cl2C6H4 with TBAFB, negative region than –1.4 V could not be investigated due to its 
potential window. 
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almost the same potential, as shown in Figure 9b.  The observed redox couples correspond to 

three one-electron redox processes of guest-cation-free [Mo(C6H4OS)3]n– (n = 0, 1, 2, and 3) (eq. 

1). 

 

 

 

 

  Complex 1 in CH3CN (black line) and o-Cl2C6H4 with TBAP (blue line) demonstrates spectra 

that are identical to those of 2, indicating dominant dissociation of the Na+ from 

fac-[MoV(Mp)3]– at the rest potential (Figure 11a).  The CV of 1 in CH3CN with TBAP shows 

one oxidation and two reduction waves (Figure 11b (black line)), where the E1
1/2

Ox is almost the 

eq. 1eq. 31 [Mo]0–e–

+e–

–e–

+e–

–e–

+e–
[MoV]–[MoIV]2–[MoIII]3–

[Mo]0 = [Mo(C6H4OS)3]0

[MoV]– = [MoV(Mp)3]–

[MoIV]2– = [MoIV(Mp)3]2–

[MoIII]3– = [MoIII(Mp)3]3–

Figure 10. a) UV-Vis-NIR spectra of 1 (red line), 2 (black line), and 3 (green line) (3 × 10–4 M) 
in CH3CN solution containing 1.5 × 10–2 M TBAFB.  b) CVs (black line) and DPVs (blue line) 
of 2 (top), 1 (middle), and 3 (bottom) (1 × 10–3 M) in CH3CN solution containing 0.05 M 

TBAFB. 
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same as that of 2, while E1
1/2

Red and E2
1/2

Red are positively shifted by 190 and 50 mV, respectively, 

compared with 2.  These results indicate that the oxidized species of 1 should be dissociated 

from the Na+, but the reduced species with dianionic nature have dominant association with the 

Na+ (eq. 2).32 

 

 

  On the other hand, dominant dissociation of 1 (Figure 11a (blue line)) at the rest potential, 

despite the lower polarity of o-Cl2C6H4, can be explained based on the nucleophilicity of the 

ClO4
–.33  Briefly, coordination from a ClO4

– to a Na+ should be competitive with that from a 

eq. 2eq. 31 Na+ + [Mo]0
–e–

+e–

–e–

+e–

–e–

+e–
Na+ + [MoV]–[Na{MoIV}]–[Na{MoIII}]2–

 

Figure 11. a) UV-Vis-NIR spectra of 1 (3 × 10–4 M) in CH3CN with 1.5 × 10–2 M TBAP (black 
line), o-Cl2C6H4 with 1.5 × 10–2 M TBAP (blue line), and o-Cl2C6H4 with 1.5 × 10–2 M TBAFB 
(red line).  b) CVs of 1 (1 × 10–3 M) in CH3CN with 0.05 M TBAP (black line), o-Cl2C6H4 with 
0.05 M TBAP (blue line), and o-Cl2C6H4 with 0.05 M TBAFB (red line), with DPVs.  For 
o-Cl2C6H4 with TBAFB, negative region than –1.4 V could not be investigated due to its 
potential window. 
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RMLs, [Mo(C6H4OS)3]n– (n = 0-3), and a RMLs associating with a Na+ is possibly exchanged by  

ClO4
– because of contact interaction between Na+ and ClO4

– in a less polar solution.  This 

presumption is also supported by similarities in CVs of 1 (Figure 11b (blue line)) and 2 in 

o-Cl2C6H4 with TBAP, commonly comprising one oxidation and two reduction processes.  

However, the differential pulse voltammetry (DPV) of 1 (Figure 11b (blue line)) also detects the 

associated species as minor component at the potential positively shifted by 300 mV from 

E1
1/2

Red of 2.  All of these data are consistent with the redox scheme expressed in eq. 3.  From 

these results, the coexisting anion appears to also have a strong influence on associative 

interactions between RML and guest metal ions.  This provisional consideration was finally 

confirmed by utilizing a more inert anion, as described below. 

 

 

 

 

  It is widely known that fluorinated tetraphenylborate type bulky soft anions serve as inert 

anions to the cationic moiety rather than ClO4
–.34  The deformed spectrum of 1 in o-Cl2C6H4 

Table 8. Redox potentials of 1, 2, and 3 

Complex Solvent Supporting 
Electrolyte 

vs. Ag/Ag+ 

 
E3

1/2
Red E2

1/2
Red E1

1/2
Red E1

1/2
Ox E2

1/2
Ox E3

1/2
Ox  

2 CH3CN n-Bu4NClO4  –2.14a –1.17 0.14   
 CH3CN n-Bu4NB(C6F5)4  –2.14 –1.18 0.14   
 o-Cl2C6H

4 
n-Bu4NClO4    

 

–1.04 

–2.15a   

 
–1.04 

–1.04 0.14   
 o-Cl2C6H

4 
n-Bu4NB(C6F5)4   –0.99 0.11   

1 CH3CN n-Bu4NClO4  –2.09 –0.98 0.14   
 CH3CN n-Bu4NB(C6F5)4  –2.09 –0.98 0.14   
 o-Cl2C6H

4 
n-Bu4NClO4 –2.19 –1.05 –0.74a 0.11   

 o-Cl2C6H
4 

n-Bu4NB(C6F5)4  –0.88 –0.64 0.10a 0.25  
3 CH3CN n-Bu4NClO4  –1.10irr –0.53 0.14   
 CH3CN n-Bu4NB(C6F5)4  –1.14irr –0.52 0.14   
 o-Cl2C6H

4 
n-Bu4NClO4 –1.94 –1.08 –0.40 0.12   

 o-Cl2C6H
4 

n-Bu4NB(C6F5)4 –0.99 –0.40a –0.28a 0.11 0.32a  0.43a  
a The recorded potentials are estimated by DPV.  irr Irreversible; the recorded potentials are 
cathodic potentials at a scan rate of 50 mV s–1. 

eq. 3
eq. 31 Na+ + [Mo]0

–e–

+e–

–e–

+e–

–e–

+e–
Na+ + [MoV]–Na+ + [MoIV]2–Na+ + [MoIII]3–

–e–

+e–
[Na{MoV}]0[Na{MoIV}]–
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with TBAFB (red line; Figure 11a) indicates enhanced association of fac-[MoV(Mp)3]– with the 

Na+, derived from lower nucleophilicity of B(C6F5)4
– compared with ClO4

–.  These effects are 

also seen in the CV; complex 1 shows one oxidation and two reduction processes, with different 

current ratios (red line; Figure 11b).  Here, the oxidation potential is positively shifted by 140 

mV, compared with 2, indicating that associative interaction exists at the rest potential.  

However, the DPV (red line; Figure 11b) detects a shoulder peak around 0.1 V, indicating a 

small amount of Na+-free-fac-[MoV(Mp)3]–.  The observed E1
1/2

Red and E2
1/2

Red demonstrate 

significant positive shifts, by 350 and 110 mV, respectively, from the E1
1/2

Red of 2, indicating the 

reduced species in associating states (eq. 4). 

 

 

 

 

  Finally, UV-Vis-NIR spectra and CVs of 3 are shown in Figures 12a and 12b, respectively.  

The spectral features of 3 in CH3CN with TBAP (black line) are similar to those of 2, except for 

the molar extinction coefficient that is twice as great, indicating dominant dissociation of the 

Mn2+ from fac-[MoV(Mp)3]–, as in the case of 1.  Complex 3 demonstrates one oxidation wave 

with a larger current value and quasi-reversible and irreversible wave, followed by two 

quasi-reversible reduction processes (black line; Figure 12b).  The observed current values 

suggest two- and one-electron processes for oxidation and reduction, respectively.  The 

unshifted E1
1/2

Ox of 3 with respect to that of 2 is compatible with the oxidation process of the 

Mn2+-free-fac-[MoV(Mp)3]–.  On the other hand, the reduction potential, E1
1/2

Red, shows a 

significant positive shift, by 640 mV, compared with that of 2, suggesting redox-induced 

associative interaction of the reduced RML [MoIV(Mp)3]2– with the Mn2+, with enhanced electron 

acceptability, as shown in eq. 5.  

 

 

eq. 4
eq. 31

–e–

+e–

–e–

+e–
[Na{Mo}0]+[Na{MoV}]0[Na{MoIV}]–

–e–

+e–
Na+ + [Mo]0Na+ + [MoV]–

–e–

+e–

eq. 5
eq. 31 Mn2+ + 2[Mo]0

+e–

–e–

+e–

–2e–

+2e–
Mn2+ + 2[MoV]–[MnII{MoIV}]0 + [MoV]–

[MnII{MoIV}{MoV}]–

irr.

or
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Regarding the one-electron reduced species, both di- and trinuclear species are plausible; 

however, the former seems to be a more likely candidate because of the reduced electron 

deficiency on the Mn2+ bound with [MoIV(Mp)3]2–.  It is noted that Mn2+ is redox inert in this 

potential region (Figure 13).  Therefore, the following irreversible process might be due to the 

electrochemically-driven activation of the CH3CN molecule mediated by a Mn2+ and/or a Mo4+ 

metal centers (Scheme 2).35 

 

Figure 12. a) UV-Vis-NIR spectra of 3 (3 × 10–4 M) in CH3CN with 1.5 × 10–2 M TBAP (black 
line), o-Cl2C6H4 with 1.5 × 10–2 M TBAP (blue line), and o-Cl2C6H4 with 1.5 × 10–2 M TBAFB 
(red line).  b) CVs of 3 (1 × 10–3 M) in CH3CN with 0.05 M TBAP (black line), o-Cl2C6H4 with 
0.05 M TBAP (blue line), and o-Cl2C6H4 with 0.05 M TBAFB (red line), with DPV.  For 
o-Cl2C6H4 with TBAFB, negative region than –1.4 V could not be investigated due to its 
potential window. 
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  In contrast, the spectrum of 3 in o-Cl2C6H4 with TBAP (blue line; Figure 12a) shows less 

influence of the coexisting ClO4
–, suggesting dominant association of the fac-[MoV(Mp)3]– with 

the Mn2+.  Under this condition, complex 3 shows a redox wave with larger currents in both the 

positive and the negative regions, and two additional waves with smaller currents in the region 

from –1 to –2 V (blue line; Figure 12b).  Based on the observed current values, it is proposed 

that the processes at E1
1/2

Ox and E1
1/2

Red correspond to two-electron redox processes, while redox 

processes at E2
1/2

Red and E3
1/2

Red correspond to one-electron redox processes.  The oxidation 

potential of 3 is obtained at the almost same potential as that of 2, indicating the dominant 

dissociation of the RML from the Mn2+ in the oxidized state.  In contrast, E1
1/2

Red and E3
1/2

Red 

tend to be positively shifted by 640 and 210 mV, respectively, implying that the RML maintains 

associative interaction with the Mn2+ throughout these reduction reactions.  The second 

reduction process is obtained at the same potential with E1
1/2

Red of 2, which is indicative of the 

process corresponding to the reduction of the partially existing Mn2+-free fac-[MoV(Mp)3]– as 

formulated in eq. 6. 

 

 

 

 

  The coexisting anion dependency was also examined for 3.  The spectrum of 3 in o-Cl2C6H4 

in the presence of TBAFB shown in Figure 12a (red line) indicates a dominative association of 

fac-[MoV(Mp)3]– with the Mn2+.  Complex 3 under this condition shows one minor oxidation 

and subsequent major oxidation processes, where the latter processes can be divided into two 

consequent oxidations, E2
1/2

Ox and E3
1/2

Ox, with positive shifts by 320 and 210 mV, respectively, 

from E1
1/2

Ox of 2 (red line in Figure 12b and DPV (red line in Figure 12b)).  Likewise, two 

reductions at E1
1/2

Red and E2
1/2

Red are found at the potentials positively shifted by 710 and 590 mV, 

respectively, from the E1
1/2

Red of 2.  These positively shifted redox potentials should correspond 

to the redox processes of the RML in association with the Mn2+.  The E1
1/2

Ox and E3
1/2

Red 

eq. 6
eq. 31 Mn2+ + 2[Mo]0

–e–

+e–

–2e–

+2e–

–2e–

+2e–
[MnII{MoV}2]0[MnII{MoIV}2]2–[MnII{MoIII}{MoIV}]–

–2e–

+2e–
Mn2+ + 2[MoV]–Mn2+ + 2[MoIV]2–
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processes recorded at almost the same potentials as in 2, can be assigned as redox process of the 

Mn2+-free-fac-[MoV(Mp)3]–, and the total redox scheme of 3 under these conditions can be 

represented by eq. 7.  The fact that major oxidation and reduction comprised two closely 

related processes means that the mixed-valence species, [MnII{MoIV}{MoV}]– (A) and 

[MnII{MoV}{Mo}0]+ (B) exist during these redox reactions. 

 

 

 

 

 
  

 

Figure 13. CV of MnII(H2O)6(ClO4)2 (1 × 10–3 M) in CH3CN with 0.1 M TBAPF6. 

Scheme 2. Plausible mechanisms of electrochemically irreversible reactions of 3 in CH3CN 
solution.35 

eq. 7
eq. 31 [MnII{Mo}0

2]2+
–e–

+e–

–e–

+e–

–e–

+e–
B[MnII{MoV}2]0[MnII{MoIV}2]2–

–2e–

+2e–
Mn2+ + 2[Mo]0Mn2+ + 2[MoV]–

–e–

+e–
A

Mn2+ + 2[MoIV]2–
–2e–

+2e–
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2-4. Conclusions 
 

  The guest metal ion binding behavior of the redox-active RML, fac-[MoV(Mp)3]–, bearing 

asymmetric coordination-sites (O-sites and S-sites) were investigated.  Based on the structures 

of 1-5, the characteristic coordination site-dependence of this Janus-head-type RML upon the 

type of guest metal ions was confirmed.  It can be considered that such coordination 

site-dependence of fac-[MoV(Mp)3]– is in agreement with the HSAB29 interaction principle 

between guest metal ions and coordination-sites.  In addition to the coordination 

site-dependence, geometrical flexibility of [MoV(Mp)3]– is another contributory factor; it enables 

this RML to behave as an adaptable host molecule for a wider range of guest metal ions.  

Moreover, results of absorption spectroscopy strongly indicate that binding interactions of the 

RMLs and the guest metal ions are not very static; they are sufficiently moderate to respond to 

external environments, such as solvent polarity, electrochemical redox reactions of RMLs, and 

coexisting anions.  On the other hand, comparative electrochemical investigations of 1-3 

demonstrated an increased electron-accepting capacity, especially for 3, induced by the 

association with guest metal ions.  These results indicate that assembling of the RML by guest 

metal ion-mediated cross-linking is the efficient approach for creation of heterometallic 

multinuclear assemblies possessing remarkable electron acceptability.  In this chapter, the 

electrochemical properties of O-site-linked assemblies by hard metal ions were demonstrated, 

while it would be possible to investigate assemblies where the S-site is involved in cross-linking 

by utilizing a wider range of soft metal ions.  Therefore, the presented results illustrate the 

potential usefulness of [M(dichalcogenolato)m]n– as a RML for the creation of assembled 

structures possessing remarkable electronic flexibility.   
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Chapter 3 

Interactions Between the Trianionic Ligand-centered Redox-active 

Metalloligand [CrIII(perfluorocatecholato)3]3– and Guest Metal Ions 

 

Abstract 

  The redox-active metalloligand (RML) (Et3NH)3[CrIII(F4Cat)3] (F4Cat = perfluorocatecholato) 

(1) was synthesized and its interactions with the guest metal ions Li+, Mn2+, Fe2+, Co2+, Cu2+, and 

Zn2+ were examined.  Cyclic voltammetry measurements and spectroelectrochemical studies 

revealed that complex 1 shows three-step ligand-centered one-electron oxidations to 

consecutively generate [CrIII(F4Cat)2(F4SQ)]2– (F4SQ = perfluorosemiquinonato), 

[CrIII(F4Cat)(F4SQ)2]–, and  [CrIII(F4SQ)3] at –0.12, 0.23, and 0.53 V vs. Ag/Ag+ in 

dichloromethane, or at –0.21, 0.08, and 0.50 V in acetonitrile (MeCN), respectively.  Titration 

experiments in MeCN revealed that treatment of 1 with Cu2+ leads to the formation of 

[CrIII(F4Cat)2(F4SQ)]2– and Cu+ via a redox reaction.  However, when 1 was treated with Li+, 

Mn2+, Fe2+, Co2+, and Zn2+, further titration experiments revealed that these metal ions 

coordinated via the lone pairs on the coordinating oxygen atoms of the F4Cat2– moieties in a 

one-to-one ratio, and the binding constants of 3.7 (±0.3) × 104 (Li+), 1.5 (±0.2) × 105 (Mn2+), 2.2 

(±0.4) × 105 (Fe2+), 1.9 (±0.2) × 105 (Co2+), and 3.8 (±0.4) × 105 M–1 (Zn2+) were established.  

Moreover, the oxidation potentials of 1 were positively shifted by 0.08-0.33 V upon addition of 

guest metal ions.  Spectroelectrochemical studies of 1 in the presence of guest metal ions 

suggested that ligand-centered one- and two-electron oxidation of the RML occurred for Li+, 

Mn2+, Co2+, and Zn2+, respectively, while guest metal-centered one-electron oxidation was 

observed for Fe2+.  Considering all the aforementioned results, this study demonstrated for the 

first time the ability of [CrIII(F4Cat)3]3– to act as a RML in solution.  
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3-1. Introduction 

 

  The development of molecules and/or supramolecular assemblies that exhibit multi-electron 

transfer is an attractive research target not only in basic chemistry but also in advanced 

chemistry, including catalytic substrate conversions via redox reactions.1  So far, several types 

of multi-electron transfer molecules have been reported, e.g., π-conjugated organic compounds,2 

polyoxometalates,3 and metal complexes4 containing redox-active metals.  For example, 

ferrocene is one of the most useful transition metal complexes, demonstrating “metal-centered” 

one-electron transfer reactions.5  Supramolecular assemblies such as hexaferrocenylbenzene or 

ferrocenyl dendrimers have also been reported to show multi-electron transfer reactions on the 

Fe(II) centers of each ferrocenyl moiety.5  Ito and Yamaguchi et al. reported a dodeca-nuclear 

Ru complex consisting of four [Ru3O(CH3CO2)6] units linked via bridging pyrazine ligands, 

which exhibits a 14-step-15-electron transfer reaction on the Ru centers.6  These examples 

have demonstrated that the aggregation of multiple redox-active metal centers can be regarded 

as a powerful method for the creation of multi-electron transfer systems. 

  In addition to the aforementioned metal-centered electron transfer processes, the 

corresponding ligand-centered processes have also been studied, so far.7  For instance, catechol 

(CatH2),8 2-benzeneditiol (BdtH2),9 and 2-mercaptophenol (MpH2)10 have been reported to 

coordinate to transition metal ions, and to exhibit both metal- and ligand-centered redox 

reactions.  Especially, the redox properties of tris- Cat/SQ (SQ = semiquinonato) complexes, 

have been well established.11  For example, [ReVI(Cl4Cat)3] shows two-step metal-centered 

ReVI/ReV/ReIV redox couples,12 while [CrIII(X4SQ)3] (X = Cl and Br) exhibits three-step 

ligand-centered Cat/SQ redox couples as shown in Scheme 1.13 
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Scheme 1. Scheme for the redox processes in [CrIII(X4SQ)3] (X = Cl and Br). 9b, 9c 
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  Here we noted that Cat complexes may be used as metalloligands (MLs)14 that bind to guest 

metal ions via the lone pairs on the  coordinating oxygen atoms of the ligands as shown in 

Chart 1.  Previously reported [K3(H2O)1.5{MIII(Cat)3}]n (M = Cr and Fe),15a [K3{VIII(Cat)3}]n,15b 

[Li2(C4H8O)4{MnIII(Br4Cat)3}]–,15c and [K2(MeCN)6{MnIV(3,5-DTBCat)3}] (3,5-DTBCat = 

3,5-di-tert-butylcatecholato)15d exhibited binding interactions between the oxygen atoms of the 

Cat2– moieties and alkaline metal ions.  Although the molecular structures of these complexes 

in the crystalline state have been published, details on their physicochemical properties in 

solution remain to be reported.  One of our previous studies demonstrated that [MoV(Bdt)3]–, 

with metal-centered redox properties, is able to capture soft Cu+ and Ag+ ions by interaction with 

the lone pairs on the sulfur atoms, resulting in the formation of 1-D chains and 3-D network 

structures in the solid state.16  Moreover, we reported that fac-[MoV(Mp)3]–, a redox-active 

metalloligand (RML) with possible coordination sites at the oxygen and sulfur atoms, exhibits a 

site-dependent binding of guest metal ions such as Na+, Mn2+, Fe2+, Co2+, and Ni2+ on the oxygen 

sites, while Cu+ is coordinated at the sulfur sites.17  It is noteworthy that the binding of the 

metal ions at the oxygen sites of the RML, leads to an enhancement of the electron-accepting 

properties of the RML, i.e. the reduction potential of the thus obtained complex is positively 

shifted by approximately 0.6 V relative to that of the guest metal-free RML in solution.  These 

studies thus indicate that the redox properties of RML(s) may be modulated in solution by 

interactions with guest metal ions even in solution. 
  

MO
O

O O

O
O

M'

Redx-active Metalloligand
(RML)
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metal ion

Chart 1. Representative structure for an assembly consisting of an RML and a guest metal ion. 
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  Even though binding properties of metal-centered RMLs with guest metal ions have been 

reported,16,17 those of ligand-centered RMLs have not been reported so far; neither in solution, 

nor in the solid state.  The combination of the ligand-centered redox function of the RML and 

the chemical properties of guest metal ions may allow the design of novel functional assemblies, 

in which ligands act as electron/hole reservoirs. 

  In this chapter, it was aimed to unveil the interactions between ligand-centered RMLs and 

guest metal ions.  For that purpose, the RML (Et3NH)3[CrIII(F4Cat)3] (F4Cat = 

perfluorocatecholato) (1) was designed as an alternative multi-electron transfer system.  In 

order to increase its electron-accepting properties, perfluoro-groups were introduced in the Cat 

ligands, as they combine stronger electron-withdrawing properties with smaller atom size 

relative to perchloro and perbromo groups.18  Herein, this chapter discussed the synthesis and 

redox properties of 1 as well as its interactions with the guest metal ions Li+, Mn2+, Fe2+, Co2+, 

Cu2+, and Zn2+, that differ in charge and redox properties. 
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3-2. Experimental Section 

 

General Procedures.  All synthetic operations were performed under an atmosphere of N2 

using Schlenk-line techniques.  The compounds CrCl3·6H2O, LiClO4, M(ClO4)2·6H2O, (M = 

Mn, Fe, Co, Cu, and Zn), and benzene were purchased from Wako Pure Chemical Industries.  

Anhydrous solvents, methanol (MeOH), acetonitrile (MeCN), dichloromethane (CH2Cl2), and 

n-hexane, were purchased from Kanto Chemical Co. Inc.  Triethylamine (Et3N) was purchased 

from Tokyo Kasei Kogyo Co. Ltd.  Perfluorocatechol (F4CatH2),19 [CrIII(X4SQ)3] (X = Cl and 

Br),13b and [Cu(MeCN)4]PF6
20 were synthesized according to literature procedures.  All 

solvents were degassed by at least five freeze-pump-thaw cycles immediately prior to use.  

Caution! Although we did not experience any difficulties with the perchlorate salts, these 

should be regarded as potentially explosive, and therefore be handled with the utmost care. 

 

Synthesis of (Et3NH)3[CrIII(F4Cat)3] (1).  A colorless 5 mL MeOH solution of Et3N (333 mg, 

3.30 mmol) was added to a green 15 mL MeOH solution of CrCl3·6H2O (147 mg, 0.55 mmol) 

and F4CatH2 (300 mg, 1.65 mmol).  Upon mixing the two solutions, a green suspension was 

formed immediately.  After continuous stirring for 12 h, the green precipitate dissolved to 

afford a green solution.  After removing MeOH under reduced pressure, the product was 

extracted with 8 mL benzene, and a white by-product was filtered off, affording a green benzene 

solution.  Addition of 16 mL n-hexane to this solution afforded a green powder.  After 

filtration, the powder was washed three times with each 3mL n-hexane and dried in vacuo; 

complex 1 was isolated as green powder in 60% yield.  Anal. Found: C, 48.14; H, 5.59; N, 4.56. 

Calcd. for C36H48CrF12N3O6 (1): C, 48.11; H, 5.38; N, 4.68. ESI-MS (m/z): Calcd for [1+H]+: 

899.28; found: 899.31. 

 

Physical Measurements.  Elemental analyses were carried out at the analysis center of 

Hokkaido University.  Cyclic voltammetry measurements were recorded with a BAS model 
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650A electrochemical analyzer, using a glassy carbon (GC) working electrode and a platinum 

(Pt) auxiliary electrode under an atmosphere of argon (Ar).  The reference electrode consisted 

of a silver wire, inserted into a small glass tube fitted with a porous Vycor frit at the tip, filled 

with a MeCN solution containing 0.1 M n-Bu4NClO4 and 0.01 M AgNO3.  All three electrodes 

were immersed in 2 mL of a CH2Cl2 or MeCN solution containing 0.1 M n-Bu4NPF6 as the 

supporting electrolyte and the analytes.  In all cases, redox potentials were measured relative to 

the Ag/Ag+ redox couple.  UV-Vis-NIR spectra were recorded on a Hitachi U-4100 

spectrophotometer over the range 200-3300 nm at 296 K under an atmosphere of N2.  

Spectroelectrochemical measurements were carried out in 0.1 M n-Bu4NPF6 solution using Pt, Pt 

mesh, and the reference electrodes under an atmosphere of N2.  Electrospray ionization mass 

(ESI-MS) spectra were recorded on a JEOL JMS-T100LC AccuTOF spectrometer under an 

atmosphere of N2. 
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3-3. Results and Discussion 

 

3-3-1. Synthesis and Characterization of 1 

  Two tris-Cat Cr(III) complexes, K3[CrIII(Cat)3]15a,21a and K3[CrIII(3,5-DTBCat)3],21b have 

previously been reported by Raymond et al.  These complexes were synthesized in aqueous 

solution by the treatment of Cr(III) chloride or acetate with three equivalents of CatH2 or 

3,5-DTBCatH2 in the presence of an excess of KOH under an inert atmosphere, and the products 

were isolated as green solids.  Complex 1 was obtained in a similar fashion from the treatment 

of CrCl3·6H2O with three equivalents of F4CatH2 in MeOH in the presence of six equivalents of 

Et3N under an atmosphere of N2.  Similarly to the previously reported tris-Cat Cr(III) 

complexes,15a,21 complex 1 was isolated as a green solid.  A positive-mode ESI-MS spectrum of 

the product showed the main peak at m/z = 899.31 (Figures 1a and 2a), which is consistent with 

the exact mass of {(Et3NH)3[Cr(C6F4O2)3] + H+}+ (899.28).  Moreover, the analysis of the 

elemental composition for 1 supports the assigned formula, (Et3NH)3[Cr(C6F4O2)3].  

  For the trianion in 1, [Cr(C6F4O2)3]3–, several valence tautomers such as [CrIII(F4Cat)3]3–, 

[CrII(F4Cat)2(F4SQ)]3–, [CrI(F4Cat)(F4SQ)2]3–, or [Cr0(F4SQ)3]3– (F4SQ = perfluorosemiquinonato) 
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Figure 1. a) Positive-mode ESI-MS spectrum of 1 in MeCN (black lines) and the corresponding 
simulated spectrum (pale blue cones).  b) Solid state (KBr pellet) UV-vis-NIR spectrum of 1.  
The insert shows a magnification of the 300-800 nm region. 
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are conceivable, all of which differ with respect to their intramolecular charge distribution.  

The UV-vis-NIR spectrum of 1 in the solid state is shown in Figure 1b.  Complex 1 shows a 

strong absorption peak at 220 nm with a shoulder at 280 nm, together with two weak absorption 

peaks at 420 and 590 nm.  The two bands in the UV region can be assigned to π-π* transitions 

of the F4Cat2– moieties,22 while the two bands in the visible region are comparable to those of 

Figure 2. a) Positive- and b) negative-mode ESI-MS spectra of 1 in MeCN in the m/z = 
200-1000 region. 
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K3[CrIII(Cat)3] in water (425 and 592 nm) and were accordingly assigned to d-d transitions on 

the Cr(III) centre.21a  Furthermore, the absence of charge transfer (CT; CrIII/SQ–) bands in the 

visible region and intervalence CT (IVCT; SQ–←Cat2–) bands in the NIR region supported the 

absence of F4SQ– or F4Cat2–/F4SQ– mixed valence ligands.  Based on these experimental results, 

the charge distribution of the three C6F4O2 ligands should be assigned as F4Cat2–, leading to the 

formulation of 1 as (Et3NH)3[CrIII(F4Cat)3]. 

 

3-3-2. Solution UV-vis-NIR Spectra of 1 

  The UV-vis-NIR spectra of 1 in CH2Cl2 and MeCN are shown in Figures 3a and 3b.  In 

CH2Cl2, complex 1 exhibited three absorption peaks at 281 (13500 M–1cm–1), 441 (81), and 613 

(73) nm.  In MeCN, two absorption peaks at 285 (12500 M–1cm–1) and 600 (66) nm with one 

shoulder at 425 (88) nm were observed.  The strong absorption bands at 281 and 285 nm in 

CH2Cl2 and MeCN, respectively, should be assigned to π-π* transitions on the aromatic ring of 

the F4Cat2–,22 while the weak absorption bands in the visible region should be ascribed to d-d 

transitions on the Cr(III) centre.21a  In addition, the absence of absorption bands assignable to 

CT and IVCT bands suggests that complex 1 contains exhaustively reduced Cat ligands, in 

CH2Cl2 and MeCN solution, as well as in the solid state. 
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Figure 3. UV-vis-NIR spectra of 1 (5 × 10–4 M) in a) CH2Cl2 and b) MeCN under an 
atmosphere of N2.  The insets show a magnification of the 300-800 nm region. 
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3-3-3. Redox properties of 1 

  The cyclic voltammogram (CV) of 1 in CH2Cl2 is shown in Figure 4a, and the corresponding 

data is summarized in Table 1.  During an anodic scan, complex 1 showed three one-electron 

transfer waves at E1/2 = –0.12, 0.23, and 0.53 V vs. Ag/Ag+.  The first and second waves appear 

at more positive potentials than those of [CrIII(X4SQ)3] (for X = Cl: E1/2 = –0.28, 0.15, and 0.53 

V;13c for X = Br: E1/2 = –0.15, 0.11, and 0.51 V13b) measured under similar conditions.  The 

redox potentials of these three-step processes might be closely related to not only the 

electron-withdrawing properties of the perhalogeno-groups but also to the electronic interactions 

between the three ligands.  Potential gaps, i.e., ΔEa = E1/2
2 – E1/2

1 and ΔEb = E1/2
3 – E1/2

2, of 0.43 

and 0.38 V for [CrIII(Cl4SQ)3], as well as 0.26 and 0.40 V for [CrIII(Br4SQ)3], respectively, were 

Table 1. Electrochemical data of 1 in CH2Cl2 and MeCN at 20 mV s–1 

 (V vs. Ag/Ag+) 

Solvent Epa
1 Epc

1 E1/2
1 

(ΔE1) Epa
2 Epc

2 E1/2
2 

(ΔE2) Epa
3 Epc

3 E1/2
3 

(ΔE3) 

CH2Cl2 –0.06 –0.17 –0.12 
(0.11) 0.29 0.16 0.23 

(0.13) 0.58 0.48 0.53 
(0.10) 

MeCN –0.16 –0.25 –0.21 
(0.09) 0.11 0.04 0.08 

(0.07) 0.55 0.45 0.50 
(0.10) 
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Figure 4. CVs of 1 (1 mM) in a) CH2Cl2 and b) MeCN: recorded at 20 mV s–1 under an 
atmosphere of Ar using n-Bu4NPF6 (0.1 M). 
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estimated.  The corresponding ΔEa and ΔEb values for [CrIII(Cl4SQ)3], as well as the ΔEb 

value for [CrIII(Br4SQ)3] are larger than those of 1 (ΔEa = 0.35 and ΔEb = 0.30 V).  The 

observed strong electron-accepting ability should be attributed to the strong 

electron-withdrawing effect of the perfluoro-groups.  CV experiments at different scan rates 

(10, 20, 50, 100, 200 and 400 mV s–1) demonstrated that ΔE1, ΔE2, and ΔE3 (ΔE = ΔEpa – ΔEpc) 

values decrease with decreasing scan rates as shown in Figures 5a and 6.  Therefore, these 

three redox waves can be assigned to quasi-reversible processes. 

  In non-polar solvents such as CH2Cl2, complexes of the type [CrIII(X4Cat)x(X4SQ)3–x]x– (X = Cl 

and Br; x = 0, 1, 2) are known to be stable, whereas [CrIII(Cl4SQ)3] exhibits the ligand 

substitution reaction in highly polar solvents such as MeCN, resulting in the formation of 

[CrIII(Cl4Cat)(Cl4SQ)(MeCN)2].23 

Figure 5. CVs of 1 (1 mM) in a) CH2Cl2 and b) MeCN at 10 (black line), 20 (blue line), 50 
(purple line), 100 (pink line), 200 (brown line), and 400 mV s–1 (green line) under an atmosphere 
of Ar using n-Bu4NPF6 (0.1 M). 
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  Despite the previously reported instability of [CrIII(Cl4SQ)3] in MeCN,23 a MeCN solution of 1 

exhibited three redox waves at E1/2 = –0.21, 0.08, and 0.50 V, all of which are very similar to 

those in CH2Cl2 (Figure 4b).  These waves appear at more negative potentials (E1/2(MeCN) – 

E1/2(CH2Cl2) = –0.09, –0.20, and –0.03 V) relative to those in CH2Cl2.  The observed potential 

shifts should accordingly relate to differences in solvent polarity between CH2Cl2 and MeCN.24  

If the ligands act as redox-centers in theses reactions (for the assignment of redox-sites, see the 

next section), the one- and two-electron oxidized species of 1, i.e. [CrIII(F4Cat)2(F4SQ)]2– and 

[CrIII(F4Cat)(F4SQ)2]–, should possess a dipole moment.  This dipole moment should arise from 

Figure 6. Plots of ΔE as a function of v1/2; a) ΔE1, b) ΔE2, c) and ΔE3 values of 1 (1 mM) in 
CH2Cl2 (black circles) and MeCN (red circles) at 10, 20, 50, 100, 200, and 400 mV s–1 under an 
atmosphere of Ar using n-Bu4NPF6 (0.1 M). 
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the asymmetric, mixed valence charge distribution in the ligands, which is dissimilar to 1 with 

homoleptic ligands.  Following this notion, the high solvent polarity of MeCN may be able to 

influence to the solvation energy of the redox-isomers of 1.25  On the basis of variable scan rate 

experiments in MeCN, the three waves were assigned to quasi-reversible processes in the 

20-400 mV s–1 range (Figures 5b and 6).  Moreover, the voltammogram for 1 showed 

remarkable reproducibility upon repeating the cyclic scans at 20 mV s–1 (Figure 7).  Therefore, 

complex 1 and its one-, two-, and three-electron oxidized species can be expected to kinetically 

maintain their structures in MeCN solution. 

 
  

Figure 7. Repeat scan (5 cycles) CVs of 1 (1 mM) in a) CH2Cl2 and b) MeCN at 20 mV s–1 
under an atmosphere of Ar using n-Bu4NPF6 (0.1 M). 
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3-3-4. Assignment of Redox Sites in 1 

  The assignments of redox sites in metal complexes, bearing both redox-active metals and 

ligands, should be undertaken carefully.  For example, [CrIII(X4SQ)3] (X = Cl and Br), accepts 

electrons on the ligand sites to form [CrIII(X4Cat)(X4SQ)2]–, [CrIII(X4Cat)2(X4SQ)]2–, and 

[CrIII(X4Cat)3]3–.13  In CH2Cl2, the one-electron reduced [CrIII(X4Cat)(X4SQ)2]– shows CT and 

IVCT bands at 546 (CT) and 2180 (IVCT) nm for X = Cl, and at 546 (CT) and 2200 nm (IVCT) 

for X = Br.  The corresponding bands of the two-electron reduced [CrIII(X4Cat)2(X4SQ)]2– 

appear at 540 (CT) and 1680 nm (IVCT) with a shoulder at 1200 nm for X = Cl, and at 540 

(CT) and 1660 nm (IVCT) with a shoulder at 1200 nm for X = Br.13a 

  The UV-vis-NIR spectra of 1 during bulk electrolysis in CH2Cl2 are shown in Figure 8.  

Strong absorption bands appeared in the visible and NIR regions (446, 536, 630sh., 750, 1140sh., 

and 1380 nm) during the first oxidation at –0.05 V vs. Ag/Ag+ (blue line).  The characteristic 

bands at 536, 1140sh., and 1380 nm thereby resemble those of [CrIII(X4Cat)2(X4SQ)]2– (X = Cl 

and Br).13a  Accordingly, the electrochemically generated one-electron oxidized species of 1 

should be assigned the empirical formula [CrIII(F4Cat)2(F4SQ)]2–.  The bands observed at 536 
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Figure 8. UV-vis-NIR spectra of 1 (5 × 10–4 M) in CH2Cl2 at rest potential (black line), –0.05 V 
(blue line), 0.35 V (green line), and 0.9 V vs. Ag/Ag+ (red line) under an atmosphere of Ar using 
n-Bu4NPF6. 
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and 1380 with 1140sh. nm were assigned to CT (CrIII/F4SQ–) and IVCT (F4SQ–←F4Cat2–) bands, 

respectively.  The second oxidation at 0.35 V (green line) exhibited an unchanged CT band at 

536 nm and a red-shifted IVCT band around 1950 nm.  These characteristics are very similar 

to those of [CrIII(X4Cat)(X4SQ)2]– (X = Cl and Br),13a and accordingly, the electrochemically 

generated two-electron oxidized species of 1 should be assigned the empirical formula 

[CrIII(F4Cat)(F4SQ)2]–.  Upon further oxidation at 0.9 V (red line), the CT band remained at 554 

nm, whereas a strong absorption band assignable to IVCT could not be observed, similar to the 

case of [CrIII(X4SQ)3].13a  It should therefore be reasonable to assume that the valence states of 

the ligands in the three-electron oxidized species of 1 became equivalent to the F4SQ– state, 

leading to the formulation of [CrIII(F4SQ)3].  Considering all these spectral results, the three 

oxidation steps of 1 can be assigned to three ligand-centered one-electron transfer steps, 

consecutively generating [CrIII(F4Cat)2(F4SQ)]2–, [CrIII(F4Cat)(F4SQ)2]–, and [CrIII(F4SQ)3] as 

shown in Scheme 2. 

 

3-3-5. Redox Reaction between 1 and Cu2+ Ion 

  As previously discussed, complex 1 shows well-defined three-step redox behavior in MeCN.  

As MeCN is a good solvent not only for 1, but also for several metal perchlorate salts, titration 

experiments were carried out in this solvent.  The addition of one equivalent of 

Cu(ClO4)2·6H2O to a MeCN solution of 1, resulted in the emergence of new bands at 443, 536, 

629, 763, 1230sh., and 1540 nm as shown in Figure 9a.  The resulting spectrum is thus 

identical to that of the electrochemically generated one-electron oxidized form of 1, 

[CrIII(F4Cat)2(F4SQ)]2– (black line; Figure 9b).  [CrIII(F4Cat)2(F4SQ)]2– was prepared from 
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MeCN solution of 1 electrolyzed at –0.10 V vs. Ag/Ag+ for 21 min (Figure 10a).  One-electron 

oxidation of 1 was chemically reversible (Figure 10b).  Two-electron oxidized species of 1 was 

generated by electrolysis at 0.35 V for 21 min (Figure 10c), but it was irreversible (Figure 10d, 

vide infra).  A spectrum which shows very similar absorption bands with one-electron oxidized 

species of 1 is also obtained from the addition of [CuI(MeCN)4]PF6 to an electrochemically 

generated solution of [CrIII(F4Cat)2(F4SQ)]2– in MeCN (red line; Figure 9b).  It was thus 

confirmed that CuII(ClO4)2·6H2O shows a Cu+/Cu2+ redox couple at E1/2 = 0.75 V vs. Ag/Ag+ in 

MeCN (Figure 11).  The potential of the Cu+/Cu2+ couple is higher than that of [CrIII(F4Cat)3]3–

/[CrIII(F4Cat)2(F4SQ)]2– (E1/2
1 = –0.21 V).  Accordingly, complex 1 should be oxidized by Cu2+ 
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Figure 9. a) Changes of the UV-vis-NIR spectrum of 1 (5 × 10–5 M, black line) upon addition of 
one equivalent of Cu(ClO4)2·6H2O (red line) in MeCN.  b) UV-vis-NIR spectra of 1 (5 × 10–5 
M) electrolyzed at –0.1 V vs. Ag/Ag+ (black line) and upon addition of one equivalent of 
[Cu(MeCN)4]PF6 (red line) under an atmosphere of N2 using n-Bu4NPF6 (1 × 10–2 M). 
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to give [CrIII(F4Cat)2(F4SQ)]2– and Cu+ (Scheme 3).  The close resemblance of the spectra of 

this mixture with electrochemically generated [CrIII(F4Cat)2(F4SQ)]2–, independent of the 

absence or presence of Cu+, is thereby indicative of a negligible interaction between 

[CrIII(F4Cat)2(F4SQ)]2– and Cu+.  In general, Cu+ is considered a soft metal ion,26 and the 

interactions between Cu+ and the hard lone pairs on the oxygen atoms of the F4Cat2– moieties in 

[CrIII(F4Cat)2(F4SQ)]2– should be minimal (vide infra). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Changes of the UV-vis-NIR spectra of 1 (5 × 10–4 M) in MeCN at a) –0.10 V vs. 
Ag/Ag+ for 0 (black line), 6 (grey line), and 21 min (blue line); b) –0.4 V for 0 (blue line) and 6 
min (black line) after electrolysis at –0.1 V for 21 min; c) 0.35 V for 0 (black line) and 21 min 
(green line); and d) 0.35 V for 21 (green line), 66 (grey line), and 141 min (red line).  All 
spectra recorded under an atmosphere of N2 using n-Bu4NPF6 (0.1 M).   
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Figure 11. CV of Cu(ClO4)2·6H2O (1 mM) in MeCN at 20 mV s–1 under an atmosphere of Ar 
using n-Bu4NPF6 (0.1 M). 

 

3-3-6. Interaction of 1 with Guest Metal Ions 

  Figure 12 shows the UV-vis-NIR spectral changes of 1 upon addition of 0.5 and 1 equivalent 

of metal perchlorates, i.e., LiClO4 or M(ClO4)2·6H2O (M = Mn, Fe, Co, and Zn) in MeCN.  The 

addition of Li+ to the MeCN solution of 1 led to a decrease of the absorbance at 285 nm, 

whereas no change was observed in the visible and NIR regions (Figure 12a).  The spectral 

changes at 285 nm (π-π* transition) suggest an interaction between 1 and Li+, indicating a 

modulation of the π-π* transition on the F4Cat2– moieties.  Similar spectral changes were 

observed for [Na(thf)3{fac-MoV(Mp)3}] and [MnII(H2O)(MeOH){fac-MoV(Mp)3}2] in 

o-dichlorobenzene (Figure 13).17  The absorbance of the π-π* band in the Mp2– moieties 

decreases as a result of the binding interactions with Na+ and Mn2+ via the lone pairs on the 

coordinating oxygen atoms.  Therefore, it is reasonable to conclude that complex 1 should 

interact with Li+ in a similar manner via the lone pairs on the coordinating oxygen atom(s) of the 

F4Cat2– moieties.  As shown in Figure 14a, a Job’s plot obtained from a continuous variation 

method, monitoring the absorbance at 285 nm, shows a peak top at a mole fraction 

([Li+]/[Li+]+[1]) = 0.5,27 indicating a one-to-one interaction between 1 and Li+. 
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Figure 12. Changes of the UV-vis-NIR spectrum of 1 (5 × 10–5 M, black line) in MeCN upon 
addition of 0.5 (grey line) and one equivalent (red line) of a) LiClO4, b) Mn(ClO4)2·6H2O, c) 
Fe(ClO4)2·6H2O, d) Co(ClO4)2·6H2O, or e) Zn(ClO4)2·6H2O.  The insets show a magnification 
of the 250-400 nm region. 



 130 

  Similarly with this case, addition of Mn2+, Fe2+, Co2+, or Zn2+ induced similar spectral changes 

as shown in Figures 12b-12e.  In contrast to the case of Cu2+, these spectral features indicate 

that complex 1 interacts with these guest metal ions without changing its original oxidation state 

and charge distribution.  Each Job’s plot exhibits a peak at a mole fraction of 0.5 (Figures 

14b-14e).  Accordingly, complex 1 should interact with Mn2+, Fe2+, Co2+, and Zn2+ in a 

one-to-one ratio, similarly to the case of Li+.  The plots also indicate that further interaction 

with one or two more guest metal ions did not occur in MeCN.  The Coulomb interactions 

between the one-to-one complexes and further guest metal ions might be weaker than that 

between 1 and guest metal ion, because the effective anionic charge of the RML is decreased by 

the interaction with the first guest metal ion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. UV-vis-NIR spectra of (n-Bu4N)[fac-MoV(Mp)3] (3 × 10–5 M, black line), 
[Na(thf)3{fac-MoV(Mp)3}] (3 × 10–5 M, red line), and [MnII(H2O)(MeOH){fac-MoV(Mp)3}2] (1.5 
× 10–5 M, green line) in o-dichlorobenzene under an atmosphere of Ar.  The inset shows a 
magnification of the UV region (285-330 nm).17  
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Figure 14. Job’s plots for 1 upon addition of a) Li(ClO4), b) Mn(ClO4)2·6H2O, c) 
Fe(ClO4)2·6H2O, d) Co  (ClO4)2·6H2O, or e) Zn(ClO4)2·6H2O, monitored by differential 
absorbances at 285 nm.   
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Figure 15. Differential absorbance profiles (285 nm) and fitting curves (red line) for mixtures of 
1 (5 × 10–5 M) and 0, 1.25, 2.5, 3.75, 5, 7.5, 10, 15, 20, 30, 40, 60, 80, 120, 160, 240, and 320 × 
10–5 M of a) LiClO4, b) Mn(ClO4)2·6H2O, c) Fe(ClO4)2·6H2O, d) Co(ClO4)2·6H2O, and e) 
Zn(ClO4)2·6H2O; monitored in MeCN solution using a 1.0 cm cell at room temperature. 
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  In order to quantitatively determine the affinity between 1 and the guest metal ions, further 

UV-vis titration experiments were carried out as shown in Figure 15.  The binding constant (K) 

values can be estimated by applying eq. 1 in a region that contains no absorption bands of the 

guest molecule:28 

 

 

 

where [H]0, [G]0, ΔAobs, b, and Δε refer to the initial concentration of the host, the initial 

concentration of the guest, the observed differential absorbance of the mixture and [H]0, the 

optical path length, and the differential molar extinction coefficient of the host-guest complex 

and the host, respectively. 

  The K value for Li+ was estimated to be 3.7 (±0.3) × 104 M–1, while those for Mn2+, Fe2+, Co2+, 

and Zn2+ were estimated to be 1.5 (±0.2) × 105, 2.2 (±0.4) × 105, 1.9 (±0.2) × 105, and 3.8 (±0.4) 

× 105 M–1, respectively.  These results suggest that the interaction between divalent guest metal 

ions and 1 is by one order of magnitude higher than that of monovalent cations such as Li+.  

Nabeshima et al. have reported that the neutral ML [AlIII(dipyrrin)(H2O)2] (dipyrrin = 

C27H17N2O2) binds to ZnCl2 in toluene/MeOH (99/1) in a one-to-one ratio via the lone pairs of 

two oxygen atoms of the dipyrrin, and a K value was of 6.1 (±1.3) × 106 M–1 was reptrted.29  

This value suggests that not only electrostatic (Coulombic), but also covalent interactions 

between the ML and guest metal ion play an important role. 

  In order to obtain further information about the interactions between 1 and guest metal ions, 

ESI-MS measurements of MeCN solutions containing 1 and one equivalent of metal 

perchlorates were carried out.  As shown in Figures 16-21, these solutions exhibited peaks at 
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m/z = 599.92 (Li+), 646.83 (Mn2+), 647.83 (Fe2+), 650.83 (Co2+), and 655.83 (Zn2+).  These 

values are consistent with the exact mass of {H+LiI[CrIII(F4Cat)3]}– (599.91), 

{MnII[CrIII(F4Cat)3]}– (646.83), {FeII[CrIII(F4Cat)3]}– (647.83), {CoII[CrIII(F4Cat)3]}– (650.82), 

and {ZnII[CrIII(F4Cat)3]}– (655.82), whereby each isotopic composition was found to be in 

agreement with simulated patterns.  Therefore, these results support the formation of 

one-to-one complexes between 1 and guest metal ions in MeCN (Scheme 4).  
  

Figure 16. Negative-mode ESI-MS spectra in the m/z = 590-660 region of MeCN solutions 
containing 1 and one equivalent of a) LiClO4, b) Mn(ClO4)2·6H2O, c) Fe(ClO4)2·6H2O, d) 
Co(ClO4)2·6H2O, and e) Zn(ClO4)2·6H2O.  Pale-blue cones represent the corresponding 
simulated spectra. 
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Figure 17. Negative-mode ESI-MS spectrum of 1 and 1 eq. of LiClO4 in MeCN in the m/z = 
200-1000 region. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Negative-mode ESI-MS spectrum of 1 and 1 eq. of Mn(ClO4)2·6H2O in MeCN in the 
m/z = 200-1000 region.   
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Figure 19. Negative-mode ESI-MS spectrum of 1 and 1 eq. of Fe(ClO4)2·6H2O in MeCN in the 
m/z = 200-1000 region. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Negative-mode ESI-MS spectrum of 1 and 1 eq. of Co(ClO4)2·6H2O in MeCN in the 
m/z = 200-1000 region.   



 137 

 

 

 

 

 

 

 

 

 

 

Figure 21. Negative-mode ESI-MS spectrum of 1 and 1 eq. of Zn(ClO4)2·6H2O in MeCN in the 
m/z = 200-1000 region. 

 

3-3-7. Redox Properties of 1 with Guest Metal Ions 

  Figure 22 shows the CVs of 1 upon addition of one equivalent of guest metal ions in MeCN, 

and the electrochemical data is summarized in Table 2.  As shown in the figure, addition of the 

guest metal ions led to variations in all of the voltammograms.  Addition of Li+ resulted in a 

Table 2. Electrochemical data of 1 and of 1 in the presence of M(ClO4)n (n = 1 and 2) in 
MeCN at 20 mV s–1  

 (V vs. Ag/Ag+) 

 Epa
1 Epc

1 E1/2
1 

(ΔE1) Epa
2 Epc

2 E1/2
2 

(ΔE2) Epa
3 Epc

3 E1/2
3 

(ΔE3) Epa
4 

1 –0.16 –0.25 –0.21 0.11 0.04 0.08 0.55 0.45 0.50  

1+Li+ –0.08 –0.18 –0.13 
(0.10) 0.12 0.05 0.09 

(0.07) 0.56 0.46 0.51 
(0.10)  

1+Mn2+ 0.10a 0.04 0.07 
(0.06) 0.21 0.15a 0.18 

(0.06) 0.55 0.45 0.50 
(0.10)  

1+Fe2+ 0.10a 0.14  0.30a 0.51a  0.40a   0.59 

1+Co2+ 0.17b 0.09b 0.13 
(0.08) 0.57 0.46 0.52 

(0.11)     

1+Zn2+ 0.17a 0.14  0.37a 0.37a  0.46a 0.48a  0.55 
aShoulder peak.  bTwo-electron transfer process. 
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slight positive shift of the first oxidation peak by 0.08 V relative to that of parent 1, while 

maintaining three well-defined redox couples (Figure 22b).  The observed positive shift 

indicates an interaction between Li+ and 1,17 which should decrease the electron density on the 

[CrIII(F4Cat)3]3– moiety.  On the other hand, the second and third oxidation peaks appeared at 

potentials similar to those of 1.  Based on these results, it is suggested that Li+ binds to 1, while 

it exerted negligible impact on the electronic environment of the oxidized species.  Among the 

four divalent metal ions used, Mn2+ and Co2+ led to a disappearance of the first oxidation peak 

observed at –0.16 V for 1 (Figures 22c and 22e).  Instead, the oxidation peaks appeared at 

significantly positive-shifted potentials at ca. 0.1 V.  Finally, addition of Fe2+ or Zn2+ afforded 
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Figure 22. a) CVs of 1 (1 mM) in MeCN upon addition of one equivalent of b) LiClO4, c) 
Mn(ClO4)2·6H2O, d) Fe(ClO4)2·6H2O, e) Co(ClO4)2·6H2O, or f) Zn(ClO4)2·6H2O at 20 mV s–1 
under an atmosphere of Ar using n-Bu4NPF6 (0.1 M). 
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the voltammograms with weak anodic currents at ca. 0.1 V, and subsequent oxidation peaks 

(Figures 22d and 22f).  The electrochemical data thus support interactions between 1 and the 

divalent metal ions not only at rest potentials, which is revealed by the titration experiments, but 

also at more positive potentials.  In order to reveal the electrochemically generated species in 

the presence of guest metal ions, spectroelectrochemical measurements were carried out. 
  

Figure 23. The UV-vis-NIR spectra of 1 (5 × 10–4 M) with 1 eq. of a) LiClO4 electrolyzed at –
0.08 V vs. Ag/Ag+ for 36 min (black line) and electrochemically generated 
[CrIII(F4Cat)2(F4SQ)]2– prepared from 1 (5 × 10–4 M) electrolyzed at –0.1 V for 21 min (blue 
line), b) Mn(ClO4)2·6H2O electrolyzed at 0.12 V for 6 min (black line) and electrochemically 
generated [CrIII(F4Cat)(F4SQ)2]– prepared from 1 (5 × 10–4 M) electrolyzed at 0.35 V for 21 min 
(green line), c) Fe(ClO4)2·6H2O electrolyzed at 0.15 V for 21 min (black line), and 1 upon 
addition of 1 eq. of Fe(ClO4)3·6H2O (purple line), d) Co(ClO4)2·6H2O electrolyzed at 0.26 V for 
26 min (black line), and electrochemically generated [CrIII(F4Cat)(F4SQ)2]– (green line), and e) 
Zn(ClO4)2·6H2O electrolyzed at 0.20 V for 21 min (black line) and electrochemically generated 
[CrIII(F4Cat)(F4SQ)2]– (green line), in MeCN using n-Bu4NPF6 (0.1 M) under an atmosphere of 
N2. 
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First, Figure 23a shows a spectrum of a MeCN solution containing 1 and one equivalent of Li+ 

electrolyzed at –0.08 V vs. Ag/Ag+ for 36 min (black line) together with that of 1 electrolyzed at 

–0.10 V (blue line).  The electrolysis of 1 with Li+ gave absorption peaks at 445, 535, 626, 764, 

1230sh., and 1540 nm, which are identical with those of the electrochemically generated 

[CrIII(F4Cat)2(F4SQ)]2–.  A similar spectrum can be also obtained by adding one equivalent of 

Li+ to a solution of the electrochemically generated [CrIII(F4Cat)2(F4SQ)]2– (Figure 24a). 
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Figure 24. Changes of the UV-vis-NIR spectra of [CrIII(F4Cat)2(F4SQ)]2– generated by the 
electrolysis of 1 (5 × 10–4 M) at –0.1 V vs. Ag/Ag+ in MeCN using n-Bu4NPF6 (0.1 M) upon 
addition of one equivalent of a) LiClO4 standing for 0 (black line) and 6 min (red line); b) 
Mn(ClO4)2·6H2O standing for 0 (black line), 6 (grey line), and 26 min (red line); and c) 
Zn(ClO4)2·6H2O standing for 0 (black line), 6 (grey line), and 26 min (red line).  All spectra 
recorded under an atmosphere of N2. 
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Accordingly, the one-electron oxidation should proceed on the ligand moiety of 

[{CrIII(F4Cat)3}3––Li+]2– similar to the case of 1.  Although information on the interaction 

between [CrIII(F4Cat)2(F4SQ)]2– and Li+ is not available at this stage, the one-electron oxidation 

process is confirmed to be sufficiently reversible (eq. 2, Figures 25a and 25b).  

 

 

  Further oxidation at 0.35 V for 6 min gave a transient spectrum showing characteristic 

features of the two-electron oxidized species [CrIII(F4Cat)(F4SQ)2]– (Figure 25c).  After these 
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Figure 25. Changes of the UV-vis-NIR spectra of 1 (5 × 10–4 M) with one equivalent of LiClO4 
in MeCN at a) –0.08 V vs. Ag/Ag+ for 0 (black line), 6 (grey line), and 36 min (blue line); b) –
0.4 V for 0 (blue line) and 21 min (black line) after electrolysis at –0.08 V for 36 min; c) at 0.35 
V for 0 (black line) and 6 min (green line); and d) 0.35 V for 6 (green line), 21 (grey line), 51 
min (red line).  All spectra recorded under an atmosphere of N2 using n-Bu4NPF6 (0.1 M). 

eq. 2eq. 31 [{CrIII(F4Cat)3}3––Li+]2– [CrIII(F4Cat)2(F4SQ)]2–···Li+
–e–

+e–
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initial changes relative to the original spectrum, the spectrum exhibited further variations and 

afforded a different spectrum.  This is due to instability of the two-electron oxidized species in 

MeCN (Figures 10d and 25d), and a ligand exchange reaction can be suspected (Scheme 5).23 

  In contrast, electrolysis of a solution of 1 in the presence of one equivalent of Co2+ at 0.26 V 

for 26 min furnished the transient spectrum shown in Figures 23d (black line) and Figure 26.  

The observed absorption peaks at 381sh., 448sh., 526, 650sh., 710sh., 779sh., and 1830 nm are 

identical to those of the electrochemically generated [CrIII(F4Cat)(F4SQ)2]– (green line).  The 

formation of the two-electron oxidized species suggests that the first oxidation process at 0.13 V 

(Figure 22e) should be most likely ascribed to a ligand-centered two-electron oxidation of 

[{CrIII(F4Cat)3}3––Co2+]– (eq. 3).  
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Scheme 5. Plausible scheme for the ligand exchange reaction of [CrIII(F4Cat)(F4SQ)2]– in MeCN. 
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Figure 26. Changes of the UV-vis-NIR spectra of 1 (5 × 10–4 M) with one equivalent of 
Co(ClO4)2·6H2O in MeCN at a) 0.26 V vs. Ag/Ag+ for 0 (black line) and 26 min (green line) and 
b) 0.26 V for 26 (green line), 106 (grey line), and 246 min (red line).  All spectra recorded 
under an atmosphere of N2 using n-Bu4NPF6 (0.1 M). 
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  Electrolysis of 1 in the presence of Mn2+ or Zn2+ at 0.12 V for 6 min or 0.20 V for 21 min, 

respectively, resulted in the emergence of new bands at 390, 538, 714, 775, and 1620 nm (Mn2+), 

or at 443, 523, 635sh., 715, 795sh., and 1750 nm (Zn2+) as shown in Figures 23b (black line), 

23e (black line), 27, and 28.  The spectral features are very similar to that of 

[CrIII(F4Cat)(F4SQ)2]– (green lines in Figures 23b and 23e), suggesting the generation of the 

two-electron oxidized species of 1.  In addition, similar spectra were obtained by adding one 

equivalent of Mn2+ or Zn2+ to electrochemically generated [CrIII(F4Cat)2(F4SQ)]2– (Figures 24b 

and 24c).  One reasonable mechanism for the generation of [CrIII(F4Cat)(F4SQ)2]– would be 

disproportionation of [CrIII(F4Cat)2(F4SQ)]2– in the presence of Mn2+ or Zn2+ (eq. 4).  
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Figure 27. Changes of the UV-vis-NIR spectra of 1 (5 × 10–4 M) with one equivalent of 
Mn(ClO4)2·6H2O in MeCN at a) 0.12 V vs. Ag/Ag+ for 0 (black line) and 6 min (blue line) and 
b) 0.12 V for 6 (blue line) and 21 min (red line).  All spectra recorded under an atmosphere of 
N2 using n-Bu4NPF6 (0.1 M). 

–2e–
[CrIII(F4Cat)(F4SQ)2]–···Co2+[{CrIII(F4Cat)3}3––Co2+]– eq. 3eq. 31

–e–
[CrIII(F4Cat)2(F4SQ)]2–···M2+[{CrIII(F4Cat)3}3––M2+]–

1/2 [{CrIII(F4Cat)3}3––M2+]–

1/2 [CrIII(F4Cat)(F4SQ)2]–···1/2 M2+
+ eq. 4

M = Mn, Zn
eq. 31
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  Electrolysis of 1 at 0.15 V for 21 min in the presence of one equivalent of Fe2+ generated 

absorption bands at 507sh., 541, and 715sh. nm (black line in Figure 23c and Figure 29), while 

no bands were observed in the NIR region.30  The absence of any IVCT bands indicates that the 

RML moiety maintains the original oxidation state of [CrIII(F4Cat)3]3– after the electrolysis.  

Therefore, oxidation of Fe2+ bound to the RML is suggested.  The iron-centered oxidation 

process could be confirmed by adding one equivalent of Fe3+ to a MeCN solution of 1.  After 

the addition, absorption bands appeared at 507sh., 550, and 722 nm (purple line in Figure 23c 

and Figure 30), which can be assigned to ligand-to-metal charge transfer bands (Fe3+←

F4Cat2–).31  Therefore, Fe2+ acts as an active center for the oxidation of [{CrIII(F4Cat)3}3––Fe2+]– 

(eq. 5).  

 

 

  These results indicate that complex 1 is a ligand-centered RML and that its electron transfer 

processes can be modulated by the choice of guest metal ion. 
  

0

0.01

0.02

0.03

0.04

0.05

0.06

400 800 1200 1600 2000 2400

Ab
s.

Wavelength / nm

!"� #"�

0

0.05

0.1

0.15

400 800 1200 1600 2000 2400

Ab
s.

Wavelength / nm

Figure 28. Changes of the UV-vis-NIR spectra of 1 (5 × 10–4 M) in MeCN upon addition of one 
equivalent of Zn(ClO4)2·6H2O at 0.20 V vs. Ag/Ag+ for a) 0 (black line), 6 (grey line), and 21 
min (blue line), and b) 21 (blue line), 81 (grey line), and 291 min (red line).  All spectra 
recorded under an atmosphere of N2 using n-Bu4NPF6 (0.1 M). 

[CrIII(F4Cat)3]3–···Fe3+[{CrIII(F4Cat)3}3––Fe2+]– eq. 5
–e–

+e–
eq. 31
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Figure 30. Changes of the UV-vis-NIR spectrum of 1 (5 × 10–4 M, black line) in MeCN upon 
addition of one equivalent of Fe(ClO4)3·6H2O (red line) under an atmosphere of N2. 

Figure 29. Changes of the UV-vis-NIR spectra of 1 (5 × 10–4 M) with one equivalent of 
Fe(ClO4)2·6H2O in MeCN at a) 0.15 V vs. Ag/Ag+ for 0 (black line) and 21 min (blue line); b) –
0.4 V for 0 (blue line) and 21 min (black line) after electrolysis at 0.15 V for 21 min; c) 0.30 V 
for 6 (blue line), 66 (grey line), and 146 min (red line).  All spectra recorded under an 
atmosphere of N2 using n-Bu4NPF6 (0.1 M). 
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3-4. Conclusions 

 

  In summary, this chapter described the binding interactions between the RML [CrIII(F4Cat)3]3– 

and the guest metal ions Li+, Mn2+, Fe2+, Co2+, Cu2+, and Zn2+.  As Cu2+ is a relatively strong 

oxidizing agent, the reaction between [CrIII(F4Cat)3]3– and Cu2+ resulted in the formation of the 

ligand-centered one-electron oxidized species [CrIII(F4Cat)2(F4SQ)]2– and Cu+.  However, in the 

presence of relatively hard and weakly oxidizing metal ions such as Li+, Mn2+, Fe2+, Co2+, and 

Zn2+, [CrIII(F4Cat)3]3– binds to the guest metal ions via the lone pairs on the coordinating oxygen 

atom(s) of the F4Cat2– moieties.  Furthermore, the present chapter demonstrated that the redox 

properties of this RML, i.e. oxidation potentials, number of transferred electrons, and redox 

reaction centers, can be modulated via the interactions with the guest metal ions.  Current 

efforts are focused on revealing the redox properties of guest metal-bound RMLs, as well as on 

the construction of multi-electron transfer reactions using RMLs as an electron/hole reservoir. 
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Chapter 4 

Guest Metal Ion Binding of Ligand-centered Redox-active 

[CrIII(2-mercaptophenolato)3]3– Metalloligand  

with Heteroleptic Coordination Site 

 

Abstract 

  The redox-active metalloligand (ML) fac-(Me4N)3[CrIII(Mp)3] (1) (Mp = 

2-mercaptophenolato), was synthesized, and characterized structurally as well as 

spectroscopically.  The cyclic voltammogram of 1 in MeCN revealed a reversible one-electron 

oxidation process at –1.04 V vs. Ag/Ag+.  A spectroelectrochemical examination of the one 

electron-oxidized species of 1 demonstrated characteristic intervalence charge transfer bands at 

λ = 1180 and 1700 nm.  These arise from a mixed-valence state of the ligands and thus 

demonstrated for the first time the presence of a mercaptosemiquinonato (MSQ) ligand in 

[CrIII(Mp)2(MSQ)]2–.  Furthermore, fac-[CrIII(Mp)3]3– was able to coordinate K+ cations via its 

O and S sites, which resulted in the formation of the honeycomb-like 2-D coordination polymer 

[K3{fac-CrIII(Mp)3}]·6H2O (2·6H2O).  Coordination polymer 2 exhibited reversible 

ligand-centered oxidations at –0.86 V, indicating that fac-[CrIII(Mp)3]3– acts as a ligand-centered 

redox-active metalloligand (RML).  Upon addition of 0.5 equivalents of Co2+ to 1, the resulting 

complex showed a reversible guest metal-centered one-electron oxidation at –0.89 V, indicative 

for the formation of a 2:1 complex between fac-[CrIII(Mp)3]3– and Co2+.  It was confirmed that 

Co2+ was automatically oxidized to Co3+, and that coordination occurred selectively via the S 

sites on fac-[CrIII(Mp)3]3–, resulting in the formation of [CoII(H2O)6]2[K2{CoIII{fac-CrIII(Mp)3}2}] 

[CoIII{fac-CrIII(Mp)3}2] (3), which included discrete structure [CoIII{fac-CrIII(Mp)3}2]3–.  This 

study thus demonstrated for the first time that 1 can act as a RML that exhibits ligand-centered 

redox properties with K+, but guest metal-centered redox properties with Co2+. 
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4-1. Introduction 

 

  Electron transfer is one of the most important reactions for the design and development of 

molecular electronic devices1 and small molecule-activation catalysts, which require 

multi-electron transfer reaction.2  Polyoxometalates such as α-[P2WVI
18O62]6–,3 multi-nuclear 

transition metal complexes such as [Ru3O(CH3CO2)6(pyridine)3(bpe)]+ (bpe = 

trans-1,2-bis(4-pyridyl)ethylene),4 and ferrocenyl dendrimers such as hexa(ferrocenylethynyl) 

benzene5 exhibit metal-centered multi electron-transfer reactions. 

  In contrast to the aforementioned examples, transition metal complexes with redox-active 

ligands, e.g. catecholato (Cat), exhibit not only metal-centered but also ligand-centered electron 

transfer reactions.6  For example, [CrIII(X4SQ)3] (X = Cl or Br, SQ = semiquinonato) affords 

[CrIII(X4Cat) (X4SQ)2]–, [CrIII(X4Cat)2(X4SQ)]2–, and [CrIII(X4Cat)3]3– by a reversible 

ligand-centered three-step reduction.7  Moreover, catalytic activity was reported for transition 

metal complexes with redox-active ligands in the context of e.g. oxidation of water,8 alcohols,9 

and hydrogen,10 as well as in the context of cross coupling reactions.11  In these catalytic 

reactions, redox-active ligands act as electron/hole poolers. 

  Recently, it was reported that the redox-active metalloligand (RML) [MoV(Bdt)3]– (Bdt = 

2-benzenedithiolato), which exhibits metal-centered redox properties, is able to bind Cu+ and 

Ag+ via the lone pairs of its sulfur atoms, resulting in the formation of 1-D coordination 

polymers.12  Furthermore, the previous chapter demonstrated that the RML [CrIII(F4Cat)3]3–, 

which shows ligand-centered three-step one-electron transfer properties, interacts with several 

guest metal ions such as Li+, Mn2+, Fe2+, Co2+, and Zn2+ via the lone pairs on its oxygen atoms.13  

The interactions between RMLs and guest metal ions led to a significant increase of the 

electron-accepting properties of the RML, in addition to the number of transferred electrons.   

  The Cat or Bdt ligands contain homoleptic coordination sites that consist of oxygen or sulfur 

atoms, whereas Mp contains heteroleptic coordination sites of oxygen and sulfur (Chart 1).14  

Complexes of Mp, such as fac-[VIV(4-Me-Mp)3]2– and fac-[NbV(4-Me-Mp)3]– reported by 

Challen et al.,15,16 or fac-[VIV(Mp)3]2–, fac-[TiIV(Mp)3]2–, and fac-[MoV(Mp)3]– reported by Kang 
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et al.,17-19 as well as fac-[SnIV(Mp)3]2– reported by Holmes et al.,20 usually adopt facial geometry 

based on the trans-effect between the O and S atoms.  Tris-(Mp) metal complexes contain 

therefore heteroleptic coordination sites and can bind guest metal ions via O13 or S12 sites.  In 

the case of V complexes of Mp, the selective binding of metals via the O sites generates 

multi-nuclear complexes such as [CoII(MeCN)(pyridine)2{fac-VIV(Mp)3}] and 

[VIII{fac-VIV(Mp)3}2]–, which have been reported by Kang et al.,17,21 or [Mo(CO){Mo(Mp)3}]2–, 

reported by Zhang et al.22  For such Mp complexes, reversible metal-centered redox properties, 

for e.g. the VIV/VV redox couple in fac-[VIV(4-Me-Mp)3]2–, 15 or the NbIV/NbV redox couple in 

fac-[NbV(4-Me-Mp)3]–, 16 have been reported. 

  The chapter 2 demonstrated that fac-[MoV(Mp)3]– is able to selectively bind Mn2+ via its O 

sites to form the discrete assembly [MnII(H2O)(MeOH){fac-MoV(Mp)3}].23  Conversely, Cu+ is 

selectively bound via the S sites to form the 1-D coordination polymer [CuI(MeCN) 

{mer-MoV(Mp)3}]n.  Even though fac-[MoV(Mp)3]– and [MnII(H2O)(MeOH){fac-MoV(Mp)3}] 

both revealed reversible metal-centered redox properties, reversible ligand-centered redox 

properties have not yet been observed for Mp complexes.  Therefore, the investigation of the 

Mp redox properties should deliver valuable design guidelines for the development of RML 

assemblies that exhibit multi-electron transfer. 

  In this chapter, fac-(Me4N)3[CrIII(Mp)3] (1) was synthesized, as it is expected to exhibit 

ligand-centered redox properties together with metal-binding activity.  Furthermore, the RML 

behavior of 1 was demonstrated by the site-selective coordination of the guest metal ions such 

as K+ and Co2+/3+.  Herein, the synthesis, structures, as well as the redox properties of 1 and the 

corresponding supramolecular assemblies with K+ or Co2+/3+ are described. 

  

n–

MS
O

S O

S
O

Chart 1. Schematic structure of a tris(Mp) metal complex. 
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4-2. Experimental Section 

 

General Procedures.  Unless otherwise noted, all synthetic and analytic operations were 

carried out under an atmosphere of N2 using Schlenk-line techniques.  CrCl3·6H2O, Cr(OAc)3 

(OAc = acetate), CoCl2·6H2O, KOH, and tetra-n-butylammonium hexafluorophosphate 

(n-Bu4NPF6) were purchased from Wako Pure Chemical Industries.  Dehydrated methanol 

(MeOH) and dehydrated acetonitrile (MeCN) were purchased from Kanto Chemical Co. Inc.  

Tetramethylammonium hydroxide pentahydrate (Me4NOH·5H2O) and MpH2 were purchased 

from Tokyo Kasei Kogyo Co. Ltd.  All solvents used under anaerobic conditions were 

degassed by at least five freeze-pump-thaw cycles immediately prior to use.  Caution! 

Although we did not experience any difficulties with perchlorate salts, these should be regarded 

as potentially explosive, and therefore handled with the utmost care. 

  

fac-(Me4N)3[CrIII(Mp)3]·EtOH·H2O (1·EtOH·H2O).  A pale yellow EtOH solution (10 mL) of 

MpH2 (630 mg, 4.99 mmol) and Me4NOH·5H2O (1.80 g, 9.93 mmol) was slowly layered onto a 

green EtOH (10 mL) solution of CrCl3·6H2O (353 mg, 1.32 mmol) under an atmosphere of N2.  

After allowing the solution to stand for 1 week at room temperature, green crystals suitable for 

X-ray diffraction analysis were obtained, which were isolated by filtration, washed with EtOH 

(4 × 5 mL), and dried in vacuo to afford 1·EtOH·H2O as green crystals in 67% yield.  As these 

crystals were found to be highly hygroscopic, they usually contained small amounts (~0.2 

molecules of H2O per molecule of 1) of water in addition to the water molecules in the crystal 

lattice.  Anal. Found: C, 53.68; H, 8.10; N, 6.06%. Calc. for C32H56.4CrN3O5.2S3 (1·EtOH·H2O + 

0.2H2O): C, 53.78; H, 7.96; N, 5.88%. 

  

[K3{fac-CrIII(Mp)3}] (2·6H2O).  A pale yellow MeOH solution (20 mL) of MpH2 (1.27 g, 10.1 

mmol) and KOH (1.12 g, 20.0 mmol) was added to a green MeOH solution (20 mL) of 

Cr(OAc)3 (748 mg, 3.26 mmol), which afforded a green solution after heating to reflux for 1 h.  
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After slow cooling to room temperature and standing for 1 week, green crystals suitable for 

X-ray diffraction analysis were obtained.  The crystals were isolated by filtration, washed with 

cooled EtOH (5 mL), and dried in vacuo to furnish 2·6H2O as green crystals in 76% yield.  The 

crystals of 2·6H2O easily loss the water molecules.  Anal. Found: C, 35.88; H, 3.20%. Calc. for 

C18H19CrO6.5S3 (2·6H2O – 2.5H2O): C, 35.75; H, 3.17%. 

 

[CoII(H2O)6]2[K2{CoIII{fac-CrIII(Mp)3}2}][CoIII{fac-CrIII(Mp)3}2]·30H2O·(3·30H2O).  Adding 

a pink aqueous solution (10 mL) of CoCl2·6H2O (95.0 mg, 0.399 mmol) to a green aqueous 

solution (10 mL) of 2·6H2O (200 mg, 0.299 mmol) afforded an olive-green suspension after 

heating to reflux for 1 h.  After filtration, an olive-green solution was obtained, whose color 

turned to purple upon exposure to air.  From this solution, purple crystals were obtained after 

standing for 1 d.  After filtration and washing with water (3 × 5 mL), followed by drying in 

vacuo, complex 3·30H2O was isolated in the form of purple crystals in 15% yield.  The crystals 

of 3·30H2O easily loss the water molecules.  Anal. Found: C, 38.20; H, 3.38%. Calc. for 

C72H76Co4Cr4K2O26S12 (3·30H2O – 29H2O): C, 38.20; H, 3.38%.  Purple single crystals suitable 

for X-ray diffraction analysis were obtained by layering an aqueous solution of CoCl2·6H2O 

onto an aqueous solution of 2·6H2O. 

 

Physical Measurements.  Elemental analyses were carried out on a Perkin-Elmer 2400 II 

CHN analyzer.  Solution and in the solid state (KBr pellets) absorption spectra (200-3300 nm) 

were recorded on a Hitachi U-4100 spectrophotometer at 296 K.  Cyclic voltammetry 

measurements were recorded on a BAS model 650A electrochemical analyzer, using a glassy 

carbon (GC) working electrode and a platinum (Pt) auxiliary electrode under an atmosphere of 

argon (Ar).  The reference electrode consisted of a silver wire, inserted into a small glass tube 

fitted with a porous Vycor frit at the tip, filled with a MeCN solution containing 0.1 M 

n-Bu4NClO4 and 0.01 M AgNO3.  All three electrodes were immersed in 2 mL of a MeCN 

solution containing 0.1 M n-Bu4NPF6 as the supporting electrolyte and 1 mM analyte.  In all 
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cases, redox potentials were measured relative to the Ag/Ag+ redox couple.  

Spectroelectrochemical measurements were carried out in 0.1 M n-Bu4NPF6 solution using Pt, Pt 

mesh, and the reference electrodes under an atmosphere of N2. 

 

Collection of Crystallographic Data and Structure Refinements.  Crystallographic 

measurements were carried out on a Rigaku VariMax with Saturn equipment, using 

graphite-monochromated Mo-Kα radiation (λ = 0.71075 Å).  Specimen of suitable size and 

quality were selected under paraffin oil or silicon grease and mounted onto MicroMounts 

(MiTeGen).  Crystals were cooled using a N2 flow-type temperature controller.  Structures 

were solved by direct methods (SIR2004),24 which successfully located all non-hydrogen atoms 

within the unit cell.  All calculations were carried out using the CrystalStructure 

crystallographic software package,25 except for refinement calculations, which were performed 

using SHELXL-97.26  A summary of the crystallographic data for 1·EtOH·H2O, 2·6H2O, and 

3·30H2O is shown in Table 1.  
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Table 1. Crystallographic data of 1·EtOH·H2O, 2·6H2O, and 3·30H2O 

 
1·0.5Et2O 
2 
1·0.5Et2O 

 1·EtOH·H2O 2·6H2O 3·30H2O 
Formula C32H56CrN3O5S3 C18H24CrK3O9S3 C36H42Co2Cr2KO27S6 
fw 710.99 649.85 1384.22 
Crystal size (mm3) 0.30×0.30×0.03 0.07×0.05×0.02 0.20×0.20×0.02 
Crystal system monoclinic trigonal triclinic 
Space group P21/n(No. 14) P-3(No. 147) P-1(No. 2) 
a (Å) 14.984(4) 13.127(3) 12.586(4) 
b (Å) 14.526(3) 13.127(3) 14.735(5) 
c (Å) 17.641(4) 8.825(2) 16.648(4) 

α (°) 90 90 70.421(10) 
β (°) 107.837(4) 90 73.654(11) 

γ (°) 90 120 88.852(13) 
V (Å3) 3655.0(16) 1316.9(5) 2781.7(13) 
T (K) 133 93 93 
Z 4 2 2 
Dcalc (g cm–3) 1.292 1.639 1.653 
F (000) 1524.00 666.00 1430.00 

 µ(Mo Kα) (cm–1) 5.253 11.915 13.488 
Measured 
reflections 

10534 5323 22670 
Unique reflections 5713 2022 12294 
Refined parameters 397 103 679 
GOF on F2 1.076 1.042 1.093 
Rint 0.0279 0.0433 0.0359 
R1

a 0.0683 0.0557 0.0768 
wR2

b (all data) 0.2072 0.1585 0.2127 
a R1 = Σ||Fo| – |Fc||/Σ|Fo|.  b wR2 = {[Σw(Fo

2 – Fc
2)2]/[Σw(Fo

2)2]}1/2. 
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4-3. Results and Discussion 
 

4-3-1. Crystal Structures of 1·EtOH·H2O and 2·6H2O 

  Green crystals of 1·EtOH·H2O and 2·6H2O were grown by mixing CrCl3·6H2O or Cr(OAc)3 

with slightly more than three equivalents of MpH2 and a corresponding amount of Me4NOH or 

KOH in EtOH or MeOH under an atmosphere of N2.  The molecular structure of 1·EtOH·H2O 

is shown in Figure 1, and selected bond lengths are summarized in Tables 2 and 3.  The 

molecular structure of 1 revealed a trianionic [Cr(C6H4OS)3] moiety, which was accompanied by 

three Me4N+ cations.  The Cr center exhibited pseudo-octahedral coordination geometry, 

whereby the facial isomer was formed selectively, due to the trans effect between the O and S 

atoms.15-20  Accordingly, 1·EtOH·H2O contains heteroleptic coordination sites via the lone pairs 

on the O and S atoms.  For the chelating ligands, three electronically different forms are 

conceivable, i.e. Mp2–, MSQ·– (MSQ·– = mercaptosemiquinonato), or MBQ (MBQ = 

monothio-o-benzoquinone).  The observed C–O and C–S bond distances of 1.311-1.336(6) Å 

and 1.764-1.768(5) Å, respectively, indicate a single bond character for these bonds.15-20  In 

addition, the C–C bond distance values in the six-membered rings of 1.377-1.426(7) Å, which 

lie between typical C–C single and double bonds, suggest, together with the lack of significant 

bond alternation, aromatic character.  Consequently, the structure of the three chelating ligands 

is consistent with an Mp2– structure.  Moreover, the obtained Cr–O and Cr–S bond distances of 

Figure 1. Molecular structure of 1·EtOH·H2O with atomic displacement parameters set at 50% 
probability; color code: Cr = black, O = red, S = yellow, N = light blue, and C = gray; all 
hydrogen atoms are omitted for clarity and only selected atoms are labeled.  
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1.989-2.015(4) Å and 2.388-2.393(2) Å, respectively is in good agreement with previously 

reported values for CrIII–O (1.981-1.992(2) Å) and CrIII–S (2.351-2.373(1) Å) bonds in 

complexes with fac-O3S3 geometry.27  On the basis of this structural analysis, 1 was assigned 

the formula fac-(Me4N)3[CrIII(Mp)3].  

  The structure of 2 consists of a Cr complex with three chelating ligands and three K+ counter 

cations (Figure 2).  The Cr center, which is located on a three-fold symmetry axis, adopts, as in 

the case of 1, pseudo-octahedral and facial geometry.  The observed bond distances in 2 are 

consistent with chelating Mp2– ligands and hence the anion in 2 was assigned the structure 

fac-[CrIII(Mp)3]3–.  Interestingly, the K+ cation was bound via the O and S sites on the Mp2– 

ligands, indicating that fac-[CrIII(Mp)3]3– acts as an ML.  The coordination of fac-[CrIII(Mp)3]3– 

to K+ was not site-selective, which suggests that K+ does not show a significant preference for 

coordination on O or S sites.28  Moreover, the MLs assembled in a supramolecular fashion via 

bridging K+ cations coordinated to the S sites (Figure 2b), resulting in the formation of a 2-D 

Figure 2. Molecular structure of 2·6H2O: a) atomic displacement parameters set at 50% 
probability and b-d) ball-and-stick plots; color code: Cr = black, K = purple O = red, S = yellow, 
and C = gray; all hydrogen atoms are omitted for clarity, and only selected atoms are labeled. 
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honeycomb-like sheet structure (Figure 2c).  These sheets are furthermore connected by water 

molecules to construct a 3-D network structure (Figure 2d).   
 

 

 

Table 3. Selected bond distances in ligands of 1·EtOH·H2O, 2·6H2O, and 3·30H2O 

Complex L C–O (Å) C–S C–C(a) C–C(b) C–C(c) C–C(d) C–C(e) C–C(f) 

1·EtOH 

 ·H2O 

L1 1.336(5) 1.767(5) 1.418(6) 1.391(6) 1.382(8) 1.374(7) 1.409(7) 1.398(7) 

L2 1.323(5) 1.764(4) 1.401(5) 1.410(6) 1.381(7) 1.396(6) 1.394(6) 1.407(6) 

 L3 1.311(6) 1.768(4) 1.426(7) 1.377(7) 1.382(6) 1.385(8) 1.387(7) 1.404(5) 

2·6H2O L1 1.353(7) 1.776(5)(

4) 

1.415(6) 1.400(5) 1.391(7) 1.401(7) 1.386(8) 1.416(8) 

3·30H2O L1 1.351(7) 1.783(6) 1.406(9) 1.396(7) 1.385(9) 1.402(10) 1.376(9) 1.400(9) 

 L2 1.345(8) 1.774(5) 1.422(7) 1.401(9) 1.391(8) 1.381(8) 1.383(10) 1.404(7) 

 L3 1.361(6) 1.761(6) 1.412(7) 1.405(7) 1.373(10) 1.393(9) 1.381(8) 1.409(10) 

 L4 1.353(7) 1.769(6) 1.411(6) 1.404(9) 1.382(9) 1.387(8) 1.392(9) 1.401(9) 

 L5 1.357(6) 1.783(6) 1.405(7) 1.392(8) 1.388(9) 1.395(8) 1.387(9 1.405(9) 

 L6 1.356(7) 1.785(6) 1.404(8) 1.396(8) 1.377(8) 1.399(9) 1.395(8) 1.399(8) 

 

 Table 2. Selected bond distances around Cr-center of 
1·EtOH·H2O, 2·6H2O, and 3·30H2O 

Complex Ligand Cr–O (Å) Cr–S (Å) 

1·EtOH·H2O L1 2.015(4) 2.393(1) 

 L2 1.989(3) 2.388(1) 

 L3 2.006(2) 2.391(2) 

2·6H2O L1 1.985(4) 2.385(1) 

3·30H2O L1 1.986(4) 2.374(2) 

 L2 1.967(4) 2.368(2) 

 L3 1.979(5) 2.356(1) 

 L4 1.973(4) 2.356(2) 

 L5 1.985(5) 2.376(2) 

 L6 1.960(4) 2.363(2) 

 

S

O

Cr a

b c

d

ef
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4-3-2. Absorption Spectra of 1·EtOH·H2O and 2·6H2O 

  The absorption spectra of 1·EtOH·H2O and 2·6H2O in the solid state are shown in Figure 3.  

For 1·EtOH·H2O, five absorption bands were observed at λ = 320, 520sh., 636, 680sh., and 

780sh. nm.  The strong absorption band at 330 nm was assigned to the π-π* transition29 of the 

Mp2– moieties, whereas the four relatively weak bands were assigned to d-d transitions on the 

Cr(III) center.13,30  It should be noted that no bands appeared in the NIR region, which is 

indicative of the absence of intervalence charge transfer (IVCT) bands that may arise from 

mixed-valence states of the ligands.  For 2·6H2O, a strong absorption band at λ = 318 nm was 

assigned to the ligand π-π* transition, while absorptions at λ = 450sh., 636, and 682 nm were 

assigned to d-d transitions on the Cr(III) center.  The observed peak shifts of 2·6H2O relative to 

those of 1·EtOH·H2O most likely reflect coordination and assembling between fac-[CrIII(Mp)3]3– 

and K+. 

  As 1·EtOH·H2O is a discrete ion pair, it is soluble in polar solvents such as MeCN, especially 

in the presence of electrolytes n-Bu4NPF6 (0.1 M).  The color of the MeCN solution of 1 

gradually changed from pale green to pale purple, and the spectral features of the pale purple 
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Figure 3. Absorption spectra of a) 1·EtOH·H2O in the solid state (KBr, blue line) and 
1·EtOH·H2O (1.02 mM) in MeCN with 0.1 M n-Bu4NPF6 electrolyzed at –1.3 V vs. Ag/Ag+ 
(black line), b) 2·6H2O in the solid state (KBr, blue line) and 2·6H2O (0.998 mM) in MeCN with 
0.1 M n-Bu4NPF6 electrolyzed at –1.3 V vs. Ag/Ag+ (black line), under an atmosphere of N2. 
The insets show the magnification of the 450-900 nm region. 
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solution are identical to the one-electron oxidized species of 1 (vide infra).  As the rest 

potential of 1 was relatively low (–1.3 V vs. Ag/Ag+; vide infra), complex 1 might be 

automatically oxidized by oxygen contaminations.  However, when the absorption spectrum of 

1 was recorded in MeCN in the presence of 0.1 M n-Bu4NPF6 while being electrolyzed at the 

rest potential under an atmosphere of N2, a steady spectrum was observed (Figure 3a).  

Complex 2·6H2O also dissolves in MeCN with 0.1 M n-Bu4NPF6, and an equally steady 

absorption spectrum of 2 was recorded while being electrolyzed at the rest potential (–1.2 V; 

vide infra) (Figure 3b).  Complex 1 showed four absorption bands at λ = 331 (ε = 1.67 × 104 

M–1 cm–1), 520sh. (258 M–1 cm–1), 661 (191 M–1 cm–1), and 760sh. (118 M–1 cm–1) nm.  The 

band at 331 nm was assigned to the π-π* transition, whereas those at 520, 661, and 760 nm were 

assigned to d-d transitions on the metal center, and accordingly, a spectrum similar to that in the 

solid state was observed.  Consequently, it can be concluded that 1 maintained its solid state 

structure in MeCN solution.  Conversely, complex 2 exhibited an absorption band at λ = 329 

(1.42 × 104 M–1 cm–1) nm, which was assigned to the π-π* transition, as well as bands at λ = 475 

(196 M–1 cm–1), 651 (188 M–1 cm–1), and 765 (114 M–1 cm–1) nm, which were assigned to d-d 

transitions.   

 

4-3-3. Redox Properties of 1·EtOH·H2O and 2·6H2O 

  Figure 4 shows the cyclic voltammograms (CVs) of 1·EtOH·H2O and 2·6H2O (1 mM) in the 

presence of 0.1 M n-Bu4NPF6 in MeCN, and the electrochemical data are summarized in Table 4.  

Complex 1 showed one reversible oxidation peak at E1/2
1 = –1.04 V vs. Ag/Ag+, as well as two 

irreversible oxidation peaks at Epa
2 = –0.55 V and Epa

3 = –0.55 V.  The previously reported 

[CrIII(F4Cat)3]3– showed, under similar conditions, reversible ligand-centered three-step 

one-electron oxidations.  On the other hand, for MpH2, catalytic one-electron oxidations by 

oxygen or hydrogen peroxide under simultaneous deprotonation of the thiol moiety have been 

reported.31  These oxidations/deprotonations led to the formation of bis(hydroxyphenyl) 

disulfide dimers that contain an S–S bond.  If oxidation processes on 1 proceed ligand-centered, 
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similar dimerization reactions could be expected for Mp2–.  The potential gap between the first 

and last oxidation event can be used in this context as a diagnostic tool for the determination of 

ligand- or metal-centered redox processes.  For example, MLs with ligand-centered redox 

properties such as [CrIII(X4SQ)3] (ΔEgap = 0.9 for X = Br and Cl)7a or [CrIII(F4Cat)3]3– (ΔEgap = 0.7 

V)13 exhibit relatively narrow potential gaps, while MLs with metal-centered redox properties, 

such as [MoV(Mp)3]– (ΔEgap = 2.3 V)23,32 show larger gaps.  The observed potential gap between 

the three oxidation peaks in 1 (ΔEgap = Epa
3 – Epa

1 = 0.8 V) was relatively narrow, and 

accordingly, the redox processes in 1 should be considered as ligand-centered.   

  In addition, complex 2 exhibited a reversible oxidation peak at E1/2
1 = –0.86 V, accompanied 

by a shoulder (Epa
2 = –0.55) and two irreversible oxidation peaks at Epa

3 = –0.47 and Epa
4 = –0.15 

V.  It is noteworthy that the E1/2
1 of 2 is by 0.18 V positively shifted relative to that of 1, which 

directly reflects the coordination between fac-[CrIII(Mp)3]3– and K+ in solution.12,13,23  The 

second oxidation peak (Epa
3) of 2 was also positively shifted (0.08 V) relative to the 

corresponding peak (Epa
2) of 1, whereas the potential for the shoulder (Epa

2) of 2 was the same as 

the Epa
2 of 1.  These results suggest that the one-electron oxidized species fac-[CrIII(Mp)3]2– 

may be able to interact with K+, but that these ions are most likely partly dissociated.  
 
 
 
  

Figure 4. CV of a) 1·EtOH·H2O and b) 2·6H2O (1 mM) in MeCN: recorded at 50 mV s–1 under 
an atmosphere of N2 in the presence of 0.1 M n-Bu4NPF6 as the supporting electrolyte.  
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Table 4. Electrochemical data for 1 and 2 in MeCN at 50 mV s–1 

 E / V vs. Ag/Ag+ 

Complex Epa
1 Epc

1 E1/2
1 (ΔE) Epa

2 Epa
3 Epa

4 

1·EtOH·H2O –0.99 –1.08 –1.04 (0.09) –0.55a –0.16a  

2·6H2O –0.82 –0.89 –0.86 (0.07) –0.55sh.a –0.47a –0.15a 
a Irreversible process. 

 

  The absorption spectra of 1·EtOH·H2O during bulk electrolysis in MeCN are shown in Figure 

5.  New absorption bands emerged at λ = 460, 525, 784, 1180, and 1700 nm during the first 

oxidation at –0.9 V vs. Ag/Ag+ (t = 21 min) (Figure 5a).  The bands in the NIR region (1180 

and 1700 nm) are very similar to those of [CrIII(X4Cat)2(X4SQ)]2– (X = Br: 1200sh. and 1660 

nm; X = Cl: 1200sh. and 1680 nm) in dichloromethane7a and the electrochemically generated 

[CrIII(F4Cat)2(F4SQ)]2– (1230sh. and 1540 nm) in MeCN.13  These results suggest that the 

one-electron oxidized species of 1 should be assigned the formula [CrIII(Mp)2(MSQ)]2–.  This 

notion is corroborated by the fact that the one-electron oxidized species of 1 showed a strong 

band at 525 nm, which was assigned to a CT between CrIII and MSQ·– similar to the case of 

[CrIII(X4Cat)2(X4SQ)]2–.7a,13  These results are consistent with the results of previous studies,7a,13 

which demonstrated that [CrIII(X4Cat)2(X4SQ)]2– shows strong CrIII/X4SQ·– charge transfer bands 

0

0.05

0.1

0.15

0.2

0.25

400 800 1200 1600 2000 2400

Ab
s.

Wavelength / nm

0

0.05

0.1

0.15

0.2

0.25

400 800 1200 1600 2000 2400

Ab
s.

Wavelength / nm

a)� b)�

Figure 5. Changes in the absorption spectra of 1·EtOH·H2O (1 mM) in MeCN at a) –0.9 V vs. 
Ag/Ag+ for t = 0 (black line) and t = 21 min (red line), b) –1.3 V for t = 0 (red line) and t = 21 
min (black line) after electrolysis at –0.9 V for t = 21 min.  All spectra were recorded under an 
atmosphere of N2 using 0.1 M n-Bu4NPF6 as the supporting electrolyte. 
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at 540 (X = Br and Cl),7a or 536 nm (X = F).13  It should be noted that the absorption spectrum 

of 1 during bulk electrolysis at –1.3 V (t = 21 min) after electrolysis at –0.9 V (t = 21 min) 

afforded a similar spectrum to that of 1 (Figure 5b), which suggests that the redox process 

between [CrIII(Mp)3]3– and [CrIII(Mp)2(MSQ)]2– is reversible (Scheme 1).  These results in their 

entirety clearly demonstrate for the first time the reversible ligand-centered redox properties of 

Mp2–. 

  During the bulk electrolysis of 2·6H2O at –0.74 V, new absorption bands emerged at λ = 458, 

529, 782, 1093, and 1745 nm (Figure 6a).  Theses bands resemble those of the 

electrochemically generated one-electron oxidized species of 1, except for minor shifts of the 

absorption peak wavelengths, which should be attributed to binding interactions with one or 

more K+ ions.  These results unambiguously demonstrate a ligand-centered oxidation process 

of 2 (eq. 1). 

 

 

 

 

 
  

eq. 1eq. 10 [Kn{ fac-CrIII(Mp)3}]3–n [Km{CrIII(Mp)2(MSQ)}]2–m

–e–

–(n–m)K+

+e–

+(n–m)K+

0

0.05

0.1

0.15

0.2

400 800 1200 1600 2000 2400

Ab
s.

Wavelength / nm

0

0.05

0.1

0.15

0.2

400 800 1200 1600 2000 2400

Ab
s.

Wavelength / nm

a)� b)�

Figure 6. a) Changes in the absorption spectra of 2·6H2O (1 mM) at a) –0.72 V vs. Ag/Ag+ for t 
= 0 (black line) and t = 21 min (red line), b) –1.2 V for t = 0 (red line) and t = 36 min (black 
line) after electrolysis at –0.72 V for t = 21 min.  All spectra were recorded under an 
atmosphere of N2 using 0.1 M n-Bu4NPF6 as the supporting electrolyte. 
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4-3-4. Interaction between 1 and Co2+ in Solution  

  Figure 7 shows the CVs of 1·EtOH·H2O (1 mM) upon addition of 0.25 and 0.5 equivalents of 

Co(ClO4)2·6H2O in MeCN; the electrochemical data upon addition of 0.5 equivalents 

Co(ClO4)2·6H2O are summarized in Table 5.  Addition of 0.25 equivalents of Co2+ changed the 

CV of 1, and a new redox couple emerged at –0.89 V vs. Ag/Ag+ accompanied by a decrease of 

the original redox couple at –1.04 V (Figure 6b).  The other irreversible oxidation waves of 1 

were also changed upon the addition of Co2+.  Therefore, it may be concluded that 

fac-[CrIII(Mp)3]3–interacts with Co2+ in solution.  Upon addition of 0.5 equivalents of Co2+, the 

Scheme 1. Ligand-centered redox reactions in fac-[CrIII(Mp)3]3–. 

Figure 7. CVs of a) 1 (1 mM) in the presence of b) 0.25 and c) 0.5 equivalents of 
Co(ClO4)2·6H2O  in MeCN; CVs were recorded at 50 mV s–1 under an atmosphere of N2 using 
0.1 M n-Bu4NPF6 as the supporting electrolyte.  
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new redox couple at –0.89 V increased, while the original redox couple completely disappeared 

(Figure 7c).  This result is consistent with the formation of a 2:1 complex between 

fac-[CrIII(Mp)3]3– and Co2+.  Interestingly, the redox couples for 1 in the presence of 0.5 

equivalents of Co2+ were decreased by almost 50% relative to those of neat 1.  Coulometry 

measurements on 1 (1.0 mM × 8.0 mL, 8.0 µmol) in the presence of 0.5 equivalents of Co2+, 

revealed a charge count of –0.37 C by electrolysis at –0.78 V for t = 10 h (Figure 8), which 

suggests a transfer of 0.5 electrons.  In other words, the complex, which consists of two 

molecules of fac-[CrIII(Mp)3]3– and one molecule of Co2+ exhibited a one-electron oxidation 

process that should occur on the ligand or on the Co center. 

   
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5. Electrochemical data for 1·EtOH·H2O and 1·EtOH·H2O in the presence of 0.5 eq. Co2+ in 

MeCN at 50 mV s–1 
 E / V vs. Ag/Ag+ 

Complex Epa
1 Epc

1 E1/2
1(ΔE) Epa

2 Epa
3 Epa

4 Epa
5 Epa

6 

1·EtOH·H2O –0.99 –1.08 –1.04 

(0.09) 

–0.55a –0.16a    

1·EtOH·H2O 

+0.5Co2+ 

–0.82 –0.96 –0.89 

(0.14) 

–0.50a –0.35 a, b –0.27a –0.09a, b 0.04a 

a Irreversible process.  b Shoulder peak 

-200

-150

-100

-50

0

0 2 4 6 8 10

i /
 µ

A

t / h

Figure 8. The i-t curve of 1 (1.0 mM, 8 mL) in the presence of 0.5 equivalents of 
Co(ClO4)2·6H2O in MeCN electrolyzed at –0.78 V; recorded at under an atmosphere of N2 using 
0.1 M n-Bu4NPF6 as the supporting electrolyte.  
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  In order to obtain further information on the redox center in the complex, 

spectroelectrochemical measurements were carried out on 1·EtOH·H2O in the presence of 0.5 

equivalents of Co(ClO4)2·6H2O.  Initially, the absorption spectrum of 1 with 0.5 equivalents of 

Co2+ electrolyzed at the rest potential (–1.2 V) exhibited four absorption bands at λ = 319, 375sh. 

529, and 740sh. nm (Figure 9).  The relatively strong band at 319 nm should be assigned to the 
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Figure 10. a) Changes in the absorption spectra of 1·EtOH·H2O (1 mM) upon addition of 0.5 
equivalents of Co(ClO4)2·6H2O in MeCN at a) –0.78 V vs. Ag/Ag+ for t = 0 (black line) and t = 6 
min (red line), b) –1.2 V for t = 0 min (red line) and t = 6 min (black line) after electrolysis at –
0.78 V for t = 6 min; all spectra were recorded under an atmosphere of N2 using 0.1 M 
n-Bu4NPF6 as the supporting electrolyte. 

Figure 9. Absorption spectra of 1·EtOH·H2O (1 mM) in the presence of 0.5 equivalents of 
Co(ClO4)2·6H2O in MeCN electrolyzed at –1.2 V vs. Ag/Ag+; recorded under an atmosphere of 
N2 using 0.1 M n-Bu4NPF6 as the supporting electrolyte. 
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π-π* transition, but the relatively weak bands at 375sh., 529, and 740sh. nm should be assigned 

to d-d transitions on the Cr(III) and/or Co(II) centers.  Additionally, the absence of IVCT 

bands contradicts a potential redox reaction between fac-[CrIII(Mp)3]3– and Co2+.  During bulk 

electrolysis at –0.78 V for t = 6 min, new absorption bands emerged in the visible region at λ = 

512sh., 547, and 673 nm, whereas no absorption bands emerged in the NIR region (Figure 10a).  

The absence of absorption bands in the NIR region renders the formation of a 

[CrIII(Mp)2(MSQ)]2– species unlikely, although the generation of Co(III) as a result of a 

0.5-electron oxidation is possible.  It should be pointed out that the absorption spectrum of 1 in 

the presence of 0.5 equivalents of Co2+ electrolyzed at –1.2 V after electrolysis at –0.78 V for t = 

6 min resembled that of the initial state (Figure 10b), indicating that the redox-process between 

1 and 0.5 Co2+ and the corresponding oxidized species is reversible (eq. 2).  

 

 

 
 

4-3-5. Crystal Structure and Identification of 3·30H2O  

  In order to determine the structure of the complex that contains fac-[CrIII(Mp)3]3– and Co2+, a 

crystallization experiment was carried out.  Slow diffusion of aqueous solutions of 2 and 

CoCl2·6H2O afforded purple single crystals of 3·30H2O after standing for one week.  The 

single-crystal X-ray diffraction analysis of these crystals revealed that the unit cell of 3·30H2O 

contained two trinuclear units (A and B), each consisting of two molecules of fac-[CrIII(Mp)3]3– 

and one Co2+ ion (Figure 11).  The A and B units exhibited a common structure, i.e. two 

molecules of fac-[Cr(C6H4OS)3]n are selectively bound the Co2+ ion via the S sites of 

fac-[Cr(C6H4OS)3]n. The Co center thus adopts octahedral coordination geometry and is located 

on an inversion center.  The unit A is a discrete trinuclear complex, but B coordinates K+ via 

the O sites to form a 1-D coordination polymer (Figure 12), in which the K+ cations are 

coordinated to [CoII(H2O)6]2+ counter cations via H2O ligands.  Moreover, hydrogen bonds 

were observed between the O sites of B and the aquo ligands on the [CoII(H2O)6]2+ counter ions, 

eq. 2
eq. 11

2 fac-[CrIII(Mp)3]3– + Co2+ [{CrIII(Mp)3}2–Co2+]4–

–e–

+e–
[{Cr(C6H4OS)3}2–Co]3–
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resulting in the formation of 2-D sheets.  At this stage, the formula of 3 may then be 

summarized as [CoII(H2O)6]2[K2{Co{fac-Cr(C6H4OS)3}2}][Co{fac-Cr(C6H4OS)3}2]. 

  In order to gain further information on the electronic distribution of 3·30H2O, absorption 

spectrum of 3·30H2O in the solid state was recorded and is shown in Figure 13.  The spectrum 

revealed absorption bands at λ = 290sh., 345sh., 470sh., 500sh., 560, and 750sh. nm, whereas 

no absorption bands were observed in the NIR region.  These results contradict a 

mixed-valence state of ligands in 3·30H2O.  In other words, the six molecules of C6H4OS 

should have the same oxidation state, i.e. Mp2–, MSQ·–, or MBQ.  The observed Cr–O (A: 

1.960-1.985(5) Å, B: 1.967-1.986(4) Å) and Cr–S bond distances (A: 2.356-2.376(2) Å, B: 

2.356-2.374(2) Å) are similar to those of 1·EtOH·H2O and 2·6H2O, thus indicating a Cr(III) 

Figure 11. Structure of 3·30H2O with atomic displacement parameters set at 50% probability; 
color code: Cr = black, Co = blue, K = purple O = red, S = yellow, and C = gray; all hydrogen 
atoms are omitted for clarity and only selected atoms are labeled.  The K1/K2 atom is 
disordered over two positions with a relative occupancy of 0.5:0.5. 
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eq. 3
eq. 11

2 fac-[CrIII(Mp)3]3– + Co2+ [{CrIII(Mp)3}2–Co2+]4–

–e–

+e–
[CoIII{ fac-CrIII(Mp)3}2]3–

center.  Both the C–O (A: 1.353-1.357(7) Å, B: 1.345-1.361(8) Å) and the C–S bond distances 

(A: 1.769-1.785(6), B: 1.761-1.783(6) Å) clearly indicate single bond character, while the C–C 

bond distances in all six-membered rings suggest aromaticity.  Therefore, all C6H4OS ligands 

in 3·30H2O should be assigned an Mp2– structure.  In addition, the observed Co–S bond 

distances (A: 2.301-2.319(1) Å, B: 2.300-2.321(1) Å) are very similar to those of previously 

reported Co(III)–S bond distances (2.2853-2.3069(9) Å) in fac-O3S3 coordination geometry.33  

Thus, 3 is probably best described as [CoII(H2O)6]2[K2{CoIII{fac-CrIII(Mp)3}2}] 

[CoIII{fac-CrIII(Mp)3}2].  The [CoIII{fac-CrIII(Mp)3}2]2– moiety should be considered as the 

0.5-electron oxidation product of 1 in the presence of 0.5 equivalents of Co2+.  Thus, eq. 2 

should be modified to eq. 3, taking a guest metal-centered redox process into account. 

 

 

 

 

  

Figure 12. Solid state structure of the 1-D coordination polymer and 2-D sheet structure of 
3·30H2O (ball-and-stick plots); color code: Cr = black, Co = blue, K = purple O = red, S = 
yellow, and C = gray; all hydrogen atoms are omitted for clarity and only selected atoms are 
labeled.  K+ cations are disordered over two positions with a relative occupancy of 0.5:0.5. 
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Figure 13. Absorption spectrum of 3·30H2O in the solid state (KBr).  The inset shows a 
magnification of the 300-900 nm region. 
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4-4. Conclusions 
 

  In summary, this chapter described the coordination of K+ and Co2+/3+ guest metal ions by the 

RML fac-[CrIII(Mp)3]3–, which exhibits reversible ligand-centered one-electron oxidation 

properties.  The RML binds three molecules of K+ via its O and S sites to form 2-D honeycomb 

structure 2.  Conversely, Co3+ is selectively bounded via the S sites of two RMLs, resulting in 

the formation of 3, which exhibits a trinuclear structure [CoIII{fac-CrIII(Mp)3}2]2–.  Binding 

mode of the RML can be controlled by the nature of guest metal ions.  While 2 displayed a 

ligand-centered reversible one-electron oxidation in MeCN, the one-electron oxidation of the 

2:1 complex between RML and Co2+ generated a [CoIII{fac-CrIII(Mp)3}2]2– species, indicating a 

guest metal-centered redox process.  This chapter thus demonstrated for the first time that 

fac-[CrIII(Mp)3]3– is able to act as a RML with ligand-centered redox properties, in which the 

assembled structures and redox centers are tunable by the binding with guest metal ions. 
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Chapter 5 

Nonprecious-Metal-Assisted Photochemical Hydrogen Production from 

ortho-Phenylenediamine 

 

Abstract 

  The combination of o-phenylenediamine (Opda), which possesses two proton- and 

electron-pooling capability, with Fe(II) leads to the photochemical hydrogen evolution reaction 

(PHER) in tetrahydrofuran (THF) at room temperature without addition of photosensitizers.  

From the THF solution, the tris-Opda iron(II) complex, [FeII(Opda)3](ClO4)2 (1), was isolated as 

a photoactive species, while the deprotonated oxidized species was characterized by X-ray 

crystallographic analysis, electrospray ionization-mass spectrometry, and UV-vis-NIR spectra.  

Furthermore, the PHER is catalyzed by hydroquinone, which serves as a H+/e– donor.  The 

present chapter demonstrates that the use of a metal-bound aromatic amine as a H+/e– pooler 

opens an alternative strategy for designing nonprecious-metal-based molecular photochemical 

H2 production/storage materials. 
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5-1. Introduction 

 

  Energy is the most important issue in the 21st century.1  The growing global energy demand, 

decreasing fossil fuel supply, and increased concerns over climate issues have spurred the 

development of alternative and sustainable energy carriers.2  Among the several types of 

energy carriers,3 molecular hydrogen is one of the most promising and cleanest energy carriers 

with the least effect on the environment.4  Therefore, the creation of hydrogen 

production/storage systems is currently the subject of intensive investigations.5  The 

development of materials for hydrogen production/storage has been investigated using a wide 

range of materials, such as metal hydride,6 complex hydride,7 chemical hydride,8 clathrates,9 

inorganic nanotubes,10 organic nanotubes,11 and metal-organic frameworks.5a,12  In particular, 

organic hydrides are fascinating hydrogen production/storage materials that have excellent 

values for gravimetric capacities (e.g., 7.1 wt% H2, 64.8 kg/m3 for benzene/cyclohexane 

conversion).5b  Recently, quinoline/1,2,3,4-tetrahydro quinoline13 or secondary alcohol/ketone14 

systems have been reported as efficient hydrogen production/storage material that can be 

operated at relatively low temperatures (ca. 80-140 °C), especially in the hydrogen-evolution 

reaction (HER) processes, using Ir complexes as a catalyst.  However, even in these excellent 

examples, the operating temperature for the HER is higher than those of hydrogenation-reaction 

processes.  Therefore, the creation of a HER that can be driven at moderate temperature15 with 

the use of nonprecious-metal catalysts16 is an important issue to be investigated. 

  These considerations inspired us to utilize an organic skeleton possessing multi proton- and 

electron-pooling capability.  The aromatic amines or hydroxides, such as phenylenediamine17 

or hydroquinone18 derivatives, are widely known to possess 2H+/2e– pooling capability.  

Furthermore, o-phenylenediamine (Opda) has a coordinating ability toward transition metal ions 

and undergoes multi proton- and electron-transfer processes to produce the corresponding 

oxidized species, such as semi-benzoquinodiimine (s-Bqdi) or o-benzoquinodiimine (Bqdi) 
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complexes.19  Therefore, they should be fascinating candidates as building modules for multi 

proton- and electron-pooling materials (Chart 1).  

  The ultra-fast dynamics of N–H σ-bond activation pathways were previously investigated for 

aromatic amines, such as aniline, using several spectroscopic and theoretical techniques.20  In 

these reactions, it was elucidated that the generation of transient anilino radical species 

(C6H5NH·) via hydrogen atom elimination was initiated by photo-excitation of π-π* transition 

through 3s Rydberg states of the nitrogen atoms.  Similar photoreactions were also investigated 

for aromatic diamines, such as Opda and p-phenylenediamine.21  In these cases, transient Bqdi 

and p-benzoquinodiimine intermediates were detected by infrared spectra, as the results of 

photochemical N–H σ-bond activations and hydrogen atom eliminations.  These studies 

prompted us to investigate the photoreaction of Opda interacting with nonprecious metal ions, 

where the photoreactivity of Opda is expected to be influenced by the metal ions.  This chapter 

described the structure, multiple H+/e– transfer reactions, and photochemical hydrogen evolution 

reaction (PHER) utilizing [FeII(Opda)3](ClO4)2 (1), which can be isolated by a one-pot reaction 

between three equivalents of Opda and Fe(II) ion. 

 
  

Chart 1. H+ and e– Pooling Activity of Opda Complexes. 
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5-2. Experimental Section 

 

General Procedures.  All synthetic operations and measurements were performed under a N2 

atmosphere using Schlenk-line techniques.  [FeII(H2O)6](ClO4)2 was purchased from Aldrich.  

Opda and hydroquinone (HQ) were purchased from Wako Pure Chemical Industries and used as 

received.  Deuterated Opda (C6H4N2D4) and HQ (C6H4O2D2) were prepared according to 

conventional methods.  n-Hexane and tetrahydrofuran (THF) were purchased from Kanto 

Chemical Co. Inc. and distilled twice from Na metal under a N2 atmosphere.  Dichloromethane 

(CH2Cl2), tert-butyl alcohol (t-BuOH), methanol (MeOH), and toluene were purchased from 

Wako Pure Chemical Industries and used without purification.  All of the solvents were finally 

degassed in at least four freeze-pump-thaw cycles just prior to use.  Molecular sieves 4A 

(MS4A) were purchased from Wako Pure Chemical Industries and activated by heating in vacuo 

prior to use.  Caution! Although we experienced no difficulties with the perchlorate salts, they 

should be regarded as potentially explosive, and therefore handled with care. 

 

[FeII(Opda)3](ClO4)2·THF (1·THF).  n-Hexane/THF mixed solvent (v : v = 2 : 1) (20 mL) was 

layered onto a colorless THF solution (10 mL) of [FeII(H2O)6](ClO4)2 (1.09 g, 3 mmol).  Then, 

colorless n-hexane/THF (v : v = 1 : 1) solution (30 mL) of Opda (975 mg, 9 mmol) was layered 

on this solution.  Storage of the mixture for 4 d at room temperature afforded crystals suitable 

for X-ray crystallographic analysis.  After filtration and washing with THF (2 mL × 2), drying 

in vacuo, afforded 1·THF as colorless crystals in 36% yield.  Anal. Found: C, 40.49; H, 4.91; N, 

12.77. Calc. for C22H32Cl2FeN6O9 (1·THF): C, 40.57; H, 4.94; N, 12.90. χMT300K = 3.96 

emu·K·mol–1. 

 

[FeII(Bqdi)3](ClO4)2·THF (2·THF).19b  The complex 1·THF (912 mg, 1.4 mmol) was dissolved 

in CH2Cl2/t-BuOH mixed solvent (v : v = 1 : 1) (50 mL) to afford a white suspension, with the 

co-presence of MS4A (20 g). O2 gas was slowly introduced to this suspension and the color of 

the suspension changed to navy after 5 min, and to dark navy after 1 h.  After bubbling O2 for 5 
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h, the color of the suspension was finally bright green.  The MS4A was removed by filtration 

and the green product was extracted using MeOH (40 mL × 2).  After evaporation of the 

solvent, a dark-green powder was obtained and washed with THF (15 mL) and toluene (10 mL × 

2).  Drying in vacuo afforded 2 as a greenish purple powder in 38% yield.  1H NMR (270 

MHz, CD3CN, 298 K) d 6.95-6.99 (m, 6H), 7.06-7.10 (m, 6H), 11.75 (br s, 6H).  Diamagnetic.  

Anal.  Found: C, 39.76; H, 4.02; N, 12.49. Calc. for C22H28Cl2FeN6O10 (2·THF + H2O): C, 

39.84; H, 4.26; N, 12.67.  For synthesis of a crystalline sample suitable for X-ray 

crystallographic analysis, this powder sample (5 mg) was dissolved in THF (2.5 mL), then 

n-hexane (2.5 mL) was layered onto this solution.  After storage of this solution for 5 d at room 

temperature, greenish-purple crystals of 2·THF were obtained. 

 

Opda-d4.  D2O (2 mL, 0.1 mol) was added to the CDCl3 (3 mL) solution of Opda (50 mg, 0.46 

mmol), and stirred for 30 min.  Then D2O was removed by decantation from this biphasic 

reaction mixture.  After repeating this procedure twice, disappearance of the 1H NMR (CDCl3) 

signal corresponding to the amino proton in Opda was confirmed.  After evaporation of CDCl3 

and D2O, Opda-d4 was purified by sublimation as colorless crystals. 

 

HQ-d2.  HQ (1 g, 9.08 mmol) was added to D2O (5 mL, 275 mmol) and the white suspension 

was heated at 90 °C for 10 min.  The pale pink solution was cooled at room temperature and a 

slightly pink-colored white powder was obtained.  After removal of D2O by decantation and 

drying in vacuo, D2O (5 mL) was added to these crystals and the same procedures were repeated.  

After removal of D2O, pink-colored white powder was washed with D2O (2 mL) and dried in 

vacuo. 

 

Equipment Used in PHERs.  A 100 W xenon lamp (LAX-103, Asahi Spectra Co., Ltd) was 

used as the light source with quartz light guide (φ5 × 1000L UD0030).  For PHER under 

irradiation or in the dark, 500 W xenon lamp (SX-UI500XQ, Ushio Inc.) with a quartz light 
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guide (GFQ5L1000) was used as the light source.  The light intensity was measured using a 

power meter (NOVA, Ophir Optronics Ltd) and a thermopile sensor (3A, Ophir Optronics Ltd).  

The amount of photochemically evolved H2 was determined using a gas chromatograph (GC) 

(Shimadzu GC-14B, Ar carrier) equipped with a ShinCarbon ST 2 m long packed column 

(Shinwa Chemical Industries Ltd) and a recorder (Shimadzu C-R8A Chromatopac Data 

Processor).  For H2/HD/D2 detections, the gas samples were analyzed using a GC (Shimadzu 

GC-2014ATF+GC Solution, He carrier) equipped with 8% (w / w) KOH coated on an activated 

alumina column, that was immersed in liquid N2 during the GC measurements, and thermal 

conductivity detector. 

 

PHERs.  For photochemical hydrogen evolution, each sample was prepared in a hand-made 

Schlenk flask-equipped quartz cell 182 mL in volume.  For PHER from Opda without Fe2+, 

Opda (25.9 mg, 2.39 × 10–4 mol) was dissolved in 4 mL of THF in the presence of ground 

MS4A (250 mg) under a N2 atmosphere.  On the other hand, for the reaction from Opda in the 

presence of Fe2+, THF (4 mL) solution of [FeII(H2O)6](ClO4)2 (28.9 mg, 7.98 × 10–5 mol) was 

introduced to the Opda (25.9 mg, 2.39 × 10–4 mol) in the presence of ground MS4A (250 mg) 

under a N2 atmosphere.  Each sample flask was doubly sealed with rubber septa.  Before 

irradiation, gas (0.3 mL) was collected from the headspace using a gas-tight syringe (Tokyo 

Garasu Kikai Co. Ltd) and analyzed by GC to confirm the successful N2 purge.  Then, the 

samples were irradiated using the 100 W xenon lamp in a water bath at room temperature.  The 

gas samples (0.3 mL) were collected from the headspace at each analysis time for determination 

of the amount of H2 evolved as a function of the irradiation time. 

 

PHER with HQ.  For photochemical H2 evolution from 3Opda/[FeII(H2O)6](ClO4)2 

/10HQ/THF suspension, the same reaction systems as the aforementioned cases were used, but 

the sample preparation procedures were different from those cases.  The THF (2 mL) solution 

of [FeII(H2O)6](ClO4)2 (28.9 mg, 7.98 × 10–5 mol) was added to the Opda (25.9 mg, 2.39 × 10–4 
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mol) in the presence of ground MS4A (250 mg) under a N2 atmosphere, and stirred for 30 s at 

room temperature.  A THF solution (2 mL) of HQ (87.9 mg, 7.98 × 10–4 mol) was added to this 

white suspension.  In these cases, no special changes were noticed in the appearance of the 

suspension.  After the sample preparation, PHERs were investigated by similar methods to 

those mentioned above. 

 

PHER Using Opda in THF-d8.  For PHER, the sample was prepared in a quartz cell equipped 

with a three-way cock and aluminum gas sampling bag (GL Sciences Inc., AAK-1L) in which 

the quartz cell head is ca. 10 mL in volume.  [FeII(H2O)6](ClO4)2 (21.7 mg, 5.99 × 10–5 mol) 

was dissolved in the degassed THF-d8 (3 mL), and this solution was introduced to the Opda 

(19.4 mg, 1.79 × 10–4 mol) in the presence of MS4A (190 mg) under a N2 atmosphere.  Before 

irradiation, the three-way cock and stopcock of the gas sampling bag were opened to connect the 

sample and aluminum gas bag to introduce the evolved H2 into the bag.  Then, the samples 

were irradiated in a water bath at room temperature.  After the irradiation for 50 h, three-way 

cock and stopcock of gas sampling bag were closed and gas sample in the bag was analyzed. 

 

PHER Using Opda-d4 in THF.  The general operating procedures were the same as with those 

for PHER using THF-d8, except for using [FeII(H2O)6](ClO4)2 (28.9 mg, 7.98 × 10–5 mol), 

Opda-d4 (25.9 mg, 2.39 × 10–4 mol), and THF (4 mL) in the presence of MS4A (250 mg). 

 

PHER Using HQ-d2.  [FeII(H2O)6](ClO4)2 (28.9 mg, 7.98 × 10–5 mol) was dissolved in 

degassed THF (2 mL), and this solution was added to the Opda (25.9 mg, 2.39 × 10–4 mol) in the 

presence of MS4A (250 mg) under a N2 atmosphere.  Then, a THF (2 mL) solution of HQ-d2 

(89.4 mg, 7.98 × 10–4 mol) was added to this suspension.  The photochemical reaction and 

evolved gas analysis were carried out using similar procedures to those used for 

[FeII(H2O)6](ClO4)2 and Opda in THF-d8, except for the irradiation time (200 h). 
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Apparent Quantum Yield (Φ) Calculation.  The THF suspension of 1 was irradiated at 

λ = 298 nm using a Xe lamp equipped with UVA-type mirror module (250 nm ≤ λ ≤ 480 nm) 

and HQBP300-UV-type band-pass filter (central wavelength: 298.06 nm, half bandwidth: 10.40 

nm).  The amount of hydrogen evolved (66.67 µL, 2.726 × 10–6 mol) in the subsequent 15 h 

was used to calculate the apparent quantum yield (Φ) using the equation below (eq. 1).22 

 

  

Here, Ne stands for the number of reacted electrons, NH2 is the number of the evolved H2 

molecules, and Np is the number of incident photons.  The value of Φ was calculated as 3.39% 

after irradiation (optical intensity: 1.33 mW) for 15 h based on the amount of photochemically 

evolved H2 (2.726 × 10–6 mol).  

 

Computational Details.  Geometry optimization for [FeII(Opda)3]2+, Opda, and [FeII(Bqdi)3]2+ 

in the electronic ground state (S0) was carried out in THF employing density functional theory 

(DFT) with the B3LYP combination of exchange and correlation functionals.  The initial 

structures of [FeII(Opda)3]2+ and [FeII(Bqdi)3]2+ were taken from the X-ray crystallographic data.  

No symmetry constraints were imposed for [FeII(Opda)3]2+ and Opda, while C3 symmetry was 

used for [FeII(Bqdi)3]2+.  The spin multiplicities were set to quintet for [FeII(Opda)3]2+ and 

singlet for [FeII(Bqdi)3]2+ and Opda.  The solvent effects were taken into account by the 

polarizable continuum solvation model (PCM)23 and the radii were taken from the UFF force 

field.24  The SDD effective core potential (ECP) and associated basis set was used for the Fe 

atom, and a 6-31G(d) basis set is employed for all other atoms.  After the geometry 

optimization, the time-dependent (TD) DFT calculations25 were performed to evaluate the 

vertical excitation energies at the equilibrium structures in THF employing the BLYP 

functionals with the long-range correction (LC)26 (LC-BLYP).  The basis set for C and N 

atoms was replaced by 6-31+G(d) in TD-DFT calculations to account for the Rydberg states in 

eq. 1eq. 14 Φ = Ne/Np = 2NH2/Np
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Opda.  All calculations were performed using the Gaussian 09 package.27  The Cartesian 

coordinates of [FeII(Bqdi)3]2+, [FeII(Opda)3]2+, and Opda are given in Tables 1-3. 
  

Table 1. Cartesian Coordinates (in Å) of [FeII(Bqdi)3]2+ in THF Optimized by DFT (B3LYP)  

 x y z 
Fe 0.0000 0.0000  0.0011  
N −0.5434 1.5616  1.0658  
N −1.6518 −0.0613  −1.0640  
N −1.0807 −1.2514  1.0658  
N 0.7729 1.4612  −1.0640  
N 1.6241 −0.3102  1.0658  
N 0.8790 −1.3999  −1.0640  
C −0.1882 2.7392  0.6325  
C −0.4685 4.0213  1.2284  
C 0.0000 5.1401  0.6155  
C −2.6194 −0.8216  −0.6323  
C −3.9150 −1.0276  −1.2295  
C −4.7863 −1.8723  −0.6179  
C −4.4515 −2.5700  0.6155  
C −3.2483 −2.4164  1.2284  
C −2.2781 −1.5326  0.6325  
C 0.5982 2.6793  −0.6323  
C 1.0675 3.9043  −1.2295  
C 0.7717 5.0812  −0.6179  
C 2.4663 −1.2066  0.6325  
C 3.7168 −1.6049  1.2284  
C 4.4515 −2.5700  0.6155  
C 4.0146 −3.2089  −0.6179  
C 2.8475 −2.8767  −1.2295  
C 2.0212 −1.8576  −0.6323  
H 1.6433 3.8671  −2.1491  
H 1.1143 6.0160  −1.0503  
H 4.0476 −1.1324  2.1481  
H 5.3961 −2.8859  1.0468  
H 4.6528 −3.9730  −1.0503  
H 2.5274 −3.3567  −2.1491  
H 0.5364 −1.8274  −1.9244  
H 1.8978 0.1632  1.9268  
H −0.8075 −1.7251  1.9268  
H −1.8507 0.4491  −1.9244  
H −1.0902 1.5619  1.9268  
H 1.3143 1.3782  −1.9244  
H −1.0431 4.0715  2.1481  
H −0.1988 6.1161  1.0468  
H −4.1706 −0.5104  −2.1491  
H −5.7671 −2.0430  −1.0503  
H −5.1973 −3.2302  1.0468  
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Table 2. Cartesian Coordinates (in Å) of [FeII(Opda)3]2+ in THF Optimized by DFT (B3LYP) 

 x y z 
Fe 0.3275  −0.5561  0.0651  
N 0.9425  1.5942  −0.2144  
N −0.9658  0.6567  1.4836  
N 2.0585  −1.0084  1.4739  
N 2.0083  −1.4146  −1.2171  
N −0.8441  −2.4747  0.3403  
N −1.3231  −0.5224  −1.4971  
C −0.2398  2.4133  −0.0310  
C −0.4433  3.6074  −0.7234  
C −1.6313  4.3179  −0.5445  
C −2.6112  3.8377  0.3271  
C −2.4078  2.6453  1.0238  
C −1.2231  1.9302  0.8439  
C 3.2651  −0.6961  0.7388  
C 4.3973  −0.1470  1.3415  
C 5.5009  0.2001  0.5599  
C 5.4755  −0.0069  −0.8207  
C 4.3453  −0.5594  −1.4263  
C 3.2386  −0.9008  −0.6488  
C −2.2313  −2.1568  0.0554  
C −3.2947  −2.7686  0.7197  
C −4.6047  −2.3730  0.4431  
C −4.8505  −1.3725  −0.4994  
C −3.7882  −0.7642  −1.1706  
C −2.4772  −1.1540  −0.8938  
H 1.6516  1.8151  0.4876  
H 1.3756  1.7935  −1.1149  
H −1.8403  0.2036  1.7434  
H −0.4489  0.7858  2.3545  
H 2.0612  −0.5365  2.3767  
H 2.0083  −2.0060  1.6876  
H 1.9905  −2.4342  −1.1595  
H 1.9607  −1.1954  −2.2104  
H −0.5004  −3.1726  −0.3219  
H −0.7629  −2.9043  1.2605  
H −1.5601  0.4088  −1.8353  
H −1.0070  −1.0454  −2.3152  
H 0.3230  3.9757  −1.3995  
H −1.7891  5.2450  −1.0857  
H −3.5348  4.3897  0.4667  
H −3.1680  2.2673  1.7012  
H 4.4123  0.0115  2.4161  
H 6.3787  0.6293  1.0316  
H 6.3336  0.2599  −1.4287  
H 4.3220  −0.7233  −2.4999  
H −3.0980  −3.5468  1.4517  
H −5.4297  −2.8474  0.9641  
H –5.8682 –1.0637 –0.7143 
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Physical Measurements.  Elemental analyses were performed at the analysis center at 

Hokkaido University.  UV-vis-NIR spectra in solution were recorded on a Hitachi U-4100 

spectrophotometer over the range 200-3300 nm at 296 K using crystalline samples of 1·THF and 

2·THF.  Infrared spectra were recorded on a Nicolet 6700 FT-IR spectrometer equipped with a 

Smart-Orbit (Diamond) ATR accessory.  Magnetic susceptibility of the crystalline samples was 

measured using a Quantum Design MPMS-XL SQUID magnetometer with a magnetic field of 1 

T.  Diamagnetic corrections were made based on Pascal’s constants.29  1H NMR (270 MHz) 

spectra were measured in CD3CN, CDCl3, THF-d8, or DMSO-d6 with a JEOL EX-270 

spectrometer.  The signals from the residual solvent protons of CD3CN (1.94 ppm), CDCl3 

(7.26 ppm), THF-d8 (3.58 ppm), and DMSO-d6 (2.50 ppm) were used as internal standards.30  

 

Crystallographic Data Collection and Refinement of Structures.  Crystallographic 

measurements were performed on a Rigaku AFC-7R diffractometer equipped with a Mercury 

CCD area detector, and graphite-monochromated Mo-Kα radiation (λ = 0.71069 Å).  

Specimens of suitable size and quality were selected under paraffin oil and mounted on 

MicroMounts (MiTeGen).  The crystal was cooled using a N2-flow-type temperature controller.  

The structures were solved by direct methods (SIR2004),31 which successfully located 

Table 3. Cartesian Coordinates (in Å) of Opda in THF Optimized by DFT (B3LYP) 

 x y z 
N 0.0865  1.3119  0.4534  
N 1.4872  −0.7884  1.7060  
C −0.0079  0.0116  −0.0536  
C −0.7599  −0.2497  −1.2076  
C −0.7847  −1.5203  −1.7850  
C −0.0511  −2.5582  −1.2118  
C 0.6800  −2.3169  −0.0457  
C 0.7101  −1.0521  0.5494  
H −1.3141  0.5672  −1.6638  
H −1.3717  −1.6899  −2.6829  
H −0.0556  −3.5505  −1.6524  
H 1.2350  −3.1256  0.4249  
H 0.9378  −0.3831  2.4606  
H 0.4574  1.4019  1.3875  
H −0.7328  1.8877  0.3147  
H 1.9181  −1.6344  2.0641  
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non-hydrogen atoms.  All calculations were performed using the CrystalStructure 

crystallographic software package,32 except for refinement calculations, which were performed 

using SHELXL-97.33  A summary of the crystallographic data for 1·THF and 2·THF is given in 

Table 4.  Full crystallographic details have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication No. CCDC-909643 for 1·THF and 

-909646 for 2·THF. 

 
  

Table 4. Crystallographic Data of 1·THF and 2·THF 

 

1·0.5Et2O 

2 

1·0.5Et2O 

 1·THF 2·THF 
Formula C22H32Cl2FeN6O9 C22H26Cl2FeN6O9 
fw 651.28 645.24 
Crystal size (mm3) 0.30×0.16×0.16 0.40×0.16×0.08 
Crystal system monoclinic monoclinic 
Space group P21/n(No. 14) P21/c(No. 14) 
a (Å) 17.849(2) 14.7311(19) 
b (Å) 8.3097(9) 9.9389(11) 
c (Å) 18.998(2) 18.389(2) 

α (°) 100.5257(15) 98.0500(18) 
β (°) 2770.4(6) 2665.8(6) 

γ (°) 150 150 
V (Å3) 4 4 
T (K) 1.561 1.608 
Z 1352 1328 
Dcalc (g cm–3) 7.974 8.281 
F (000) 22454 21537 

µ(Mo Kα) (cm–1) 6242 6039 
Measured reflections 362 380 
Unique reflections 1.125 1.126 
Refined parameters 0.048 0.033 
GOF on F2 0.0566 0.0652 
Rint 0.1533 0.1761 
a R1 = Σ||Fo| – |Fc||/Σ|Fo|.   b wR2 = {[Σw(Fo

2 – Fc
2)2]/[Σw(Fo

2)2]}1/2. 
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Figure 1. a) Amounts of photochemically evolved H2 from 3Opda/[FeII(H2O)6](ClO4)2/THF 
suspension (red circles), 3Opda/THF solution (blue circles), and [FeII(H2O)6](ClO4)2/THF 
solution (black circles).  b) PHER from a 3Opda/[FeII(H2O)6](ClO4)2/THF suspension under 
irradiation or in the dark.  The sample suspension was kept under irradiation by white light for 
0-2.0, 3.5-5.5, and 7.0-9.5 h (yellow background), and kept in the dark for 2.0-3.5, 5.5-7.0, and 
9.5-12.5 h (gray background).  After 12.5 h, the sample was put under irradiation.  Insert: 
photograph of PHER.  Bubbles were generated from the light path. 

5-3. Results and Discussion 

 

5-3-1. PHER from the Mixture of 3Opda and Fe(II) 

  The treatment of Opda (2.39 × 10–4 mol) with [FeII(H2O)6](ClO4)2 (7.98 × 10–5 mol) in THF 

immediately afforded a white suspension.  On irradiation of the suspension with white light, 

gas evolution started, and GC analysis proved the formation of H2 (red circles in Figure 1a; 

Figure 2).  After irradiation for 57 h, the white suspension had changed to a green suspension 

and the amount of H2 reached almost a plateau value, 8.77 × 10–5 mol of H2, which leads to mole 

ratios of [evolved H2]/[Opda] = 0.37 and [evolved H2]/[FeII] = 1.10.  In contrast, the PHER was 

not observed under a dark condition at all, suggesting PHER was driven as a photochemical 

reaction (Figure 1b).  Two further control experiments without either Fe(II) or Opda under the 

same conditions showed that the evolved H2 was only a twelfth as much as that in the presence 

of Fe(II) or undetectable, respectively (blue and black circles; Figure 1a).  These results clearly 

demonstrate that coexistence of Opda and Fe(II) is necessary for efficient PHER, and stimulated 

us to characterize the active species of the PHER. 
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Figure 2. GC analyses results of PHER from a THF suspension containing [FeII(H2O)6](ClO4)2 
(7.98 × 10–5 mol) and Opda (2.39 × 10–4 mol). 

 

5-3-2. Characterization of the Active Species of the PHER 

  Slow diffusion of n-hexane/THF (v : v = 1 : 1) solution of three equivalents Opda into a THF 

solution of [FeII(H2O)6](ClO4)2 afforded air-sensitive colorless single crystals suitable for X-ray 

crystal structural analysis.  The crystal is composed of a [Fe(C6H4N2H4)3]2+ cation and two 

ClO4
– anions together with one THF molecule (Figure 3).  The structure of the cation depicted 

in Figure 3a shows that three ligands (L1-L3) commonly coordinate to the Fe atom in bidentate 

chelating modes.  The N–C (1.440(3)–1.450(3) Å) and the C–C bond distances of the 

six-membered ring are similar to those of non coordinating Opda (Table 5).34  Here, we note 

that the dihedral angles (η) between the N–Fe–N and N–C–C–N planes indicate that the ligands 

are the neutral Opda form with two protons on each sp3-type N atom.  In addition, the Fe–N 

(2.204(2)–2.269(2) Å) bond distances and magnetic moment, χMT300K = 3.96 emu·K·mol–1, 

support the presence of a high-spin Fe(II) center.  The cases of previously reported 

3d-transition metal complexes bearing one or two Opda(s)35 have remarkable dihedral angles (η) 
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between the N–Fe–N and N–C–C–N planes in Opda, and those of 1·THF strongly support the 

structural assignment of 1·THF as [FeII(Opda)3](ClO4)2·THF (Table 6).  All of these facts 

finally lead to the formulation of the crystal as [FeII(Opda)3](ClO4)2·THF (1·THF), in which the 

ligands exist in the fully reduced form without forming oxidized s-Bqdi or Bqdi forms.  In 

addition, there were two hydrogen bonds, (A) between N–H(L1) and O in the THF molecule 

(N1···O9 (2.885 Å)), (B) between NH(L3) and O in ClO4
– (N6···O8 (2.897 Å)), in the crystal of 

1·THF as shown in Figure 3b. 
  

Figure 3. a) Molecular structure of the cation in 1·THF and b) Crystallographically asymmetric 
unit of 1·THF with thermal ellipsoid plots for Fe (brown), N (blue), and C (gray) (50% 
probability).  Hydrogen atoms are depicted as ball-and-stick models colored light blue for a) 
and omitted for b) for clarity. 
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Table 5. Bond Distances (Å) of 1·THF, 2·THF, and Opda 

  Å 
 a b c d e f 

1·THF L1 2.207(2) 1.446(3) 1.396(4) 1.388(3) 1.384(4) 1.382(4) 
  2.234(2) 1.450(3)  1.392(3) 1.384(4)  
 L2 2.204(2) 1.442(3) 1.405(3) 1.384(3) 1.387(4) 1.391(4) 
  2.231(2) 1.443(3)  1.387(3) 1.386(4)  
 L3 2.269(2) 1.440(3) 1.403(3) 1.386(4) 1.385(3) 1.384(3) 
  2.231(2) 1.445(3)  1.381(3) 1.394(4)  
 Av. 2.229(2) 1.444(3) 1.401(3) 1.386(3) 1.387(4) 1.386(4) 
2·THF L1 1.921(2) 1.311(3) 1.466(3) 1.445(3) 1.343(3) 1.436(4) 
  1.919(2) 1.304(3)  1.432(3) 1.361(3)  
 L2 1.931(2) 1.319(3) 1.453(3) 1.424(4) 1.352(4) 1.435(4) 
  1.931(2) 1.318(3)  1.429(4) 1.345(4)  
 L3 1.923(2) 1.301(3) 1.458(3) 1.432(4) 1.364(4) 1.427(4) 
  1.925(2) 1.303(3)  1.447(3) 1.337(4)  
 Av. 1.925(2) 1.309(3) 1.459(3) 1.435(4) 1.350(4) 1.433(4) 
Opda a   1.4004(16) 1.3996(16) 1.3795(16) 1.3833(18) 1.3711(18) 
   1.4047(15)  1.3843(15) 1.3788(17)  
 Av.  1.4026(16) 1.3996(16) 1.3819(16) 1.3811(18) 1.3711(18) 
a Ref. 36 

 
Table 6. Dihedral Angles (η) of 1·THF and 2·THF 
 η / ° 

1·THF 2·THF 
L1 38.17 5.08 
L2 35.90 1.88 
L3 44.15 5.69 
Av. 39.41 4.22 

N

N

Fe
a b

c

d e

f
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  Identical IR spectra were obtained for the crystal and the white powder prepared in-situ 

before PHER, indicating that both are 1·THF as shown in Figure 4 and listed in Table 7. 

 

5-3-3. Source and Irradiation Light Dependence of the PHER 

  To obtain clear information on the H+ source in the PHER system, photo-irradiation of the 

mixture of Opda and [FeII(H2O)6](ClO4)2 in THF-d8 was carried out.  The GC analyses revealed 

Table 7. IR spectral data of 1·THF (crystalline sample) 

Absorptions / cm–1 

3365 2984 1564 1085 754 
3317 2949 1496 1068  
3270 2865 1253 995  

Figure 4. IR spectra of crystalline sample (red line) and white powder sample (black line) of 
1·THF, which was in-situ before PHER, in the solid state. 
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that only H2 was obtained as the gaseous products, clearly excluding the contribution of the THF 

molecule as the H+ source in this PHER (Figure 5c).  In addition, the photo irradiation 

experiment using Opda-d4 (C6H4N2D4), in which the deuteration ratio on the amino moieties was 

determined to be 92% (Figure 6), and [FeII(H2O)6](ClO4)2 in THF showed D2 and HD evolution, 

showing that the H+ in the photochemically evolved H2 came from the amino protons of the 

Opda moieties (Figure 5d).   

Figure 5. GCs of a) H2 standard and b) D2 standard gases, and photochemically evolved gas 
samples from c) 3Opda/[FeII(H2O)6](ClO4)2/THF-d8, d) 3Opda-d4/[FeII(H2O)6](ClO4)2/THF, and 
e) 3Opda/[FeII(H2O)6](ClO4)2/10HQ-d2/THF mixtures. 

Figure 3�
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  A UV-vis spectrum of 1 dissolved in THF is shown in Figure 7a (red line) together with that 

of Opda (black line) at the same conditions, and the data are summarized in Table 7.  The 

UV-vis spectrum of 1 shows two strong absorption bands in the UV region at 240 (17,230 M–1 

cm–1) and 298 nm (9,230 M–1 cm–1), which are similar in wavelength to those of Opda observed 

at 242 (6,080 M–1 cm–1) and 298 nm (3,530 M–1 cm–1).  Complex 1 additionally shows a weak 

absorption band at 572 nm (110 M–1 cm–1), which could be assignable to an Fe(II)-centered d-d 

transition.  To characterize these absorptions, the density functional theory (DFT) calculations 

were performed for [FeII(Opda)3]2+ and Opda with the solvents effects taken into account by the 

polarizable continuum solvation model.  First, it was confirmed that the optimized geometry 

for [FeII(Opda)3]2+ in the electronic ground state was in good agreement with that obtained in the 

X-ray crystallographic analysis (Figure 3 and 15a).  The time-dependent DFT calculation 
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Figure 6. 1H NMR spectra (CDCl3) of a) Opda and b) Opda-d4. 
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suggested that the absorptions in the UV region were attributed to two π-π* transitions (11π-π* 

and 21π-π*) localized on the Opda moieties (Figures 7b and 7c). 
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Figure 7. a) UV-vis-NIR spectra of 1 (red line) and Opda (black line) in THF at 1 × 10–4 M.  b) 
Simulated absorption spectrum of [FeII(Opda)3]2+ in THF obtained by TD-DFT (LC-BLYP).  c) 
Dominant natural transition orbital (NTO) pairs for selected ligand-1π-π* transitions of 
[FeII(Opda)3]2+ in THF.  For each state, the ‘‘hole’’ is on the left, the ‘‘particle’’ on the right. 
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  To ascertain the excitation that initiates the PHER, excitation-light dependence was examined 

(Figures 8 and 9).  By irradiation with visible light to the suspension for 19 h, no H2 was 

obtained, suggesting that the excitation at 572 nm is negligible for the PHER.  On the other 

hand, after irradiation with UV light at around 298 nm for 17 h, evolution of H2 (2.72 µmol) was 

obtained.  These results indicate that the PHER should be initiated by the π-π* transition of the 

coordinating Opda moiety.  The apparent quantum yield (Φ) of this PHER in the 

aforementioned conditions was estimated to be 3.39%.37  

 

5-3-4. H+/e– Pooling Ability of Opda 

  In the present PHER, the role of the Opda moiety as the H+ source for PHER was successfully 

evaluated.  These results inspired us to identify an electron source in the reaction.  We found 

that complex 1 showed remarkable reactivity not only for photochemical reaction but also for air 

oxidation to produce a greenish-blue species both in CH2Cl2/t-BuOH (v : v = 1 : 1)19a and in THF 

solution under dark conditions.  During this air oxidation, no PHER was observed. 

Figure 8. UV-vis-NIR absorption spectrum of 1 (1 × 10–4 M) in THF (black line), relative light 
intensity spectrum of the light source (Xe lamp) (blue line), transmission spectra of UVA-type 
mirror module (red dashed line), VIS-type mirror module (aqua dashed line), and band-pass 
filter (HQBP300-UV) (green dashed line). 
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  The single crystal of the oxidized species grown from hexane/THF mixed solvent revealed 

that the crystal was composed of a [Fe(C6H4N2H2)3]2+ cation and two ClO4
– anions together with 

one THF molecule (Figure 10).  The cationic moiety demonstrates significant shortening in the 

N–C (1.301(3)–1.319(3) Å) and Fe–N (1.919(2)–1.931(2) Å) bond distances compared with 

those of 1·THF (Table 5).  In addition, the co-planarity of the N–Fe–N and N–C–C–N planes, 

together with the cyclohexa-3,5-diene character of the six-membered ring in each ligand 

indicate the sp2-type hybridization state of the coordinating N atoms, accompanying the 

imino-proton on each N atoms.19b-e,38  In contrast to the paramagnetic nature of 1·THF, the 

oxidized species shows diamagnetic character (Figure 11), indicative of a low-spin Fe(II) center 

because of the relatively stronger ligand field of the Bqdi moiety compared with that of Opda.  

Based on all of the structural features, the oxidized species can be finally assigned as 

[FeII(Bqdi)3](ClO4)2·THF (2·THF).19b 

Figure 9. Amounts of photochemically evolved hydrogen from a THF suspension containing 
[FeII(H2O)6](ClO4)2 (7.98 × 10–5 mol) and Opda (2.39 × 10–4 mol) irradiated by a Xe lamp 
equipped with VIS-type mirror module (380 nm ≤ λ ≤ 800 nm) (green circles), with UVA-type 
mirror module (250 nm ≤ λ ≤ 480 nm) (black circles), or with both UVA-type mirror module 
and HQBP300-UV-type band-pass filter (central wavelength: 298 nm, half bandwidth: 10 nm) 
(blue circles). 
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Figure 10. Molecular structure of the cation in 2·THF with thermal ellipsoid plots for Fe 
(brown), N (blue), and C (gray) (50% probability).  Hydrogen atoms are depicted as 
ball-and-stick models colored light blue.  THF and ClO4

– are omitted for clarity. 

Figure 11. 1H NMR spectra (THF-d8) of a) Opda and b) 2. 
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  In contrast to the case of 1, complex 2 shows characteristic absorption bands in the visible 

region at 420, 623, 692, and 770 nm, which were assigned as MLCTs and d-d transitions based 

on the DFT calculations on the [FeII(Bqdi)3]2+ moiety (green solid line; Figure 12).  Such 

remarkable reactivity of the Opda moiety in 1·THF toward air oxidation cannot be obtained for 

non-coordinating Opda, indicating the essential role of the Fe(II) ion.  This Fe(II)-assisted 

ligand-centered air oxidation activity for 1 guarantees the 2H+/2e– pooling ability of 

Fe(II)-bound Opda.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  During the air oxidation of 1, stepwise color changes were obtained (Figure 13).  It is 

noteworthy that the reaction mixture after the PHER shows characteristic absorptions at 420, 

620, and 690 nm (green dashed line; Figure 12), unlike those of 1, with absorption maxima near 

to those observed during air oxidation of 1 (aqua dashed line; Figure 12).  Moreover, in the 

electrospray ionization-mass spectrometry (ESI-MS) spectrum of the PHER mixture from 

3Opda/FeII/THF in CH3CN, several peaks, i.e., [FeII(Bqdi)2(C6H4N2H3)]+ (m/z = 373.09), 

[FeII(Bqdi)(Opda)2(CH3CN)2]2+ – H+ (m/z = 459.36), assignable to fragments containing the Bqdi 

Figure 6 
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Figure 12. UV-vis-NIR spectra of 1 (red solid line) and 2 (green solid line) (1 × 10–4 M), PHER 
mixture from 3Opda/FeII/THF extracted by THF (green dashed line), air-oxidation mixture of 1 
for 3 h (aqua solid line) in THF. 
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moiety were obtained (Figure 14d).  On the basis of these results, similar to the case of air 

oxidation of 1, oxidation of the Opda moiety in 1 generating s-Bqdi or Bqdi can be considered 

also in the PHER.  The residual Opda in the MS spectrum indicates the incompleteness of the 

PHER.  The reason is not clear at this stage, but plausibly the side product could inhibit the 

PHER.  In addition, fragment peaks implying oligomeric species of Opda were obtained in the 

MS spectrum of the PHER mixture from 3Opda/THF.  They indicate the existence of Bqdi as  

Figure 13. a) UV-vis-NIR spectra of air oxidation reaction mixture of 1 in THF for 0 min (red 
line), 5 min (orange line), 1 h (purple line), 2 h (navy line), 3 h (blue line), and 23 h (green line).  
b) Photographs of the mixture THF solutions used for UV-vis-NIR measurements. 
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Figure 14. ESI-MS spectra of a) PHER reaction mixture from 3Opda/THF solution, b) 1, c) 2, 
and d) PHER reaction mixture from 3Opda/[FeII(H2O)6](ClO4)2/THF suspension 
(CH3CN, m/z 250–700, positive ion mode). 



 203 

transient species, which are known to produce 2,3-diaminophenazine derivatives through [2 + 4] 

cycloaddition processes with unreacted Opda.39  These oligomeric species are not obtained in 

the PHER mixture from 3Opda/FeII/THF, suggesting that photochemically generated Bqdi 

should be stabilized by coordination to the coexisting FeII center by σ-donation and π-back 

donation,40 thereby [2 + 4] cycloaddition with unreacted Opda should be inhibited. 

 

5-3-5. Computational Studies 

  The optimized structures are given in Figure 15.  It was found that the optimized structures 

for [FeII(Opda)3]2+ and [FeII(Bqdi)3]2+ are very close to those of the X-ray crystallographic data. 
  

Figure 15. Equilibrium structures of a) [FeII(Opda)3]2+, b) Opda, and c) [FeII(Bqdi)3]2+ in THF 
obtained by DFT (B3LYP).  Fe (brown), N (blue), C (gray), and H (light blue) atoms are 
depicted as ball-and-stick models. 
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In the TD-DFT calculations of Opda, the first (S1) and third (S3) singlet excitations are 

characterized by 1π-π* transitions, while the second (S2) singlet excited state exhibits 1π-σ* 

character.  The transitions to S1(11π-π*) and S3(21π-π*) are mainly viewed as 2π → 1π* and 

2π → 2π* excitations, respectively (Figure 16).  The S2 state involves an excitation of 

2π → 1σ* and exhibits a 3s Rydberg character associated with the N atoms.  This 1π-σ* state 

is a dark state, and therefore it was not detected in the experimental spectra.  The vertical 

excitation energies for 11π-π* and 21π-π* were calculated to be 4.97 eV (252 nm) and 5.59 eV 

(222 nm), respectively, and these values are overestimated in comparison with the experimental 

values (Table 8).  In general, the LC-correction has a tendency to yield higher excitation 

Table 8. Vertical Excitation Energies, Wavelengths, and Oscillator Strengths (f) of Selected 
Transitions for Opda, [FeII(Opda)3]2+, and [FeII(Bqdi)3]2+ in THF Obtained by TD-DFT 
(LC-BLYP) 

 E (eV) λ (nm) f 
 Opda 

11π-π* 4.97 252 0.104 
11π-σ* 5.37 231 0.012 
21 π-π* 5.59 222 0.083 

 [FeII(Opda)3]2+ 
11 π-π* (Opda) 5.48 226 0.008 
21 π-π* (Opda) 6.10 203 0.003 

LMCT 6.39 194 0.043 
 [FeII(Bqdi)3]2+ 

MLCT 2.81 442 0.023 
MLCT 2.90 427 0.076 
MLCT 3.16 392 0.256 

d-d 3.56 348 0.016 
MLCT 3.88 320 0.113 

Figure 16. Relevant orbitals of Opda obtained by TD-DFT (LC-BLYP). 
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energy than that without the LC-correction even in the valence excitations.  In fact, excitation 

energies calculated without the LC-correction (BLYP functional) are 4.22 eV (294 nm) and 4.90 

eV (253 nm) for 11π-π* and 21π-π*, respectively, and these values are in good agreement with 

the experimental values.  However, as is shown below in the calculations on [FeII(Opda)3]2+, 

the charge-transfer states that involve the ligand-metal charge transfer (LMCT) are observed in 

the UV region, and hence the LC-correction is essential to describe correctly the order of the 

excitations.  
  

 

  
Figure 17. Simulated absorption spectra of a) Opda, b) [FeII(Opda)3]2+, and c) [FeII(Bqdi)3]2+ in 
THF obtained by TD-DFT (LC-BLYP). 
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  The calculated UV absorption spectra of [FeII(Opda)3]2+ are shown in Figure 17, together with 

detailed information on selected excitations.  The natural transition orbital (NTO) analysis28 

was carried out to understand better the results of the TD-DFT calculations.  From this analysis, 

it is found that the first two low-lying peaks around 226 and 203 nm correspond to the 11π-π* 

and 21π-π* excitations of the Opda ligand moiety, respectively, and the next peaks above 190 

nm correspond to the LMCT transitions.  The dominant NTO pairs for the representative 

transitions are shown in Figure 18.  Small blue-shifts of ~20 nm are observed for ligand 1π-π* 

excitations when the [FeII(Opda)3]2+ complex is formed, but it is clear that the LMCT transition 

is well above the ligand 1π-π* excitations.  On the other hand, from the analysis for 

[FeII(Bqdi)3]2+, MLCT transitions are found in the longer wavelength regions that are not 

obtained for Opda and [FeII(Opda)3]2+ (Figures 17a and 17b).  These results reflect the higher 

electron-accepting nature of the Bqdi moieties in [FeII(Bqdi)3]2+, compared with those of 

[FeII(Opda)3]2+. 
  

Figure 18. Dominant natural transition orbital (NTO) pairs for selected MLCT and d-d 
transitions of [FeII(Bqdi)3]2+ in THF.  For each state, the ‘‘hole’’ is on the left, the ‘‘particle’’ 
on the right. 
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5-3-6. Reaction Mechanism of PHER 

  In previous reports on the photochemistry of aromatic amines or diamines, it was shown that 

photochemical N–H σ-bond activation generates a transient anilino radical (C6H5NH·), s-Bqdi, 

or Bqdi via hydrogen atom elimination initiated by photo-excitation of a π-π* transition through 

the 3s Rydberg state of the nitrogen atoms (1π-σ*), using several spectroscopic and theoretical 

techniques.20-21  Based on these well-established studies, it is presumed that the PHER from the 

3Opda/Fe(II)/THF mixture would proceed through a π-π* transition followed by N–H 

dissociation in the Opda moiety to produce s-Bqdi or Bqdi that is plausibly coordinating to Fe 

ion.  In the time-dependent DFT calculation for Opda, it was shown that the 1π-σ* state lies 

slightly above the 1π-π* state (see Table 4 for details), which supports this presumption.  The 

higher PHER efficiency from the 3Opda/Fe(II)/THF sample than from the 3Opda/THF solution 

indicates the essential role of the Fe(II) ion in promoting PHER.  As one of the possibilities, an 

assembling effect of Opda moieties could be considered by coordination to the cationic Fe(II) 

center throughout the reaction, which would let the photochemically generated hydrogen atom 

react with the other NH2 groups coordinating the Fe(II) center. 

  From a consideration of these results, a plausible mechanism for the PHER of 1 could be 

Scheme 1. Plausible Mechanism for PHER from the 3Opda/[FeII(H2O)6](ClO4)2/THF Mixture. 
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described as follows: (1) π-π* excited state formed by irradiation at around 298 nm; (2) N–H 

σ−bond elimination to produce hydrogen atom and Fe(II) complex of o-aminoanilino radical, 

equivalent to the s-Bqdi, species; (3) H atom abstraction from s-Bqdi or unreacted Opda to 

produce a H2 molecule and partially oxidized species of the Fe(II) complex, probably such as 

[FeII(Opda)k(s-Bqdi)l(Bqdi)m]2+ (k + l + m ≤ 3) (Scheme 1).  

 

5-3-7. PHER Using HQ as a H+/e– Donor 

  For the creation of PHER systems, the PHER from a mixture of Opda and [FeII(H2O)6](ClO4)2 

in the presence of HQ as an additional H+/e– mediator was conducted (green circles; Figure 19).  

HQ derivatives are known to possess reversible 2H+/2e– transfer capability, the same as for 

Opda.41  By the addition of ten equivalents of HQ to the Opda and Fe(II) mixture, the amount 

of photochemically evolved hydrogen was continuously increased, even after 57 h, in contrast to 

the case without HQ (red circles; Figure 19).  The amount of evolved hydrogen was 3.41 × 10–4 

mol (TON = 4.28) after 196 h, which is about four times as much as that without HQ (8.77 × 10–5 

Figure 19. Amounts of photochemically produced hydrogen from 3Opda/[FeII(H2O)6](ClO4)2/ 
10HQ/THF (green circles), 3Opda/[FeII(H2O)6](ClO4)2/THF (red circles) suspensions, 
10HQ/THF (black circles), and [FeII(H2O)6](ClO4)2/10HQ/THF (brown circles) solutions. 
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mol after 57 h), suggesting that HQ serves as a H+/e– donor for these reactions.  In the cases of 

two control experiments without both Opda and Fe(II) or Opda under the same conditions 

(Figure 19, black and brown circles), the PHER could not be obtained, suggesting the inertness 

of HQ itself for PHER together with the catalytic role of the complex species consisting of 

Opda(s) and Fe(II) or its partially oxidized species. 

  On the other hand, a similar PHER using Opda, [FeII(H2O)6](ClO4)2, and HQ-d2 (C6H4O2D2), 

in which the deuteration ratio on the hydroxyl groups was determined to be 85% by 1H NMR, 

instead of HQ, D2 and HD were obtained (Figures 5e and 20).  Although the possibilities not 

only that D+ of HQ-d2 transferred in the PHER mechanism but also that Opda was deuterated by 

H/D exchange between HQ-d2 before photoirradiation should be taken into account, it is 

suggested that the H+ of HQ can be the source of evolved H2 in this PHER.  In the 1H NMR 

Figure 20. 1H NMR spectra (CD3CN) of a) HQ and b) HQ-d2. 

0

100

200

300

400

500

600

700

12345678

HQ_CD3CN
HQ_CD3CN

H
Q
_
C
D
3
C
N

! / ppm

0

100

200

300

400

500

600

700

800

12345678

HQ_CD3CN_D2O_1refluxHQ_CD3CN_D2O_1reflux

H
Q
_
C
D
3
C
N
_
D
2
O
_
1
re
fl
ux

! / ppm

0

100

200

300

400

500

600

700

800

12345678

HQ_CD3CN_D2O_1refluxHQ_CD3CN_D2O_1reflux

H
Q
_
CD
3
CN
_
D
2
O
_
1
re
flu
x

! / ppm

0

10

20

30

40

50

60

70

12345678

HQ_CD3CN
HQ_CD3CN

H
Q
_
C
D
3
C
N

! / ppm

Ha 

Hb 

#�

0.3H�

4H�

2H�

a)�

b)�

#: residual proton 

Ha 

O

O

Ha

Hb

HbHb

Hb

Ha

#�

H2O 

Hb 

4H�

 ! 10�
0

100

200

300

400

500

600

700

12345678

HQ_CD3CN
HQ_CD3CN

H
Q
_
C
D
3
C
N

! / ppm

0

100

200

300

400

500

600

700

800

12345678

HQ_CD3CN_D2O_1refluxHQ_CD3CN_D2O_1reflux

H
Q
_
C
D
3
C
N
_
D
2
O
_
1
re
fl
ux

! / ppm

0

100

200

300

400

500

600

700

800

12345678

HQ_CD3CN_D2O_1refluxHQ_CD3CN_D2O_1reflux

H
Q
_
CD
3
CN
_
D
2
O
_
1
re
flu
x

! / ppm

0

10

20

30

40

50

60

70

12345678

HQ_CD3CN
HQ_CD3CN

H
Q
_
C
D
3
C
N

! / ppm

Ha 

Hb 

#�

0.3H�

4H�

2H�

a)�

b)�

#: residual proton 

Ha 

O

O

Ha

Hb

HbHb

Hb

Ha

#�

H2O 

Hb 

4H�

 ! 10�

0

100

200

300

400

500

600

700

12345678

HQ_CD3CN
HQ_CD3CN

H
Q
_
C
D
3
C
N

! / ppm

0

100

200

300

400

500

600

700

800

12345678

HQ_CD3CN_D2O_1refluxHQ_CD3CN_D2O_1reflux

H
Q
_
C
D
3
C
N
_
D
2
O
_
1
re
fl
ux

! / ppm

0

100

200

300

400

500

600

700

800

12345678

HQ_CD3CN_D2O_1refluxHQ_CD3CN_D2O_1reflux

H
Q
_
CD
3
CN
_
D
2
O
_
1
re
flu
x

! / ppm

0

10

20

30

40

50

60

70

12345678

HQ_CD3CN
HQ_CD3CN

H
Q
_
C
D
3
C
N

! / ppm

Ha 

Hb 

#�

0.3H�

4H�

2H�

a)�

b)�

#: residual proton 

Ha 

O

O

Ha

Hb

HbHb

Hb

Ha

#�

H2O 

Hb 

4H�

 ! 10�



 210 

spectrum of product after the catalytic PHER in DMSO-d6, the existence of p-benzoquinone 

(BQ) was indicated, supporting these considerations (Figure 21).  From these comprehensive 

considerations, a plausible PHER reaction cycle can be described as shown in Scheme 2.  The 

HQ apparently serves as the proton/electron sacrifice reagent during the PHER.  Since the 

photo-irradiation experiments for 2/10HQ/THF did not lead to detectable hydrogen, HQ might 

interact with partially oxidized species derived from 1 at either ground or excited states or both.  

Furthermore, HQ is an expected H+ /e– mediator in an extended system for hydrogen production 

based on this PHER cycle.  
  

 Figure 21. 1H NMR spectra (DMSO-d6) of a) 3opda/FeII/10HQ mixture (black line),42 b) PHER 
mixture of 3opda/FeII/10HQ after 196 h irradiation (red line), and c) BQ (black line). 
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Scheme 2. Plausible Mechanism for PHER from the 3Opda/[FeII(H2O)6](ClO4)2/10HQ/THF 
Mixture. 
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5-4. Conclusions 

 

  In summary, this chapter exploited a novel system toward the PHER, where the Opda 

combined with a nonprecious metal ion, such as FeII, can effectively serve as H+/e– poolers.  A 

key feature is to make effective coordination interaction between metal ions with the Opda 

moieties.  Light irradiation onto the pooler initiates the PHER and successive H+ and e– 

transfers proceed from HQ.  The results presented here provide one possible way to activate 

organic moieties supporting with nonprecious metals.  Efforts are presently focused on 

deepening our understanding of the mechanism, as well as improvements in the catalytic activity, 

together with the tuning of HOMO-LUMO gaps to realize hydrogen production/storage 

operative with visible light. 
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Chapter 6 

Photocatalytic Hydrogen Evolution from MeOH by o-Aminophenol, 

o-Aminophenolate, and Its Fe(II) Complex at Room Temperature 

 

Abstract 

  Exposing o-aminophenol (ApH2) and deprotonated o-aminophenolate (ApH–) in MeOH to 

photoirradiation (289 ± 10 nm) at room temperature for 5 h resulted in the formation of 4.1 

(external quantum yield, ΦH2 = 2.9%) and 5.2 eq. H2 (ΦH2 = 3.7%) per ApH2 and ApH–, 

respectively, under concomitant formation of HCHO.  In addition, the complexation of Fe(II) 

with ApH– afforded trans-[FeII(ApH)2(MeOH)2] (1), which also exhibited photochemical 

activity, generating 6.7 eq. H2 (ΦH2 = 4.8%) per 1.  Photoirradiation of 1 in MeOH for 24 h at 

350 ± 10 nm generated 0.48 eq. of H2 (ΦH2 = 0.019%) per 1, suggesting that complex 1 enables 

the photochemical dehydrogenation of MeOH using longer-wavelength light.  Mechanistic 

investigations using MeOH-d3 or 2-methylpropane-2-thiol revealed the photo-induced formation 

of hydrogen radicals.  These photochemical reactions represent the first example of MeOH 

dehydrogenation at room temperature, catalyzed by organophotocatalysts (ApH2 and ApH–) and 

the Fe(II) complex (1). 
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6-1. Introduction 

 

  Molecular hydrogen (H2) is one of the most promising energy sources of the future.1  As 

gaseous H2 is difficult to handle and store, hydrogen storage materials have been the subject of 

intensive investigation in recent years.2  Among a number of materials, methanol (MeOH) has 

been one of the most fascinating hydrogen carriers,3 which is used in fuel cells4 due to its high 

gravimetric H2 content (12.6 wt% H2).  Since the generation of H2 from MeOH is an 

endothermic reaction, both dehydrogenation catalysts and high temperatures (T = 200-300 °C) 

are usually required for this reaction to proceed,5 and several heterogeneous5 and 

homogeneous6,7 catalyst systems have been investigated in this context.8  For example, Beller 

et al. reported that the use of [RuII(H)Cl(PNP)] (PNP = HN(C2H4Pi-Pr2)2) and the non-precious 

metal complex [FeII(H)(BH4)(PNP)] allow a decrease of the undesirably high reaction 

temperatures to 90 °C for the dehydrogenation of MeOH.6  In the proposed reaction 

mechanisms, the tridentate PNP ligand abstracts the hydroxyl proton of MeOH in the presence 

of a base.  After the proton abstraction, the hydride is transferred from the α-carbon of the 

resulting MeO– moiety to the metal.6a  Another example was reported by Grützmacher et al., 

who demonstrated the dehydrogenation of MeOH catalyzed by a [RuII(H)(1,4-bis(5H-dibenzo 

[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-diene)]– complex at 90 °C.7  The proposed reaction 

mechanism involves ligand-centered evolution of H2 from the starting state, followed by proton 

and hydride extraction from MeOH.  The key steps in these cases are electron and proton 

transfers from MeOH to both metal and ligand sites.8 

  Even though intensive investigations have been carried out, options to lower the temperature 

of the MeOH dehydrogenation and the development of non-precious metal-based catalysts still 

remain limited.  Among several possibilities, photochemical reactions represent a promising 

strategy to lower the reaction temperature.9,10  Some heterogeneous photocatalysts represent 

relatively high efficiencies in the H2 production (≤ ΦH2 = 32.5%9a) in the presence of MeOH 

(Table 1).9  Conversely, only a small number of homogeneous molecular catalysts have been 
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developed despite the advantages of homogenous system in terms of its designability and 

diversity:10 Saito et al. reported the dehydrogenation of MeOH and the concomitant generation 

of catalytic amounts of H2
 by using Rh, Pd, and Ir-based precious metal catalysts at 

64-65 °C,10a,10b whereas values of ΦH2 were not estimated in these systems.  These pioneering 

studies motivated us to develop homogeneous photocatalysts for the dehydrogenation of MeOH 

at ambient temperature.10a,10b  However, even though these studies made substantial progress, 

some challenges remained unsolved. 
 

Table 1. Quantum yields (Φ and ΦH2) of previously reported catalysts for the photochemical 
dehydrogenation of MeOH 

Catalysts Φ (%)a ΦH2 (%)b Solution λ (nm) T (°C) Ref 

KCa2Nb2.97Rh0.03O10 65 32.5 19 vol% H2O/MeOH 300 –c 9a 

 0.0054 0.0027 19 vol% H2O/MeOH 410 –c 9a 

La, Cr-codoped SrTiO3:Pt 25.6 12.8 19 vol% H2O/MeOH 425 –c 9b 

SrTiO3:Rh(2%) 13.3 6.65 10 vol% H2O/MeOH 420 –c 9c 

CaFe4O4/MgFe2O4  

Polymer Compex 

10.1 5.05 15 vol% H2O/MeOH >420 –c 9d 

Ta3N5:Pt 6 3 20 vol% H2O/MeOH >420 –c 9e 

Pt(0.1 wt%)/SrTiO3:Rh(1%) 5.2 2.6 10 vol% H2O/MeOH 420 –c 9f 

RbPb2Nb3O10:Pt 5 2.5 17 vol% H2O/MeOH 420-500 –c 9g 

SrSnO3:Pt(0.5 wt.%) 4.6 2.3 14 vol% H2O/MeOH 300 –c 9h 

Graphite oxide 2.7 1.35 20 vol% H2O/MeOH UV –c 9i 

PbBi2Nb2O9:Pt(1 wt%) 0.95 0.475 15 vol% H2O/MeOH >420 –c 9j 

Pt (0.4 wt%)/(Sr0.95-Cr0.05)TiO3 0.86 0.43 19 vol% H2O/MeOH 420.4 –c 9k 

Ta3N5:Pt(3.0% w/w) 0.1 0.05 10 vol% H2O/MeOH >420 –c 9l 

cis-Rh2Cl2(CO)2(dpm)2
d –c –c 10 vol% Acetone/MeOH –c 64 10a 

Pd2Cl2(dpm)2
d –c –c 10 vol% Acetone/MeOH –c 64 10a 

Et4N[IrH(SnCl3)5] –c –c MeOH –c 65 10b 

RuH2(N2)(PPh3)3 –c –c MeOH with NaOHe –c 150 10c 

RuH2(PPh3)3 –c –c MeOH with NaOHe –c 150 10c 
a Quantum yields (Φ) were estimated based on the number of electrons. b Quantum yields 
(ΦH2) were estimated based on the amount of evolved H2. c Not mentioned. d dpm = 
bis(diphenylphosphino) methane. e [NaOH] = 1 M. 
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  The previous chapter was demonstrated that [FeII(opda)3]2+ (opda = o-phenylenediamine) can 

photochemically generate H2 in tetrahydrofuran.11  In this reaction, opda does not only act as a 

chelating ligand via the two amino groups, but also as a multi-electron and proton-pooling site 

for the photochemical generation of H2 at ambient temperature.  It was proposed that H2 is 

released as a result of the photochemical activation of the N–H bonds in the amino moieties of 

opda, accompanied by an oxidation to afford the oxidized semi-benzoquinodiimine or 

o-benzoquinodiimine species. 

  In contrast to the homoleptic coordination of opda via two amino groups, the corresponding 

o-aminophenolato ligand (ApH–) displays a heteroleptic coordination pattern via one amino and 

the deprotonated hydroxyl group, which should facilitate the transfer of two electrons and one 

proton (Scheme 1).12,13  Pino et al. have reported photochemical reactions and the associated 

mechanism for o-aminophenol (ApH2) in the gas phase, including a 1π-π* excited state, a 

1π-π*/1π-σ* conical intersection, and the homolytic cleavage of the O–H bond that generates 

hydrogen radicals.14  This characteristic reactivity, which operates at the picosecond timescale 

in the gas phase at 65-90 °C, has recently been labeled “excited state hydrogen detachment 

(ESHD)”.  However, there is a considerable gap between the ESHD of aromatic amines and 

alcohols and the photochemical hydrogen evolution reaction (PHER) of [FeII(opda)3]2+, because 

the generation of H2 has not yet been reported in the ESHD system. 

  Recently, successful examples on the elucidation of electron- and proton-transfer properties 

of the transition metal complexes of ApH–, together with the characterization of isq– complexes 

have been reported, and these studies are currently under extensive investigation as models for 

non-heme-type iron dioxygenase.12,13  In contrast to these sophisticated examples for the 

reactivity of ApH2 derivatives, which proceed under the exclusion of light, examples on 

photochemical reactions still remain elusive.  Here, this chapter demonstrates the 

photochemical dehydrogenation of MeOH at room temperature catalyzed by ApH2, ApH–, and 

trans-[FeII(ApH)2(MeOH)2] (1), together with the mechanism for the photochemical generation 

of hydrogen radicals. 
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Scheme 1. Electron- and proton-transfer properties of ApH–. 
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6-2. Experimental Section  

 

General Procedures.  Unless noted otherwise, all synthetic operations and measurements were 

carried out under an atmosphere of N2 using Schlenk-line techniques.  FeII(ClO4)2·6H2O, 

CuII(OAc)2 (OAc = acetate), HCO2H, acetic acid (AcOH), ammonium acetate (NH4OAc), acetyl 

acetone, calcium oxide (CaO), and H2SO4 were purchased from Wako Pure Chemical Industries.  

Dehydrated MeOH, dichloromethane (CH2Cl2), and MeOH-d4 were purchased from Kanto 

Chemical Co. Inc.  Tetra-n-butylammonium hydroxide (TBAOH) in MeOH (37%), which was 

used after the removal of MeOH, an aqueous solution of HCHO (37%), 

2-methylpropane-2-thiol (t-BuSH), di-tert-butyl disulfide (t-Bu2S2), 3-carbamyl-1-methyl 

pyridinium chloride (NADCl), and ApH2 were purchased from Tokyo Chemical Industry Co. 

Ltd.  Prior to use, ApH2 was washed with CH2Cl2 and dried in vacuo for several minutes, while 

t-BuSH was used after stirring with CaO for 12 h, followed by distillation.  MeOH-d3 was 

purchased from Sigma-Aldrich.  2-Aminophenoxazine-3-one (APX) was prepared according to 

a reported procedure.27  All solvents that were used under anaerobic conditions were 

thoroughly degassed by at least five freeze-pump-thaw cycles immediately prior to use.  

Caution! Although we did not experience any difficulties with perchlorate salts, these should be 

regarded as potentially explosive, and therefore handled with utmost care. 

 

trans-[FeII(ApH)2(MeOH)2] (1).  A colorless MeOH solution (5 mL) of ApH2 (144 mg, 1.31 

mmol) and TBAOH (340 mg, 1.31 mmol) was slowly deposited onto an aqua-blue MeOH (5 

mL) solution of FeII(ClO4)2·6H2O (240 mg, 0.661 mmol) under an atmosphere of N2. After 

leaving the solution to stand at 3 °C for a period of 5 d, colorless crystals of 1, suitable for X-ray 

crystallographic analysis, were obtained.  Crystalline 1 was isolated by filtration, washed with 

MeOH (2 × 4 mL), and dried in vacuo (yield: 59%).  Crystals of 1 were found to be highly 

hygroscopic, and always contained small amounts of water.  Anal. Found: C, 49.49; H, 6.08; N, 

8.27. Calc. for C14H20.4FeN2O4.2 (1 + 0.2 H2O): C, 49.49; H, 6.05; N, 8.24. 
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trans-[CuII(ApH)2(H2O)] (2).  A colorless MeOH (10 mL) solution of ApH2 (200 mg, 2.0 

mmol) was added to 20 mL of a blue aqueous solution of CuII(OAc)2 (100 mg, 1.0 mmol), 

resulting in the formation of an aqua-blue suspension after stirring the reaction mixture for 5 

min.  Complex 2 was isolated as an aqua-blue powder by filtration, washed with MeOH (3 × 3 

mL) and Et2O (2 × 3 mL), before being dried in vacuo (yield: 83%).  Anal. Found: C, 48.13; H, 

4.75; N, 9.17. Calc. for C12H14CuN2O3 (2): C, 48.40; H, 4.74; N, 9.41.  Single crystals, suitable 

for X-ray crystallographic analysis, were obtained by layering an aqueous solution of ApH2 onto 

an aqueous solution of CuII(OAc)2. 

 

Equipment for the Photochemical Hydrogen Evolution Reactions.  A 200 W Hg-Xe lamp 

(LC8, Hamamatsu Photonics) with a quartz light guide (φ5 L9588) was used as a light source.  

For photoirradiation at 289 ± 10 nm, a 289 nm band pass filter (BPF) was used, while a 350 nm 

BPF (03 type filter) was used for irradiation at 350 ± 10 nm.  For photoirradiation at 460 ± 10 

nm, a 100 W Xe lamp (LAX-103, Asahi Spectra Co. Ltd.) with a quartz light guide (φ5 × 1000L 

UD0030), a VIS-type mirror module, and a 460 nm BPF were used.  The intensity of the light 

was measured using a power meter (NOVA, Ophir optronics Ltd.) and a thermopile sensor (3A, 

Ophir optronics Ltd.).  The released quantities of H2, HD, and D2 were measured using a gas 

chromatograph (GC, Shimadzu GC-2014), equipped with a 2 m column packed with either 

MS5A at 70 °C using Ar carrier gas or 8% KOH alumina at 77 K using He carrier gas, 

respectively. 

 

Photochemical Hydrogen Evolution Reaction (PHER) with ApH2 in MeOH.  A handmade 

Schlenk flask-equipped quartz vessel (V = 115 mL) was charged with 1 mL of a methanolic 

ApH2 solution that was prepared by dissolving ApH2 (4.36 mg, 0.04 mmol) in MeOH (20 mL).  

Subsequently, the solution was exposed to photoirradiation in a water bath at room temperature.  

Gas samples (0.3 mL) were collected from the headspace of the vessel using a gas-tight syringe 

(Tokyo Garasu Kikai Co. Ltd.) and analyzed by GC (MS5A column). 
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PHER with ApH– in MeOH.  The quartz vessel was charged with 1 mL of a methanolic ApH– 

solution that was prepared by dissolving ApH2 (4.36 mg, 0.04 mmol) and TBAOH (10.4 mg, 

0.04 mmol) in MeOH (20 mL).  Subsequently, the solution was exposed to photoirradiation in 

a water bath at room temperature.  Gas samples (0.3 mL) were collected from the headspace of 

the vessel using a gas-tight syringe and analyzed by GC, similar to the aforementioned 

procedure. 

 

PHER with 1 in MeOH.  Crystals of 1 were filtered and washed with MeOH (2 × 4 mL), 

before being dissolved in MeOH (4 mL) to afford a saturated pale-orange MeOH solution of 1.  

Subsequently, 1 mL of this solution was transferred into the quartz vessel.  The reaction and 

analysis were carried out as described above. 

 

Analysis of HCHO in PHER Solutions.16  An aqueous solution of AcOH (100 mL, 2.26 M) 

was prepared by dissolving 12.9 mL of AcOH (226 mmol) in water under an atmosphere of air.  

Subsequently, an aqueous solution of NH4OAc (200 mL, 2.25 M) was prepared by dissolving 

NH4OAc (34.68 g, 450 mmol) in water (200 mL).  An AcOH/NH4OAc buffer solution was 

prepared by combining 8 mL of the aqueous AcOH solution with 200 mL of the aqueous 

NH4OAc solution.  An aqueous solution (1000 mL) of acetyl acetone and ethanol was prepared 

by dissolving 7 mL of acetyl acetone and 14 mL of ethanol in water (979 mL).  Methanolic 

standard solutions of HCHO (0, 1, 5, and 10 mM) were prepared by diluting a methanolic 

HCHO solution (37%) with appropriate amounts of dehydrated MeOH.  A mixture of the 

methanolic standard solutions of HCHO (0.1 mL), the AcOH/NH4OAc buffer solution (2.0 mL), 

and the aqueous acetyl acetone solution (2.0 mL) was heated to 60 °C for 15 min.  Then, the 

solution was cooled to room temperature, and 20 µL of the reaction mixture were analyzed by 

high-performance liquid chromatography (HPLC), using a Synergi 4u Hydro-RP80A column 

(Phenomenex) and H2O/MeCN (v/v = 85/15) at a flow rate of 1.0 mL/min.  The targeted 

3,5-diacetyl-1,4-dihydro-2,6-lutidine, which was generated from HCHO, was detected at 370 
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nm, and the calibration curves gave the apparent linearity, a quantitative analysis of the 

compound in the PHER solutions should be possible (Figure 5a).  In order to estimate the 

amount of HCHO produced in the PHER solutions, 0.1 mL of the corresponding reaction 

mixtures were used instead of standard solutions. 

 

Analysis of HCO2H in PHER Solutions.  Methanolic standard solutions of HCO2H (0, 0.5, 1, 

2, and 4 mM) were prepared from diluting formic acid with MeOH in water under an 

atmosphere of air.  500 µL of each solution were treated with 5 µL of H2SO4 at room 

temperature and stirred for 15 min.  These HCO2H standard solutions were analyzed by HPLC 

using a Synergi 4u Hydro-RP80A column (Phenomenex) and H2O/MeCN (v/v = 95/5) at a flow 

rate of 1.0 mL/min.  Quantities of HCO2H were calculated based on the detected methyl 

formate at 210 nm, and the calibration curves gave the apparent linearity, a quantitative analysis 

of the compound in the PHER solutions should be possible (Figure 5b).  In order to estimate 

the amount of HCO2H produced in the PHER solutions, 500 µL of the corresponding reaction 

mixture were used instead of standard solutions. 

 

PHER with 1 in MeOH-d3.  All reactions and analyses were carried out as described above, 

except that 1 was dissolved in MeOH-d3, and that an 8% KOH alumina column was used for the 

GC analysis.  The H2 standards were detected at 5.0 (p-H2) and 6.3 min (o-H2) (Figure 11a).  

D2 gas was generated from the reaction of MeOH-d4 with sodium metal, and the corresponding 

peaks were detected at 7.8 (p-D2) and 8.4 min (o-D2) (Figure 11b).  HD gas was generated from 

the reaction of a MeOH/MeOH-d4 (v/v = 1/1) mixture with sodium metal, and the corresponding 

signals for HD were detected at 6.4 min (Figure 11c).  Since pure HD gas was unobtainable, 

the calibration and quantitative estimation of generated HD could not be carried out. 

 

Photochemical Reactions using ApH2 and 1 in the Presence of Scavengers.  All reactions 

were carried out as described above for the PHER procedures, except for using a quartz NMR 
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tube as the reaction vessel and MeOH-d4 as the solvent.  ApH2 or 1 was dissolved in degassed 

MeOH-d4 (ApH2: 2 mM; 1: 1 mM) with t-BuSH or NADCl (2 mM), before the solutions were 

analyzed by 1H NMR spectroscopy prior and posterior to photochemical reactions. 

 

External Quantum Yield (ΦH2) Calculations.  MeOH solutions of ApH2, ApH–, and 1 were 

irradiated at λ = 289 ± 10 nm or 350 ± 10 nm.  The amount of hydrogen evolved in the 

subsequent 5 h was used to calculate the external quantum yields (ΦH2) according to the 

following equations: 

 

 

 

 

 

 

 

 

 

 

wherein, NH2, Np, EI, Ep, R, MH2, NA, I, t, h, c, and A refer to the number of the evolved H2 

molecules, the number of absorbed photons, the energy of the irradiation source, the energy of 

the irradiation photon, the proportion of the catalyst that is absorbing light, the mol number of 

the evolved H2, the Avogadro constant, the optical intensity of the light, the irradiation time, the 

Planck constant, the speed of light in vacuum, and the absorbance of the catalyst in MeOH.  

The absorbance throughout the photoreaction was assumed to be constant at an optical length of 

1.0 cm: ApH2 (5.72 at λ = 289 nm),  ApH– (5.39 at λ = 289 nm), and 1 (7.76 at λ = 289 nm, 

1.15 at λ = 350 nm). 
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Physical Measurements.  1H NMR (500 MHz) spectra were measured on a JEOL EX-500 

spectrometer.  Elemental analyses were carried out on a Perkin-Elmer 2400 II CHN analyzer.  

UV-vis-NIR spectra (200-3300 nm) in solution or in the solid state (KBr pellets) were recorded 

on a Hitachi U-4100 spectrophotometer at 296 K.  HPLC measurements were carried out on a 

Shimadzu LC-20AT liquid chromatograph, equipped with an SPD-20A UV-vis detector.  

Emission spectra were recorded on a Horiba fluoromax using MeOH solutions of ApH2 and 1 at 

296 K. 

 

Crystallographic Data Collection and Structure Refinement.  Single-crystal X-ray 

diffraction patterns were recorded on a Rigaku VariMax with Saturn equipment (1), or on a 

Rigaku AFC-7R diffractometer, equipped with a Mercury CCD area detector (2).  In both cases, 

graphite-monochromated Mo-Kα radiation (λ = 0.71069 Å) was used.  Single crystals of 

suitable size and quality were selected under paraffin oil or silicon grease, and mounted onto 

MicroMounts (MiTeGen), and cooled to 93 (1) or 200 K (2) by an N2 flow-type temperature 

controller.  Molecular structures were solved by direct methods (SIR2004),17  which allowed 

the successful location of all non-hydrogen atoms within the unit cell.  All calculations were 

carried out using the CrystalStructure software package,18 except for refinement calculations, 

which were carried out using SHELXL-97.19  A summary of the crystallographic data for 1 and 

2 is shown in Table 2.  Full crystallographic details were deposited at the Cambridge 

Crystallographic Data Centre (CCDC) as supplementary publications CCDC-1062112 (1) and 

CCDC-1418535 (2). 
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Table 2. Crystallographic data for 1 and 2 

 

1·0.5Et2O 

2 

1·0.5Et2O 

 1 2 
Formula C14H20FeN2O4 C12H14CuN2O3 
fw 336.17 297.80 
Crystal size (mm3) 0.40 × 0.19 × 0.13 0.20 × 0.12 × 0.02 
Crystal system monoclinic triclinic 
Space group P21/c (No. 14) P-1 (No. 2) 
a (Å) 8.889(9) 9.666(4) 
b (Å) 5.114(5) 9.702(4) 
c (Å) 16.29(2) 12.945(5) 

α (°) 90 82.884(13) 

β (°) 100.40(2) 80.779(14) 
γ (°) 90 89.707(18) 
V (Å3) 728.4(12) 1189.0(8) 
T (K) 93 200 
Z 2 4 
Dcalc (g cm–3) 1.533 1.664 
F (000) 352.00 612.00 

µ(Mo Kα) (cm–1) 10.513 18.381 
Measured reflections 3873 6102 
Unique reflections 1604 4900 
Refined parameters 16.54 326 
GOF on F2 1.194 1.240 
Rint 0.0468 0.0410 
R1

a 0.0576 0.0633 
wR2

b (all data) 0.1559 0.1685 
a R1 = Σ||Fo| – |Fc||/Σ|Fo|.  b wR2 = {[Σw(Fo

2 – Fc
2)2]/[Σw(Fo

2)2]}1/2. 
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6-3. Results and Discussion 

 

6-3-1. Photochemical Hydrogen Evolution Reactions from ApH2 and ApH– 

  Figure 1 shows the UV-vis-NIR spectra of ApH2 (2.00 mM) and ApH– (2.00 mM), which 

were generated in situ by the treatment of ApH2 with one equivalent of TBAOH.  For both 

ApH2 and ApH–, two absorptions were observed at λmax (ε / M–1 cm–1) = 230 (6,260) and 285 nm 

(3,020), as well as at 230 (5,540) and 288 nm (2,630), respectively (Table 3).  These bands 

were assigned to two π-π* transitions,14,20 and the observed similarity of the spectral profiles 

indicates a negligible effect of the deprotonation of ApH2 on the π-π* transitions.  

  Both MeOH solution of ApH2 and ApH– did not exhibit any signs of gas evolution under the 

exclusion of light.  In contrast, the photoirradiation (289 ± 10 nm; 3.2 mW Hg-Xe lamp) of a 

MeOH solution of ApH2 for 5 h induced the evolution of gas, and the GC analysis of a gaseous 

sample taken from the headspace of the reaction vessel allowed the detection of H2 (Figure 2).  

After 5 h of photoirradiation (tirr = 5 h), 4.1 eq. of H2 per molecule of ApH2 (ΦH2 = 2.9%) were 

Figure 1. UV-vis-NIR spectra of ApH2, ApH–, and 1 in MeOH.  [ApH2 (black line)] = [ApH– 
(green line)] = 2 mM; [1 (red line)] = 1.35 mM.  The ApH– was generated in situ by the 
treatment of ApH2 with TBAOH.  The solid-state spectrum of 1 (KBr disk, blue line) is shown 
for comparison. The inset shows a magnification (300-900 nm) of the solution spectrum of 1. 
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obtained (Figure 3, Table 4), while up to 6.5 eq. H2 per molecule of ApH2 were obtained after 

prolonged photoirradiation (tirr = 24 h; Figure 4), suggesting that the reaction is not 

stoichiometric, but a catalytic.  The deprotonated ApH– form also exhibits similar PHER 

activity (ΦH2 = 3.7%) upon the irradiation at 289 ± 10 nm (Figures 3 and 4 and Table 4).  

Control reactions, using neat MeOH under the same conditions, did not show any PHER activity 

(Figure 3).  Considering these PHER results and the aforementioned absorption spectra, it 

seems feasible to assume that the π-π* excitation on ApH2 and ApH– initiates the PHERs.  
  

Table 3. Summary of the UV-vis-NIR spectroscopic data for ApH2, ApH–, 1, and 2 in MeOH 
solution and in the solid state. 

 State λ / nm (ε / M–1 cm–1) 

ApH2

22 

Solution 230 (6,260) 285 (3,020)    

ApH– Solution 230 (5,540) 288 (2,630)    

1 Solida 235sh 287 335sh 450sh 750sh 

1 Solution 230 (17,690) 285 (8,550) 335 (1,210)sh 450 (480)sh 680 (118)sh 

2 Solida 235sh 293 340   

2 Solution 227 (17,400) 283 (8,800) 335 (440)sh 450 (130)sh 607 (80) 
a KBr disk.  sh Shoulder peak. 

N2�

Reaction Tim
e�

N2�

a)�

b)�
H2�

O2�

O2�

Figure 2. GC analysis for PHERs (λ = 289 ± 10 nm; 3.2 mW) of ApH2 in MeOH (2 mM) after 
a) 0 h and b) 5 h. 
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Figure 3. H2 evolution from MeOH solutions of ApH2, ApH–, and 1 (λ = 289 ± 10 nm, 3.2 mW).  
a) Evolution of H2 (mol) per compound (mol) and b) evolution of H2 (µmol) as a function of 
PHER time for MeOH solutions of ApH2 (2 mM; black circles), ApH– (2 mM; green circles), 1 
(1 mM; red circles), and FeII(ClO4)2·6H2O (1 mM; blue circles), together with pure MeOH (gray 
circles). 
 

Table 4. PHER products for ApH2, ApH–, and 1 in MeOH.a 

Compound !ex (nm) tirr (h) 
eq. per compound 

!H2 (%) 
H2 HCHOb HCO2Hc 

ApH2 289 ± 10 5 4.1 3.3 N. D.d 2.9e 

ApH– 289 ± 10 5 5.2 4.1 N. D.d 3.7e 

1 289 ± 10 5 6.7 6.8 N. D.d 4.8e 

ApH2 289 ± 10 24 6.5 4.9 0.7  

ApH– 289 ± 10 24 14.1 14.5 0.7  

1 289 ± 10 24 14.9 10.2 0.96  

ApH2 350 ± 10 24 N. D.d N. D.d N. D.d  

ApH– 350 ± 10 24 N. D.d N. D.d N. D.d  

1 350 ± 10 24 0.48f 0.99f N. D.d 0.019e 
a [ApH2] = [ApH–] = 2 mM; [1] = 1 mM. b Detected as 3,5-diacetyl-1,4-dihydro-2,6-lutidine.            
c Detected as methyl formate. d Not detected. e External quantum yields are estimated based 
on the amount of evolved H2 at tirr = 5 h. f Possibly associated with an increased experimental 
error, due to the small amount of product generated.   
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  In general, oxidation of MeOH should afford oxidized species such as formaldehyde 

(HCHO),10 formic acid (HCO2H),10 and CO2.6  After PHER of ApH2 (tirr = 5 h), HPLC analysis 

revealed that 3.3 eq. of HCHO per molecule of ApH2 were generated (Table 4 and Figure 5a), 

corroborating a photochemical dehydrogenation of MeOH.  Furthermore, prolonged PHER (tirr 

= 24 h) afforded a small amount of HCO2H in addition to H2 and HCHO (Table 4 and Figure 5b).  

This reaction thus represents the first example of an organophotocatalyst promoting the 

photochemical dehydrogenation of MeOH to generate H2.  In particular, the external quantum 

Figure 4. Evolution of a) H2 (mol) per compound (mol), and b) H2 (µmol) as a function of 
PHER time (λ = 289 ± 10 nm; 3.2 mW) of MeOH solutions of ApH2 (2 mM; black circles), 
ApH– (2 mM; green circles), and 1 (1 mM; red circles). 

Figure 5. HPLC calibration curves for a) HCHO and b) HCO2H. 
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yields (ApH2: ΦH2 = 2.9; ApH–: ΦH2 = 3.7%) are comparable to those of previously reported 

photocatalysts (Table 1).9e-9h 

 

6-3-2. PHER from trans-[FeII(ApH)2(MeOH)2] (1) 

  Mixing two equivalents of ApH2 and TBAOH with FeII(ClO4)2·6H2O in MeOH under an 

atmosphere of N2 afforded colorless crystals of 1.  The molecular structure of 1 is shown in 

Figure 6, and selected bond distances are summarized in the Table 5.  The structure of 1 is 

characterized by a pseudo-octahedral Fe atom, which is located on an inversion center, and two 

bidentate NO ligands that occupy the equatorial positions, while two monodentate O ligands 

reside on the apical positions.  The two chelating ligands adopt trans geometry, most likely to 

reduce steric repulsion.22  The assignment of the two chelating ligands requires great care, as 

these could be present as either ApH–, ISQ–, or IBQ (Scheme 1).12,13  In complex 1, the 

observed C–N and C–O bond distances of 1.461(5) and 1.342(5) Å, respectively, suggest a 

single bond character for these bonds.11,13,23  Moreover, the observed C–C bond distances of 

1.385-1.417(6) Å within the six-membered ring suggest high levels of aromaticity.  The ApH2 

contains one hydroxyl and two amino protons, which can be deprotonated by TBAOH (1 

Figure 6. Molecular structure of 1.  Atomic displacement parameters are set at 50% 
probability; color code: Fe = orange, O = red, N = light blue, and C = dark gray; ball-and-stick 
plots for N-bound hydrogen atoms (aqua), while all other hydrogen atoms are omitted for 
clarity.  C1/C1*, C2/C2*, C3/C3*, C4/C4*, C5/C5*, C6/C6*, C7/C7*, N1/N1*, N2/N2*, 
O1/O1*, and O2/O2* denote pairs of crystallographically equivalent atoms related by the 
symmetry operation 2–x, –y, 2–z. 
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eq.) to give monoanionic C6H4NOH2
–, and previous reports on Fe(II) complexes of ApH– have 

shown that it is possible to deprotonate the hydroxyl proton in ApH2 selectively.13  As the Fe–

O1 (2.048(3) Å) and Fe–N1 (2.214(4) Å) bond distances in 1 are comparable with those in these 

examples (Fe–O: 1.931-1.994(2) Å; Fe–N: 2.212-2.299(7) Å),13 the structure of the chelating 

ligands is consistent with that of ApH–.  Furthermore, the selective deprotonation of the 

hydroxyl proton was consistent with typical pKa values for aromatic amines (e.g. pKa aniline = 

30.6)24 and alcohols (e.g. pKa phenol =18.0).25  The observed Fe–O2 bond distance (2.229(3) 

Å) is comparable to those of typical FeII–HOMe bonds (2.205(16) Å),26 while it is substantially 

longer than typical FeII–OMe bonds (1.782(3) Å).27  Accordingly, the axial ligands should be 

MeOH ligands.  Moreover, the Fe–N1, Fe–O2, and Fe–O1 bond distances of 2.214(4), 

2.229(3), and 2.048(3) Å, respectively, suggest the presence of a high-spin FeII center.13 

Table 5. Selected bond distances (Å) for 1 and 2, as well as for previously reported ApH2. 

 

  
Bond distances [Å] 

 
a b c d e 

1 L1 2.214(4) 2.048(3) 1.461(5) 1.342(5) 1.417(6) 
2 L1 2.011(3) 1.940(3) 1.448(5) 1.329(4) 1.413(4) 

 
L2 2.013(3) 1.939(3) 1.454(5) 1.342(4) 1.408(6) 

 
L3 1.999(3) 1.939(3) 1.455(5) 1.335(4) 1.404(5) 

 
L4 2.015(3) 1.946(3) 1.450(5) 1.339(4) 1.402(5) 

ApH2
a 

   
1.413(1) 1.366(2) 1.410(2) 

       
  

f g h i j 
1 L1 1.385(7) 1.401(5) 1.390(6) 1.394(7) 1.408(6) 
2 L1 1.376(5) 1.402(5) 1.384(5) 1.391(5) 1.393(5) 

 

L2 1.384(5) 1.397(5) 1.381(5) 1.381(5) 1.397(6) 

 

L3 1.379(5) 1.408(6) 1.399(6) 1.390(5) 1.371(7) 

 

L4 1.389(5) 1.404(6) 1.393(6) 1.389(5) 1.388(5) 
ApH2

a 
 

1.397(2) 1.389(2) 1.398(2) 1.400(2) 1.397(2) 
a Ref. 21. 
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These observations, in their entirety, suggest that complex 1 adopts a structure that is consistent 

with trans-[FeII(ApH)2(MeOH)2]. 

  It should be noted that the Fe–N1 bond distance (2.214(4) Å) in 1 is similar to those in 

[FeII(opda)3](ClO4)2 (2.204-2.234(2) Å), whereas the dihedral angle between the O1–Fe1–N1 

and O1–C1–C2–N1 planes in 1 (1.06 °) is relatively small compared to those in 

[FeII(opda)3](ClO4)2 (35.90, 38.17, and 44.15 º).11  The high levels of planarity in the 

five-membered rings that contain the FeII center in 1 is indicative for the presence of interactions 

between the d-orbitals of FeII and the π-orbitals of the ApH– moieties via the p-orbitals on the O 

atom(s).13a  It is noteworthy that the observed differences with respect to the dihedral angles 

induce a substantially different coordination environment for the amino groups in 1 relative to 

those in [FeII(opda)3](ClO4)2.11  

  Mixing two equivalents of a methanolic solution of ApH2 with an aqueous solution of 

CuII(OAc)2 under an atmosphere of N2 resulted in the formation of 2 as an aqua-blue solid.  

The unit cell of 2 contains two crystallographically independent mononuclear units, A and B 

(Figures 7a and 7b).  In these, the Cu atoms adopt square-pyramidal coordination geometry, 

wherein the two bidentate NO ligands occupy the equatorial positions, while one O atom resides 

Figure 7. Molecular structures of the crystallographically independent units a) A and b) B in 2 
with atomic displacement parameters set at 50% probability; color code: Cu = purple, O = red, 
N = light blue, and C = dark gray; ball-and-stick plots for N-bound hydrogen atoms (aqua), 
while all other hydrogen atoms are omitted for clarity. 
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on the apical position.  The structures of A and B are almost identical, except for their chirality 

around the Cu center.  The C–N (1.448-1.455(5) Å) and C–O (1.329-1.342(4) Å) bond 

distances in the four bidentate NO ligands indicate a single bond character for these bonds, and 

the C–C bond distances in the six-membered rings (1.371-1.413(7) Å) suggest high levels of 

aromaticity.  As in the case of 1, these results suggest that the ligands in 2 adopt a structure that 

is consistent with ApH–.11,13,23  As the Cu–O (A: Cu1–O3 = 2.431(3) Å, B: Cu2–O6 = 2.424(3) 

Å) bond distances are consistent with those of previously reported CuII–OH2 bonds (2.475(10) 

Å) in e.g. cis-[CuII(L-isoleucinato)2(H2O)],28 the apical ligand in 2 should be assigned to H2O, 

leading to the formulation of 2 as trans-[CuII(ApH)2(H2O)].  The difference in coordination 

number between 1 and 2 should be attributed to the different degree of electron repulsion around 

the metal center of FeII (d6) and CuII (d9).  As in the case of 1, the observed dihedral angles of 

0.19, 0.93, 10.42, and 11.76 ° between the O–Cu–N and O–C–C–N planes in ApH– in 2 indicate 

interactions between the d-orbitals on CuII and the π-orbitals on the ApH– moieties.  Although 

antibacterial activity has been demonstrated for ApH– complexes of Cu(II), their detailed 

structures have not yet been reported.29  Thus, complex 2 represents the first example of a 

structurally resolved ApH– complex of Cu(II).  

  The UV-vis-NIR spectra of 1 (1.35 mM) in MeOH, as well as that of solid 1 (KBr disk) are 

shown in Figure 1.  For 1, four absorption bands were observed at λmax (ε / M–1 cm–1) = 230 

(17,690), 285 (8,550), 335 (1,210), 460 (480), and 680 (118) nm.  The two absorption bands at 

230 and 285 nm, with relatively large molar extinction coefficients, are similar to those of ApH2 

and ApH–, and were therefore assigned to the transitions involving ApH–-centered π-π*.14  The 

two bands at 335 and 460 nm, which were not observed for ApH2 and ApH–, could be tentatively 

assigned to charge transfer (CT) transitions between Fe(II) and the ApH– ligands,13c while the 

d-d transitions of the Fe(II) center appeared as a shoulder band at 680 nm (118 M–1 cm–1).  In 

the solid state, the absorption bands of 1 appeared at 235, 287, 335, 450, and 750 nm, similar to 

those of the MeOH solution, suggesting comparable structures in solution and in the solid state.   

  As metal ions have been known to interact with ApH– and perturb its properties, the 
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UV-vis-NIR spectrum of 2 in solution (1.00 mM in MeOH) exhibited five absorption bands at 

λmax (ε / M–1 cm–1) = 227 (17,400), 283 (8,800), 335 (440), 450 (130), and 607 (80) nm (Table 3 

and Figure 8).  The two absorption bands at 227 and 283 nm with large molar extinction 

coefficients are similar to those of 1, ApH2, and ApH–, and were accordingly assigned to 

transitions involving ApH–-centered π-π*.  Conversely, the three bands at 335, 460, and 607 

nm, which were not observed for ApH– and ApH2, should be assigned to CT transitions between 

Cu(II) and the ApH– ligands (335 and 460 nm), as well as to Cu-centered d-d transitions (607 

nm). 

  No time-dependent spectral change was observed for 1 (Figure 9a), whereas the spectral 

profile of 2 gradually changed over the course of 20 h under an atmosphere of N2 (Figure 9b), 

resulting in the emergence of an absorption band at 427 nm.  The absorption maximum of this 

band was identical to that of APX, thus indicating the formation of APX from 2 in MeOH.  This 

notion is supported by previous reports on APX analogues such as actinomycin D, which can be 

synthesized from the appropriate ApH2 precursors by phenoxazine synthase-catalyzed oxidative 

deprotonation.30  Furthermore, Nishinaga and co-workers reported the CoII(salen)-catalyzed 

(salen = N,N’-bis(salicylidene)ethylenediamine) formation of APX from ApH2, and proposed a 

Figure 8. UV-vis-NIR spectra of 2 in MeOH (1.00 mM; purple line) and in the solid state (KBr 
disk; blue line) under an atmosphere of N2. The inset shows a magnification (300-900 nm) for 
the solution spectrum. 
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nucleophilic attack from the amino group of ApH2 to the CoII-bound IBQ intermediate as the 

initial step of the reaction, followed by a multistep oxidative deprotonation and the formation of 

a C–O bond.31  Another previous report rationalized the formation of APX from 2 on the basis 

of the generation of a Cu-bound IBQ intermediate (Scheme 2).  As the reduction potential of 

CuII is in general more positive than that of FeII, the different reactivity of 1 relative to 2 might 

be related to the increased electron-accepting capacity of CuII in 2 relative to that of FeII in 1.  

These results suggest a remarkable influence of the metal center on the electron-donating ability 

of the ApH– ligand.  As the Cu complex proved to be unstable in MeOH, no PHER was carried 

out on this complex.  

  Figure 3 shows the amount of evolved H2 as the result of the photoirradiation (289 ± 10 nm; 

3.2 mW Hg-Xe lamp; tirr = 5 h) of a MeOH solution of 1 as red circles.  The MeOH solution of 

1 also showed PHER activity, resulting in the formation of 6.7 (tirr = 5 h) and 14.9 (tirr = 24 h) eq. 

of H2 per molecule of 1, respectively (Figure 4).  Prolonged PHER (tirr = 24 h) afforded a small 

amount of HCO2H in addition to H2 and HCHO (Table 4), while no detectable amounts of CO2 

were generated.  In contrast, control reactions under the same conditions, using a MeOH 

solution of FeII(ClO4)2·6H2O did not show any PHER activity (Figure 3).  For the PHER of 

Figure 9. UV-vis spectra of a) 1 (t = 0 h; black line) and 1 (t = 20 h; red line) (1.35 mM), as 
well as of b) 2 (t = 0 h; black line), 2 (t = 4, 8, 12, and 16 h; gray line), and 2 (t = 20 h; red line) 
(1.00 mM) in MeOH under an atmosphere of N2.  The UV-vis spectrum of APX (1 mM; blue 
line) is shown for comparison. 
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solution of 1, a ΦH2 value of 4.8% (tirr = 5 h) was estimated.  Considering these PHER results 

and the aforementioned absorption spectra, it seems feasible to suggest that the photo-excitation 

of the ApH– ligand moiety in 1 initiates the PHER.  Interestingly, the photocatalytic activity on 

ApH– was not suppressed even after the complexation with the FeII center, implying the 

possibility to tune reactivity of the system via structural design. 

  In order to determine the excitation that initiates the PHER of 1 in MeOH, we examined the 

correlation between PHER performance and the wavelength of the irradiation source.  

Exposing a MeOH solution of 1 to photoirradiation at 460 ± 10 nm (ε460 nm = 483 M–1 cm–1, tirr = 

24 h), did not generate any H2.  However, upon exposing a MeOH solution of 1 to 

photoirradiation at 350 ± 10 nm (21.8 mW, ε350 nm = 932 M–1 cm–1, tirr = 24 h) PHER resulted in 

the formation of 0.48 eq. of H2, and a ΦH2 value of 0.019% was estimated (Figure 10).  

Although the ΦH2 value for irradiation at 350 ± 10 nm (0.019%) is lower than that at 289 ± 10 

nm (4.8%), these results imply that PHER may be driven by lower-energy light sources, given a 

suitable combination of ApH–-type ligands with metal ions.   

Scheme 2. A Plausible mechanism for the formation of APX from 2.31 
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6-3-3. A Reaction Mechanism for the Dehydrogenation of Methanol Catalyzed by ApH2, 

ApH–, and 1 

  To shed light on the fundamental PHER mechanism operative in MeOH solutions of ApH2, 

ApH–, and 1, we wanted to identify the source of H2.  In this context, it is pertinent to 

distinguish proton and electron sources according to: (i) the hydroxyl and methyl protons of 

MeOH, (ii) the aromatic protons of ApH2, ApH–, and ApH– in 1, and (iii) the amino protons of 

ApH2, ApH–, and ApH– in 1.  Taking the amount of photochemically generated H2 (Table 4) 

and the formation of HCHO and HCO2H into account, it seems plausible to consider (i) as the 

probable source of the evolved H2.  In order to experimentally confirm this hypothesis, PHERs 

were carried out in MeOH-d3, and the evolved gas was subsequently analyzed by GC at 77 K 

(Figure 11).  For H2, D2, and HD standards, retention times of 5.0 (p-H2), 6.3 (o-H2), 7.8 (p-D2), 

8.4 (o-D2), and 6.4 min (HD) were observed (Figures 11a-11c).  Photoirradiation of ApH2 in 

MeOH-d3 at 289 ± 10 nm afforded gas samples that exhibited a single peak with a retention time 

of 6.4 min (Figure 11d), suggesting the selective formation of HD under such PHER conditions.  

Figure 10. H2 evolution from MeOH solution of 1 (λ = 350 ± 10 nm, 21.8 mW).  Evolution of 
a) H2 (mol) per compound (mol) and b) H2 (µmol) as a function of PHER time for MeOH 
solutions of ApH2 (2 mM; black circles), ApH– (2 mM; green circles), 1 (1 mM; red circles), and 
FeII(ClO4)2·6H2O (1 mM; blue circles), together with pure MeOH (gray circles). 
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Clearly, the D atom in the evolved HD originates from an α-hydrogen of MeOH-d3, thus 

suggesting a C–H (D) bond cleavage during PHER.  The PHER of ApH– and 1 (Figures 11e 

and 11f), as well as the photoirradiation of a MeOH-d3 solution of 1 at 350 ± 10 nm (Figure 11g) 

furnished samples that displayed similar HD peaks in the GC analysis.  These results confirm 

that the PHER of MeOH solutions of ApH2, ApH–, and 1 generate H2 from MeOH.  

  As ApH2 and ApH– can promote one-proton and two-electrons transfers, it is not surprising 

that these can generate electron(s), hydrogen radical(s), or a hydride (Scheme 1).  In order to 

get a better mechanistic insight into the observed PHERs, photochemical reactions were carried 

Figure 11. GC analysis of H2, D2, and HD standards and gas samples from PHERs.  GC 
profiles of a) H2, b) D2 and HD generated by treatment of MeOH-d4 (99.8%) with sodium metal, 
c) HD, H2 and D2 generated by the treatment of a mixed MeOH/MeOH-d4 solution (v/v = 1/1) 
with sodium metal, gas samples obtained from MeOH-d3 (99.5%) solutions of d) ApH2, e) ApH–, 
and f) 1 after photoirradiation at λ = 289 ± 10 nm (3.2 mW, tirr = 24 h), and g) 1 after 
photoirradiation at λ = 350 ± 10 nm (21.8 mW, tirr = 24 h); GC conditions: 8% KOH alumina 
column; T = 77 K. 
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out in the presence of t-BuSH, which is able to act as a hydrogen radical scavenger due to the 

relatively low bond dissociation energy of the S–H bond, resulting in the formation of t-Bu2S2.32 

  The 1H NMR spectrum of t-BuSH prior to photoirradiation at λ = 289 ± 10 nm (tirr = 24 h) in 

MeOH-d4 is shown in Figure 12a.  A singlet peak was observed at δ = 1.40 ppm, which was 

assigned to the protons of the t-Bu group, while no considerable change in the spectrum was 

Figure 12. 1H NMR spectra (MeOH-d4) in the aromatic (left) and aliphatic (right) regions of a) 
t-BuSH, b) t-Bu2S2, c) t-Bu2S2 after photoirradiation at λ = 289 ± 10 nm (tirr = 5 h), d) t-BuSH 
with ApH2, e) t-BuSH with ApH2 after photoirradiation at λ = 289 ± 10 nm (tirr = 5 h), f) t-BuSH 
with 1, g) t-BuSH with 1 after photoirradiation at λ = 289 ± 10 nm (tirr = 5 h), and h) t-BuSH 
with 1 after photoirradiation at λ = 350 ± 10 nm (tirr = 24 h). 
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observed after photoirradiation (Figure 13), which is consistent with the absence of an 

absorption around λ = 289 nm (Figure 14a).  The 1H NMR and UV-vis spectra of t-Bu2S2 in 

MeOH-d4 and MeOH are shown in Figures 12b and 14b, respectively.  In MeOH-d4, the 1H 

NMR spectrum of t-Bu2S2 exhibits a singlet resonance at δ = 1.29 ppm, while the UV-vis 

spectrum shows an absorption around λ = 289 nm in MeOH.  After photoirradiation of a 

MeOH-d4 solution of t-Bu2S2 at λ = 289 ± 10 nm (tirr = 5 h), major singlet peaks emerged at δ = 

1.71, 1.40, 1.29, and 0.88 ppm together with several minor peaks, thus demonstrating the 

photochemical reactivity of t-Bu2S2 (Figure 12c).  These resonances are therefore indicative of 

the in situ formation of t-Bu2S2 and its photochemically decomposed products.  

 

 

 

 

 

 

 

 

  

Figure 14. a) UV-vis spectra of t-BuSH (20 mM; black line) and t-Bu2S2 (20 mM; red line) in 
MeOH, and b) magnification of the spectra (absorbance = 0-1). 

Figure 13. 1H NMR spectrum of t-BuSH (2 mM) in MeOH-d4 a) prior and b) posterior 
photoirradiation at λ = 289 ± 10 nm (tirr = 24 h). 
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  The 1H NMR spectrum of a mixture of t-BuSH and ApH2 in MeOH-d4 (Figure 12d) displays a 

peak at δ = 1.40 ppm, which is comparable to the resonances of pure t-BuSH in MeOH-d4 

(Figure 12a), thus suggesting negligible interaction between ApH2 and t-BuSH in the ground 

state.  After photoirradiation of this solution at λ = 289 ± 10 nm (tirr = 5 h), new singlet peaks 

emerged at δ = 1.71, 1.29, 1.22, and 0.88 ppm (Figure 12e).  The new peaks are identical to 

those obtained for photoreacted t-Bu2S2 (Figure 12c), suggesting the formation of t-Bu2S2 during 

the photoreaction of ApH2 and t-BuSH.  

  Similar experiments were also carried out for 1, but the 1H NMR spectrum of t-BuSH in the 

presence of 1 (Figures 12a and 12f) did not indicate any significant interaction between t-BuSH 

and paramagnetic 1 in the ground state.  After photoirradiation of this solution at λ = 289 ± 10 

nm (tirr = 5 h), new singlet peaks were observed at δ = 1.71, 1.29, 1.22, and 0.88 ppm (Figure 

12g).  These peaks are comparable to those of the photoirradiation product obtained from 

t-BuSH and ApH2 (Figure 12e), and these results thus suggest the formation of t-Bu2S2 from 

t-BuSH in the presence of 1.  

  At this point it should be beneficial to consider possible formation mechanisms for the 

formation of t-Bu2S2 from t-BuSH.  One possibility is the oxidation of t-BuSH by ApH2 in the 

excited state, while another is the generation of hydrogen radicals from photoirradiated ApH2, 

Figure 15. Emission spectra of a) ApH2 (0.02 mM; black line) and b) 1 (0.01 mM; black line) 
excited at λ = 285 nm, together with those after addition of 0.5 eq. (green line), 1.0 eq. (blue 
line), 1.5 eq. (purple line), and 2.0 eq. (red line) of t-BuSH in MeOH under an atmosphere of N2. 
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followed by the abstraction of a hydrogen radical from t-BuSH.  Upon excitation at λ = 285 

nm in MeOH, ApH2 exhibits an emission peak at 342 nm (Figure 15a).  This emission was 

tentatively assigned to the 1π-π* excited state, which was not quenched by t-BuSH.  Therefore, 

the generation of a hydrogen radical from an alternative excited path represents a more likely 

mechanism compared to an electron transfer via the 1π-π* excited state.  Similar to the case of 

ApH2, the emission peak of 1 in MeOH was not influenced by the presence of t-BuSH upon 

excitation at λ = 285 nm (Figure 15b).  This result suggests that PHER of 1 does not include 

the oxidation of t-BuSH by the excited state of 1, but the generation of a hydrogen radical from 

1.  

  Furthermore, the characteristic singlet peak for t-Bu2S2 at δ = 1.29 was observed after 

photoirradiation of 1 at λ = 350 ± 10 nm (tirr = 24 h; Figure 12h).  These results suggest that the 

pathway for the generation of hydrogen radials is also included in the excitation of 1 at λ = 350 

± 10 nm, similarly to the excitation of 1 and ApH2 at λ = 289 ± 10 nm.  The photoirradiation of 

1 in MeOH at λ = 350 ± 10 nm in the presence of NADCl, which is an electron or hydride 

Figure 16. 1H NMR spectra of 1 (1 mM) in the presence of NADCl (2 mM) in MeOH-d4 a) 
prior and b) posterior to photoirradiation at λ = 350 ± 10 nm (tirr = 24 h).  The insets show a 
magnification of the 9.5-8 ppm region.  The amide protons could not be detected, most likely 
on account of an H/D exchange between NADCl and MeOH-d4. 
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scavenger,33 revealed no considerable change in the 1H NMR spectra prior and posterior to 

photoreaction (Figure 16).  These results indicate that the photoreaction of 1 at λ = 350 ± 10 

nm does not include any electron transfer or generation of hydrides, and are thus consistent with 

a mechanism based on hydrogen radicals (Scheme 3).  

  In general, hydrogen can be generated from MeOH using an electron donor, a hydrogen 

radical, or a hydride.  Experiments between MeOH-d3 and sodium metal (electron donor) or 
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NaBH4 (hydride donor) showed that under these conditions, H2 was produced selectively (eqs. 7 

and 8 and Figure 17).  In contrast, the formation of HD was negligible, as the o-H2/p-H2 peak 

area ratio was almost identical to that of the H2 standard (Table 6).  Hydrogen radicals have 

previously been reported to react with the α-hydrogen atoms of MeOH to produce H2 and the 

corresponding ·CH2OH radical (eq. 9).34  The ·CH2OH radical is moreover a good reducing 

agent and able to react with electron acceptors (EA) such as Fe(III) or Co(III),34 which affords 

HCHO as the oxidized species of the ·CH2OH radical (eq. 10). 

 

 

 

 

 

  For ApH2, proton- and electron-transfer properties should be expected, and ApH2 should thus 

be able to donate electrons, hydrides, and/or hydrogen radicals.  The ability to photochemically 

generate hydrogen radicals, which originate from the hydroxyl protons, has already been 

reported for ApH2.14  As previously discussed, it was confirmed that PHERs of MeOH-d3 

solutions of ApH2, ApH–, and 1 selectively generate HD (Figure 11), which suggests a selective 

abstraction of the α-hydrogen atoms from MeOH.  Actually, the generation of hydrogen 

eq. 7

eq. 8

eq. 9

eq. 10

eq. 31

eq. 31

eq. 31

eq. 31

CD3OH  +  H– CD3O–  +  H2

CH2OH  +  EA CH2O  +  H+ +  EA–

2CD3OH  +  2e– 2CD3O–  +  H2

CH3OH  +  H CH2OH  +  H2

Figure 17. Gas chromatograms for standards: a) H2, b) H2 generated by treatment of CD3OH 
(99.5%) with sodium metal, and c) H2 generated by the treatment of CD3OH (99.5%) with 
NaBH4. 
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radicals was confirmed in the photochemical reactions of ApH2 and 1 in the presence of the 

scavengers (Figure 12).  Consequently, all PHERs should be initiated by the generation of a 

hydrogen radical. 

  Scheme 4a shows a plausible mechanism for the PHER involving ApH2.  It seems 

reasonable to assume that PHER (λ = 289 ± 10 nm) proceeds via the initial photochemical 

generation of hydrogen radicals from the hydroxyl moieties of ApH2.  Subsequently, H2 and 

HCHO should be formed by the selective abstraction of α-hydrogen atoms from MeOH (Figure 

11).  The additional oxidation product HCO2H would then be generated from the 

dehydrogenation of HCHO and co-existing water.  

  In the case of ApH–, a hydroxyl proton is not present, and therefore, O–H bond cleavage in 

ApH– should not occur during PHER.  Previous studies on aromatic amines, such as aniline 

and opda, revealed characteristic photoreactions, which are initiated by the π-π* excitation 

through the 3s Rydberg states of the nitrogen atom in the amino group.35  Eventually, the N–H 

σ-bonds in these amino moieties are photochemically activated to generate hydrogen radicals 

via the π-π*/π-σ* conical intersection in these reactions, which is similar to the case of ApH2.36  

The formation of a hydrogen radical and ISQ– may be possible from the homolytic cleavage of 

an N–H bond in the π-σ* exited state from a π-π* excitation (Scheme 4b), and subsequent 

reactions indicate the generation of H2 and HCHO, similar to the case of ApH2. 

  Furthermore, complex 1, containing ApH– ligands, should also generate hydrogen radicals by 

the homolysis of an N–H bond in the ApH– moiety under photoirradiation conditions (λ = 289 ± 

10 nm; Scheme 4c).  In the plausible mechanism for 1, either the MeOH molecule coordinated 

to the Fe(II) center or that not directly bound to the Fe(II) center or both may be included in the 

Table 6. GC peak area for H2 obtained from the treatment of MeOH-d3 with sodium metal, 
and from the treatment of MeOH-d3 with NaBH4. 

H2 source Area for p-H2 × 103 Area for o-H2 × 103 o-H2 / p-H2 

Standard H2 2.23 7.56 3.39 

MeOH-d3 + Na 2.47 8.16 3.30 

MeOH-d3 + NaBH4 2.33 7.81 3.35 
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reaction as described in routes A and B.  Remarkably, the complexation of ApH– with Fe(II) 

does not inhibit its PHER activity.  It should also be noted here that the PHER proceeding via 

excitations including π-π* transitions show higher ΦH2 values (4.8%) relative to CT excitations 

(0.019%).  
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6-4. Conclusions 

 

  This chapter demonstrated the first examples for the photocatalytic dehydrogenation of 

MeOH at room temperature, using ApH2, ApH–, and an Fe(II) complex of ApH– (1) as 

photocatalysts.  The PHERs, which are initiated by the π-π* excitations of the ApH– moieties 

in ApH2, ApH–, and 1, include the formation of hydrogen radicals and ultimately result in the 

dehydrogenation of MeOH.  Although these photochemical reactions still require mostly UV 

light, the PHER activity and the comparable ΦH2 values of ApH2 and ApH– promises potential 

for these compounds as a new organophotocatalyst platform.  Furthermore, complex 1 

demonstrated a comparable photochemical reactivity and ΦH2 value with respect to ApH–, 

despite of the presence of a paramagnetic Fe(II) center.  The PHER activity upon 

photoexcitation of the CT band of 1 suggested that the complexation between FeII and ApH– 

allows access to unprecedented photoreactivity that is able to realize the photochemical 

generation of H2 at longer wavelengths relative to ApH2 and ApH–.  The central issues to be 

addressed in the immediate future are improvements of the catalytic activity and the use of 

visible light as a driving force, by using various combinations of metal ions with ApH–-type 

ligands and extended π-systems. 
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Future Perspectives 

 

  Chapter 2-4 described coordination of RMLs to several guest metal ions together with metal- 

or ligand-centered redox reactions of the homo and heteroleptic MLs.  It was found that the 

combination of the RMLs with a guest metal ions led to the formation of the supramolecular 

structures, such as 1:1 complex, 2:1 complex, 1-D coordination polymer, and 2-D 

henycomb-like structure.  Moreover, it was revealed that coordination of RMLs to guest metal 

ions modulate not only redox potentials but also the number of transferred electrons as well as 

redox centers in RML complexes.  Theses results elucidate details on the interactions between 

RMLs and guest metal ions to establish the design principles for creating multi-electron transfer 

system. 

  In addition, Chapter 5-6 described PHERs by Fe complexes with the electron- and 

proton-transfer ligands such as Opda and ApH2.  It is found that the electron- and 

proton-transfer activity of ligands allow to proceed two typs of PHERs, which is the evolution 

of hydrogen from ligands or from the hydrogen carrier i.e. MeOH.  These results demonstrated 

PHER activities of non-precious metal complexes as a electron- and proton-pooling site at 

ambient temperatures. 

  Water-derived hydrogen that has been generated catalytically with the use of renewable 

energy sources represents one of the most desirable chemical energy sources for the future.8  

Therefore, the developments of water splitting catalysts to produce hydrogen, as well as the 

complementary hydrogen-storage materials to store the furnished hydrogen safely with high 

efficiency, represent desirable research targets.  

  In future study, the creations of catalysts and materials are investigated based on the electron- 

and proton-transfer activity on their redox-active ligands.  It is expected that the properties of 

theses redox-active ligands, (i) activate ligand-centered multi-electron and -proton transfer, and 

(ii) construct reaction fields for the formation of hydrogen from the ligands, are further 

developed by complexation and assembling the ligands using non-precious metals. 
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  Initially, water splitting will be realized by the use of two types of RML assemblies (Chart 1). 

One RML assembly will have strong electron-accepting properties, and will thus be able to 

capture and activate water molecules on the guest metal site.  Then, RMLs will accept 

electrons and protons from water molecules to generate molecular oxygen.  The second RML 

assembly will exhibit electron- and proton-transfer activity, i.e. accept electrons and protons, 

which are supplied from the oxygen-evolution RML assembly.  Subsequently, hydrogen will 

be generated from the ligands in the RML assembly, preferably by using renewable energy 

sources.   

  In a second step, hydrogen will be stored either in materials consisting of metal complexes 

that contain electron- and proton-transfer active ligands, or in organic hydrogen carriers.  

Chemical hydrogen absorption is carried out on electron- and proton-deficient ligands in the 

metal complex, prior to hydrogen being generated from electron- and proton-rich ligands via 

photochemical excitation.  In addition, dehydrogenation and hydrogenation reactions of 
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hydrogen carriers will be catalyzed by metal complex with electron- and proton-transfer active 

ligands. 

  It is expected that the judicious combination of electron- and proton-transfer activity and 

photochemical reactivity, will lead to new catalysts and materials that exhibit high activities for 

electron- and proton-transfer as well as progression of new chemistry for electron- and 

proton-transfer. 
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