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General Introduction
1-1. Multinuclear Metal Complex

Multinuclear metal complexes are an attractive class of materials because the
strong electronic interactions between composed metal ions can provide unique electronic
structures, which cannot be achieved in mononuclear metal complexes. Owing to their
characteristic electronic structures, thus far, there have been a number of reports on
artificial multinuclear metal complexes that exhibit excellent redox, photochemical and
magnetic properties, and reactivity in addition to some examples in natural enzymes. Due
to their nice properties and reactivity, multinuclear metal complexes have been

investigated well and are expected to be functional materials for future practical

applications.
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Figure I-1 | Characteristics of multinuclear metal complexes.



1-2. Characteristics of Multinuclear Metal Complex
1-2-1. Structure

Multinuclear metal complexes are constructed by multiple metal ions and
bridging ligands. The structures of multinuclear metal complexes are determined by the
nature of metal ions and ligands and also combinations of metal ions and ligands.
Therefore, various kinds of multinuclear metal complexes with unique structures are
observed by changing these factors. 12

For instance, M. Fujita and co-workers reported a molecular square containing 4
palladium ions. ' It is the first report of molecular square and the complex is constructed
by 90° cis-protected palladium(Il) ions and 4,4’-bipyridine as a liner linker. In addition,
P. J. Stang and co-workers reported various molecular squares constructed by
diphosphine-blocked cis-blocked palladium(Il) ions and platinum(Il) ions, and
established a large library of molecular squares of various sizes and functions. !4

Furthermore, M. Fujita and co-workers reported a molecular ball composed of
12 palladium(II) ions (Figure I-2, a). !>!¢ In this complex, 12 palladium(II) ions in square—
planer geometry are assembled with 24 units of rigid bent dipyridine linker. Interestingly,
when dipyridylthiophene was used as a bent linker, it resulted in the formation of a giant
molecular ball constructed by 24 palladium(Il) ions in square—planer geometry and 48

curved bridging ligands (Figure I-2, b). !’

Figure I-2 | Structures of molecular balls constructed by (a) 12 Pd** ions'>!® and (b)
24 Pd*" ions'’.



1-2-2. Redox Property
Multinuclear metal complexes enable to construct multi electron transfer
systems. 82> The multi electron transfer reactions can be achieved by reflecting the
number of redox-active metal ions even if the changes of the oxidation state in each metal
center is just one. For instance, trinuclear ruthenium complex reported by T. J. Meyer and
co-workers can exhibit multistep one electron transfer reactions (Figure 1-3). These
electron transfer reactions are originated from the redox of ruthenium centers. **
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Figure I-3 | Core structure and a cyclic voltammogram of the trinuclear ruthenium

complex. * (© 1975 American Chemical Society)

The features of electron transfer reaction are determined both by the nature of
metal ions and the coordination environment of metal ions. In addition, multinuclear
metal complexes can show intramolecular electron transfer reactions between metal ions
by their strong electronic interactions. The intramolecular electron transfer reactions
afford the generation of various charge isomers. For instance, C. P. Kubiak and co-
workers reported unique redox behaviors in a hexanuclear ruthenium complex. 23-2° The
ruthenium complex has two trinuclear ruthenium cores bridged by a pyrazine and exhibits
flexible oxidation/reduction reactions. Interestingly, one electron reduced state of the
complex showed intramolecular electron transfer reaction via the pyrazine bridge (Figure
I-4). In other oxidation states, the complex did not show intramolecular electron transfer
reaction. These phenomena are originated from the strong electronic interactions between

metal centers.
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Figure I-4 | Intramolecular electron transfer reaction in the hexanuclear ruthenium

complex reported by C. P. Kubiak and co-workers.
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1-2-3. Magnetic Property

The magnetic interaction between paramagnetic centers has been investigated in
detail. Especially, multinuclear metal complexes which have paramagnetic metal ions
have attracted much attentions because they can exhibit unique magnetic properties and
their magnetic properties can be changed by reflecting the kinds of metal ions and/or the
number of metal ions.

The acetate bridged multinuclear metal complex composed of 12 manganese
ions is an interesting material as a single molecule magnet (Figure I-5, left). 2’ The
complex has a cubane type core constructed by 4 Mn'!" ions at the center of the structure.

I

In addition, the core is surrounded by other 8 Mn™ ions bridged by acetate ligands and

oxo ligands. The complex has ferromagnetic interaction between 4 Mn'Y ions in the

cubane core and antiferromagnetic interaction between other 8 Mn'!!

ions. (Figure I-5,
right) Due to these two magnetic interactions, the complex can exhibit ferrimagnetism
and work as a magnet. 233!

In addition, multinuclear structures can also effect on a spin crossover effect. The

multinuclear structure can emphasize a cooperative effect compared with the

mononuclear structure, then the multinuclear metal complexes can exhibit drastic spin
32:36

conversion with temperature hysteresis.

Figure I-5 | Molecular structure (left) and spin structure (right) of the dodecanuclear

manganese complex. 27!



1-2-4. Photochemical Property

Some multinuclear metal complexes can also exhibit photochemical properties.
3741 These photochemical properties are originated from the distinct electronic structures
determined by the interaction between metal ions as well as the interaction between metal
ion and ligand.

The tetranuclear copper complexes which have the distorted cubane structure,
CusX4Ly, exhibit luminescence (Figure 1-6, a). > The complexes are constructed by 4
copper ions, 4 halides (X) and 4 monodentate ligands (L). The distance between cupper
ions are functions of both the halide and the ligand. For example, respective tetranuclear
complexes of CusClsLs and Cuslsls demonstrate cubane configurations, the Cu-Cu
distances are different between CusClsLs and CuslsLs due to the effect of halides.
Notably, CuslsLs is strongly luminescent at ambient temperature as a solid and in solution,
while CusClsLs shows no luminescence in solution and only weak room temperature
emission as a solid. #°

In addition, the photochemical properties of multinuclear metal complexes can
be tuned by changing their structures. This is because the electronic structure is also
determined by not only the interactions between components but also the structure.
Therefore, various kinds of mutinuclear metal complexes with unique photochemical

properties have been reported (Figure I-6, b). *¢%

(@)

Figure 1-6 | (a) the structure of CusX4L4 and (b) the structures of various multinuclear

copper complexes which exhibit photochemical properties.



1-2-5. Reactivity

Multinuclear metal complexes can work as useful catalyst by taking advantage
of their multinuclear structures. The metal centers can work as not only the active centers
but also the redox mediators. In addition, multinuclear metal complexes can exhibit
flexible redox behaviors reflecting the number of redox-active metal ions. Therefore,
multinuclear metal complexes are suitable to store and transfer multi electrons. 35

S. Masaoka and co-workers revealed that pentanuclear iron complex, Fes, can
catalyze water oxidation reaction with extremely high turnover frequency. *° Fes is
composed of 5 iron ions and 6 ligands. Fes can exhibit flexible one-electron transfer
reactions involving in the redox of Fe'''/Fe!' due to the strong electronic interactions
between iron ions. Interestingly, two iron ions at the apical position can work as the charge
storage sites. Actually, the redox storage sites contribute to the flexible electron transfer
reactions in Fes. In addition, other three iron ions in the triangle core work as the adjacent
active sites to promote O-O bond formation.

Two features of multinuclear structure, (1) the flexible redox behaviors attributed
to the strong electronic interaction and charge storage sites and (2) the adjacent active

sites, greatly contribute to the high catalytic activity of Fes.
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Figure I-7 | Design of the pentanuclear iron complex for water oxidation reaction. >°
(© 2016 Springer Nature)



1-3. Multinuclear Metal Complexes in Nature
Multinuclear metal complexes play important roles in nature system because

some metalloenzymes have multinuclear structure in their active center (Figure I-8). 7!
(a) (b)

Figure I-8 | Structures of (a) OEC, (b) active site of nitrous oxide reductase and (c)
FeMoco of nitrogenase. (© 2011 Springer Nature, © 2014 American Chemical Society
and © 2011 American Association for the Advancement of Science)

For instance, the Oxygen Evolving Complex (OEC) in photosystem II which has
cubane structure composed of MnsCaOs can catalyze water oxidation reaction and its
redox intermediates are known as S; states (i = 0-4). The flexible electron transfer
reactions of the OEC can generate each S; state and oxidizing equivalents can be stored
in each state. Then the fully oxidized OEC can oxidize H>O to O efficiently. > In the
turn of catalytic cycle, it should be noted that intramolecular electron transfer occurs at
S> state. The intramolecular electron transfer suppresses back electron transfer reaction
(Figure 1-9). The features of multinuclear metal complexes greatly contribute to the
catalytic cycle of OEC.

g=2
Figure 1-9 | Structures of OEC at S; state and S, states. OEC has spin isomer at S

state. Mn** ions are shown in purple, Mn*" ions are shown in lavender. (© 2017
American Chemical Society)

Furthermore, the function of nitrous oxide reductase is also supported by
multinuclear metal complex constructed by four copper ions. The intramolecular electron
transfer between copper ions promotes the coordination of the substrate to copper ion,
and the transformation to the product from the substrate. °“% So multinuclear metal
complexes are fundamental materials not only in artificial system but also in natural

system.



1-4. Purpose of This Thesis

Multinuclear metal complexes potentially generate various electronic states,
between which the number and/or the position of the oxidized metal centers are different,
and the difference in the distribution of oxidation states, largely affects the electronic
structure and the physical property of the species. In other words, the control over the
distribution of the oxidation states in the multinuclear metal complexes can be an
important strategy for obtaining the material with the target functionality.

In principle, the distribution of the oxidation states alters via the following two
electron transfer reactions; (i) the oxidation/reduction of composed metal ions and (ii) the
intramolecular electron transfer between composed metal ions (Scheme I-1). These two
reactions allow multinuclear metal complexes to have various electronic structures and
promote their excellent functions. Given that the electron transfer reactions in
multinuclear metal complexes are predominantly determined both by the nature of each
composed metal ion and the electronic interaction between the composed metal ions, the
systematic investigation of the redox behaviors on a series of multinuclear metal
complexes, in which composed metal ions are controllable with keeping the same
molecular framework, is of great significance. This is because the distribution of the
oxidation states can be controlled by installing the desired metal ions into the specific
position of the multinuclear metal complex and such systematic investigation would
provide a comprehensive guideline to understand the redox behavior of multinuclear
metal complex.

However, although studies on the multinuclear metal complexes are abundant,
such replacement of the composed metal ions had been achieved mostly relying on the
fruit serendipity, and on-demand installation of the metal ions into multinuclear metal
complex with desired molecular framework is still challenging. Because of such lack in
the rational synthetic route, the construction of definitive strategy to manipulate the
distribution of oxidation states in multinuclear metal complex had not been achieved.

In order to achieve it, a rational synthetic strategy to enable the on-demand
installation of desired metal ions into specific position in multinuclear metal complex has
to be established. Therefore, the rational synthetic strategy can afford a series of
multinuclear metal complexes that have different arrangement of metal ions with keeping
the same molecular framework. In addition, the rational synthetic strategy also leads the
systematic investigation of the redox behavior in the obtained complexes. The systematic
investigation should provide new insight for the deeper understanding to control over the
redox behavior of multinuclear metal complex, which would lead to the construction of

the guideline to determine the manner of the electron transfer reaction in multinuclear
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metal complex as well as novel strategy to develop a new class of the functional materials.
Therefore, in this thesis, the author focused on the development of the rational
synthetic strategy for obtaining the series of heterometallic multinuclear complexes and

the systematic investigation of redox behavior in the obtained complexes.
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Scheme I-1 | Schematic representation of the electron transfer reactions in the
multinuclear metal complexes. Red and blue circles denote the reduced and oxidized
cores, respectively. As the number of redox cores increases, the redox behaviour
becomes more complicated, which makes predicting/controlling the electron transfers

increasingly difficult.
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1-5. Survey in This Thesis

Chapter 1 describes the rational synthetic strategy for heterometallic
pentanuclear complexes. In this chapter, pentanuclear structure which constructed by five
metal ions and 3,5-bis(2-pyridyl)pyrazole (Hbpp) is chosen as a molecular scaffold due
to the nice redox flexibility. The synthesis of heterometallic pentanuclear complex was
achieved by stepwise synthetic method using a mononuclear metal complex as a precursor.
In this synthetic strategy, a relatively substitution inert ruthenium ion was reacted with
three equivalent of Hbpp ligands under harsh condition to afford a ruthenium
mononuclear complex. The obtained complex was subsequently reacted with different
kinds of metal ion that is substitution labile under milder condition, and the desired
pentanuclear structure formed without scrambling of metal ions. The obtained complex
was well characterized by ESI TOF-MS, elemental analysis and single-crystal X-ray
diffraction. By adopting the strategy, a series of heterometallic pentanuclear complexes
were successfully constructed with keeping the same molecular framework.

Chapter 2 describes the redox behaviors of the heterometallic pentanuclear
complexes synthesized in chapter 1. The systematic investigation for homometallic
pentanuclear complexes as well as heterometallic pentanuclear complexes was performed
to clarify the effect on the difference of composed metal ions. Their redox behaviors were
investigated by electrochemical measurement, UV-vis absorption spectroscopy and UV-
SEC measurement. The electrochemical measurement of these complexes revealed that
they can exhibit some redox waves reflecting the number of redox active metal centers in
their structures and the potentials depended on the nature of composed metal ions. In
addition, UV-vis absorption spectroscopy and UV-SEC measurement revealed the unique
redox process, the reduction-upon-oxidation reaction, proceeded in RuzFe; complex, Fes
complex and Ru,Mn3 complex. In the case of Fe based complexes, it was indicated that
the substitution of iron ion to ruthenium ion can change the step corresponding to the
reduction-upon-oxidation reaction. On the other hands, it was also indicated that the
unique electron transfer process can be induced by the installation of ruthenium ion in the
case of manganese based complex. Furthermore, the systematic investigation in this
chapter allow us to know the two factors that impact the redox behavior of the
pentanuclear metal complex.

Chapter 3 describes the synthetic strategy of heterometallic tetranuclear complex
which has new kinds of structure. The heterometallic tetranuclear complex was also
synthesized by stepwise complexation like heterometallic pentanuclear complex
described in chapter 1. In the case of synthesis of heterometallic tetranuclear complex, a

meridional isomer of the ruthenium mononuclear complex was used as a precursor, while

12



a facial isomer was used for the synthesis of heterometallic pentanuclear complex. By
using the meridional isomer, a series of heterometallic tetranuclear complexes was
successfully synthesized. The structures of the obtained complexes preserved the feature
of the structure of the precursor. The tetranuclear complexes have relatively large vacant
site around the hydroxo-bridged metal centers due to the different orientation of the
ligands. As the summary of chapters 1 and 3, two different series of heterometallic
multinuclear complexes can rationally and selectively be synthesized by using the
geometrical isomer of the ruthenium mononuclear complex in the stepwise synthetic

strategy.
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Chapter 1

On-demand installation of metal ions into pentanuclear metal

complexes

Introduction

Multinuclear metal complexes are an intriguing class of materials because the
strong interaction between composed metal ions can provide unique electronic structure,
which cannot be achieved in mononuclear metal complexes. Owing to their characteristic
electronic structures, theses complexes can exhibit excellent functions not only in
artificial system but also nature system. !> These complexes potentially generate various
kinds of electronic states, between which the number and/or the position of the oxidized
metal centers are different, and the difference in the distribution of oxidation states largely
affects the electronic structure and their functions. In other hands, the control over the
redox property in multinuclear metal complex can be an important strategy for obtaining
the material with the target functionality. However, these materials generally exhibit
complicated redox behaviors because of the strong electronic interaction between
composed metal ions. The strong interaction induces various electron transfer pathways
and the prediction of the electronic structure generated upon such reactions becomes
extremely difficult.

Given that the redox behavior of multinuclear metal complexes is determined
both by the nature of each composed metal ion and the electronic interaction between the
metal ions, the redox behavior of them can be controlled by installing the desired metal
ions into specific position of them. In addition, systematic investigation on a series of
them, in which the redox behavior of them is controllable with keeping the same
molecular framework, is of great significance. This is because such systematic
investigation would provide a comprehensive guideline to understand the redox behavior
of multinuclear metal complexes. However, although studies on multinuclear metal
complexes are abundant, such replacement of metal ions had been achieved mostly

relying on the fruit of serendipity, and on-demand installation of metal ions into the
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multinuclear metal complex with desired molecular framework is still challenging.
Because of such lack in the rational synthetic route, the construction of definitive strategy
to manipulate the redox behavior of multinuclear metal complexes had not been achieved.

This chapter describes the syntheses and characterization of a series of
heterometallic pentanuclear complexes. A rational procedure enables the on-demand
installation of metal ions into the multinuclear metal complex was successfully developed
by utilizing the stepwise metalation method. As a result, the syntheses of a series of
pentanuclear metal complexes which have different arrangement of metal ions with

keeping the same molecular framework were achieved.
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Experimental Section

Materials.

Mn(OAc)>24H>0, Co(OAc)2°4H>0, NH4PFs and NaOH were purchased from
Wako Pure Chemical Industries, Ltd. Zn(OAc),2H,O was purchased from Kanto
Chemical Co., Inc. RuCl3*3H>O was purchased from Tanaka Kikinzoku Kogyo K.K. 3,5-
Bis(2-pyridyl)pyrazole, 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and Fe(OAc), and
were purchased from Tokyo Chemical Industry Co., Ltd. NaClO4 was purchased from
Aldrich. All solvents and reagents are of the highest quality available and used as received.
H>O was purified using a Millipore MilliQ purifier, and was purged with argon before

use.

Measurements Apparatus.
Elemental analyses were carried out on a J-SCIENCE LAB MICRO CORDER
JM10 elemental analyser. ESI TOF-MS were recorded on a JEOL JMS-T100LP mass

spectrometer.

X-ray Crystallography.

A crystal of the obtained complex was mounted in a loop. Diffraction data of
Ru2Zn3(Cl04)3, Ru2Fe3(ClOs)3, RuzMn3(ClOs)3, Zns(BF4)3, Cos(BF4);, and
Mns5(ClO4); at 123 K were measured on a Synergy Custom system CCD Plate
diffractometer equipped with mirror monochromated Mo-Ka radiation and data were
processed using CrysAlisPro (Rigaku). Diffraction data of [Ru(Hbpp)3](PFs)2 and
Ru2Co3(PFs); at 123 K were measured on a RAXIS-RAPID Imaging Plate diffractometer
equipped with a confocal monochromated Mo-Ka radiation source, and data were
processed using RAPID-AUTO (Rigaku). The structures were solved by direct method
using SIR-923¢ and refined by the full-matrix least squares techniques on F* (SHELXL-
2014/7)*". All non-hydrogen atoms were refined anisotropically and refined with a riding
model with Uis, constrained to be 1.2 times Ueq of the carrier atom. The diffused electron
densities resulting from residual solvent molecules were removed from the data set using
the SQUEEZE routine of PLATON®® and refined further using the data generated.
Crystallographic data have been deposited with Cambridge Crystallographic Data Centre:
CCDC deposition numbers; 1949864 for [Ru(Hbpp)s](PFs), 1949857 for
Ru2Zn3(Cl04)3, 1949860 for Ru2Co3(PFe)3, 1949856 for RuzFe3(ClO4)3, 1949858 for
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RuxMn3(ClO4)3, 1949861 for Zns(BF4)3, 1949862 for Cos(BF4)3, and 1949859 for
Mns(ClOs);. Copies of the data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif.

Syntheses of homometallic pentanuclear complexes

Synthesis of [{Zn"(u-bpp)s } 2Zn'3(u-OH)](BF4)3 (Zns(BF4)3) was performed by
modifiying the procedure reported in the literatures.’® Synthesis of [{Fe'(p-
bpp)s}2Fe'2Fe!(u-0)](BF4)s  (Fes(BF4)3)”,  and  [{Mn"(u-bpp)s}-Mn">2Mn""(u-
0)](Cl104)3 (Mns(C104)3)*® was performed according to the reported methods.

Synthesis of fac-[Ru(Hbpp)3](ClOy)>.

RuCl3:3H>0 (2.0 mmol) and 3,5-bis(2-pyridyl)pyrazole (Hbpp; 6.0 mmol) were
suspended to 18.0 mL of ethanol. The reaction mixture was heated at 120°C for 9 hours
by microwave reactor. The reaction mixture was filtered to remove undissolved residues
and excess amount of saturated aqueous NaClO4 solution was added to the filtrate, then
the precipitate was collected by filtration. The obtained precipitate was dissolved in
acetonitrile and a slow diffusion of diisopropylether at ambient temperature gave light
orange crystals after a few days. The crystals were collected by filtration and dried under
vacuum. Yield 26531 mg (12.9%). Elemental analysis Calcd. for
[Ru(Hbpp)3](ClO4)2:3.5H20: C39H37C1oN120115Rui: C, 45.49; H, 3.62; N, 16.32%.
Found: C, 45.55; H 3.38; N 16.43%. ESI TOF-MS (positive ion, acetonitrile): m/z: 384.14
[Ru(Hbpp)s]**, 767.27 [Ru(Hbpp)2(bpp)]*, 867.26 ([Ru(Hbpp)3]*+ClO4)". 'H NMR
(400 MHz, CD3CN): 6 =8.24 (t,J=7.4Hz, 1H), 7.95(d,/J=8.2 Hz, 1H), 7.84 (t,J=7.6
Hz, 1H), 7.45 (d, J= 7.8 Hz, 1H), 7.40 (d, /= 5.1 Hz, 1H), 7.19 (t, J= 6.4 Hz, 1H), 7.14
(t,J=6.4Hz, 1H), 7.08 (d,/=5.0 Hz, 1H), 7.06 (s, 1H). [Ru(Hbpp)3](PF¢)> was prepared
by adding excess amount of a saturated aqueous NH4PFs solution instead of a saturated
aqueous NaClOg4 solution to the filtrate obtained after the reaction. The formed precipitate
was collected by filtration and dissolved in acetonitrile. Slow vapour diffusion of
diethylether into the resultant solution affords the single crystals of [Ru(Hbpp)s](PF¢)2

suitable for single crystal X-ray structural determination.
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Synthesis of [{Ru"(u-bpp)3}2Zn'"'3(u-OH)](ClO4)3 (Ru2Zn3(ClOy)3).

Ru(Hbpp)3(Cl04)2:3.5H>0 (0.03 mmol) and Zn(OAc)2:2H>0 (0.15 mmol) were
dissolved in 3.0 mL of N-methylpyrrolidone. 1.0 M NaOH aqueous solution (300 uL)
was added to the solution, and then it was heated at 80°C for 12 hours. The reaction
mixture was filtered to remove undissolved residues and excess amount of saturated
aqueous NaClOg4 solution and excess amount of H>O were added to the filtrate, then the
precipitate was collected by filtration. The obtained precipitate was dissolved in
acetonitrile and a slow diffusion of diethylether at ambient temperature gave light red
crystals after a few days. The crystals were collected by filtration and dried under vacuum.
Yield 28.12 mg (85.1%). Elemental analysis Calcd. for
[RuzZn3(OH)(bpp)s](C104)3:8H20: C78H70C13N24021Ru2Zn3: C, 42.87; H, 3.27; N,
15.38%. Found: C, 42.76; H 3.25; N 15.28%. ESI TOF-MS (positive ion, acetonitrile):
m/z: 580.91 [{Ru(p-bpp)s}2Zn's(u-OH)]*", 592.88 ([{Ru'(u-bpp)s}2Zn'(u-OH)]** +
2H,0)*". 'TH NMR (400 MHz, CD3CN): § = 7.98-7.91 (m, 4H), 7.86 (d, J = 7.8 Hz, 2H),
7.47-7.41 (m, 3H), 7.38 (d, /= 8.2 Hz, 1H), 7.19 (t, J = 6.3 Hz, 2H), 6.98-6.92 (m, 2H),
6.69 (d,J/=4.8 Hz, 1H), 6.64 (d,J=5.2 Hz, 1H), 6.55 (s, 1H), 6.51 (s, 1H). Single crystals
of the complex suitable for single crystal X-ray structural determination were obtained
by the slow vapour diffusion of diethylether into an acetonitrile solution of [{Ru(p-
bpp)s }2Zn"3(u-OH)](C104)s.

Synthesis of [{Ru"(u-bpp)3}2Co"'3(u-OH)](ClO4)3 (Ru:Co3(ClO4)3).
Ru(Hbpp)3(Cl04)2:3.5H>0 (0.03 mmol) and Co(OAc),:4H>0O (0.15 mmol) were
dissolved in 3.0 mL of N-methylpyrrolidone. 1.0 M NaOH aqueous solution (300 uL)
was added to the solution, and then it was heated at 80°C for 12 hours. The reaction
mixture was filtered to remove undissolved residues and excess amount of saturated
aqueous NaClOg4 solution was added to the filtrate, then the precipitate was collected by
filtration. The obtained precipitate was dissolved in acetonitrile and a slow diffusion of #-
butylmethylether at ambient temperature gave dark red crystals after a few days. The
crystals were collected by filtration and dried under vacuum. Yield 27.35 mg (83.8%).
Elemental analysis Calcd. for [Ru2Co3(OH)(bpp)s](Cl104)3+8.5H-0:
C78H72Cl3C03N24021 5sRu2: C, 43.08; H, 3.34; N, 15.46%. Found: C, 42.98; H 3.26; N
15.43%. ESI TOF-MS (positive ion, acetonitrile): m/z: 574.58 [ {Ru"(u-bpp)s}2Co3(u-
OH)J**, 586.56 ([{Ru''(u-bpp)s}2Co's(u-OH)]** + 2H,0)*". Single crystals of [{Ru'(p-
bpp)s}2Co'3(u-OH)](PFs); was prepared by adding excess amount of a saturated aqueous
NH4PFs solution instead of a saturated aqueous NaClOg solution to the filtrate obtained
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after the reaction. The formed precipitate was collected by filtration and dissolved in
acetonitrile. Slow vapour diffusion of diethylether into the resultant solution affords the
single crystals of [{Ru'{(u-bpp)s}2Co's(u-OH)]J(PFe)s suitable for single crystal X-ray
structural determination.

Synthesis of [{Ru"(u-bpp)s}:Fe',Fe (u-0)](ClOy3 (RuzFes(ClOy)).
Ru(Hbpp)3(Cl04)2:3.5H20 (0.03 mmol) and Fe(OAc)> (0.5 mmol) were
dissolved in 10.0 mL of N-methylpyrrolidone. DBU (0.60 mmol) was added to the
solution, and then it was heated at 100°C for 12 hours. Excess amount of saturated
aqueous NaClO4 solution was added to the reaction mixture, then the mixture was
sonicated for 20 minutes. The precipitate was obtained by addition of excess amount of
H>O0, then the precipitate was collected by filtration. The obtained precipitate was washed
with H>O, then mixture of diethylether and small amount of methanol. The obtained
brown powder was extracted with acetonitrile. The solution was concentrated and a slow
diffusion of diethylether at ambient temperature gave dark brown crystals after a few days.
The crystals were collected by filtration and dried under vacuum. Yield 24.40 mg (77.5%)
Elemental analysis Calcd. for [RuzFezO(bpp)s](C104)3:7H20: C78HesCl3Fe3N24O20Ruz: C,
43.83; H, 3.21; N, 15.73%. Found: C, 43.74; H 3.20; N 15.58%. ESI TOF-MS (positive
ion, acetonitrile): m/z: 570.26 [{Ru'(u-bpp)s}2Fe'LFe(u-0)1*, 583.25 ([{Ru'(p-
bpp)s}2FelLFe(u-0)]** + 2H20)*". Single crystals of the complex suitable for single
crystal X-ray structural determination were obtained by the slow vapour diffusion of
diethylether into an acetonitrile solution of [ {Ru{(u-bpp)s }2Fe'LFel(1-0)](C104)s.

Synthesis of [{Ru"(u-bpp)3}2Mn":Mn"(u-0)](ClO4)3 (Ru:Mn3(CLOy)).
Ru(Hbpp)3(Cl04)2:3.5H>0 (0.06 mmol) and Mn(OAc)>*4H>0 (1.0 mmol) were
dissolved in 10.0 mL of N-methylpyrrolidone. DBU (0.60 mmol) was added to the
solution, and then it was heated at 80°C for 8 hours. Excess amount of saturated aqueous
NaClOys solution was added to the reaction mixture, then the mixture was sonicated for
20 minutes. The precipitate was obtained by addition of excess amount of H>O, then the
precipitate was collected by filtration. The obtained precipitate was washed with H>O,
then mixture of diethylether and small amount of methanol. The obtained brown colour
powder was extracted with 15.0 mL of acetonitrile. The solution was concentrated to 8.0
mL and 1.0 M NaOH aqueous solution (30 pL) was added to the solution, and then it was

stirred at ambient temperature. Excess amount of saturated aqueous NaClO4 solution was

22



added to the reaction mixture, then the mixture was sonicated for 20 minutes. The
precipitate was obtained by addition of excess amount of H>O, then the precipitate was
collected by filtration. The obtained precipitate was washed with H,O, then mixture of
diethylether and small amount of methanol. The obtained brown powder was extracted
with acetonitrile. The solution was concentrated and a slow diffusion of diethylether at
ambient temperature gave dark brown crystals after a few days. The crystals were
collected by filtration and dried under vacuum. Yield 46.60 mg (72.1%) Elemental
analysis Calcd. for [RuzMn3O(bpp)s](C104)38H20: C78H70C13Mn3N24021Ru2: C, 43.52;
H, 3.28; N, 15.61%. Found: C, 43.38; H 3.11; N 15.51%. ESI TOF-MS (positive ion,
acetonitrile): m/z: 570.26 [{Ru'(u-bpp)s}2Mn'uMnl(u-0)]**, 582.24 ([{Ru''(p-
bpp)s 2Mn'LMn!(p-0)]** + 2H20)*" Single crystals of the complex suitable for single
crystal X-ray structural determination were obtained by the slow vapour diffusion of
diethylether into an acetonitrile solution of [ {Ru"(u-bpp)s }2Mn'LMn"(1-0)](C104)s.

Synthesis of [{Co"(u-bpp)3}>Co" 3(u-OH)](BF 4)3 (Cos(BF 4)3).

Aqueous solution of NaOH (1 M, 0.48 mL) was added to the methanol solution
(4 mL) of 3,5-bis(pyridyl)pyrazole (Hbpp, 0.48 mmol, 107 mg). Co(CH3COO),-4H,O
(0.40 mmol, 100 mg) was then added to the reaction mixture and stirred at 40 °C for 10
minutes. A few drops of saturated aqueous NaBFs solution was added to the reaction
mixture, and a small portion of water was added to the solution. The solution was kept in
a refrigerator for 1 h to generate a brown precipitate. The precipitate was collected by
filtration, washed with water and dried under vacuum. The obtained precipitate was
dissolved in acetonitrile and subjected to vapor diffusion in diethyl ether to afford brown
crystals of [{Co"(u-bpp)s}2Co's(u-OH)](BF4)3-2H,0. The crystals were collected by
filtration and dried under vacuum. Yield 80 mg (52%). Elemental analysis calcd for
[{Co"(u-bpp)s }2C0"5(u-OH)](BF4)3-2H20: C7sHs0CosF12N2403B3: C, 48.40; H, 3.07; N,
17.37%. Found: C, 48.35; H, 3.13; N, 17.32%.
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Strategy

Given that electron transfer reaction mainly occurs at metal centres in
multinuclear metal complexes, the exclusive extraction of the effects of the metal ions on
the electron transfer reactions should provide comprehensive guideline for elucidating the
factors that determine the manner of the electron transfer reactions. In this context, the
construction of a series of multinuclear metal complexes in which different kinds of metal
ions are installed into the same molecular framework is of great significance. However,
the on-demand installation of metal ions into the desired multinuclear structure is still
challenging.

Based on the aforementioned background, the study started with the
development of a rational synthetic strategy that enables the on-demand installation of
metal ions into multinuclear metal complex. A pentanuclear complex composed of 3,5-
bis(2-pyridyl)pyrazole (Hbpp) and metal ion was focused as a molecular scaffold. The
electronic interactions occur among the metal ions in this class of complexes, and these

4243 states and catalytic activities?®>**. To

interactions afford unique electronic*®*!/spin
assemble metal ions into this pentanuclear scaffold in a controlled fashion, a new stepwise
synthetic method shown in Scheme 1-1 was developed. In the strategy, a substitution-
inert metal ion (M) is initially reacted with three equivalent of Hbpp under harsh
condition to afford a mononuclear complex, [Mi(Hbpp)s]™. Subsequently,
[M1(Hbpp)3]™" is reacted with a substitution-labile metal ion (M2) under milder condition.
This strategy suppresses the scrambling of the metal ions and affords pentanuclear

complex with the desired arrangement of metal ions.

[M;(Hbpp)s]™

Scheme 1-1 | Synthetic strategy for obtaining a series of heterometallic pentanuclear
complexes. M; and M represent substitution-inert metal ion and substitution-labile

metal ion, respectively.
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In this study, ruthenium ion was selected as M; because ruthenium-based
complexes display redox activity, and their absorption properties are highly dependent on
their oxidation states*!, making them suitable for probing the electronic structure of the
generated complex. A series of first-row transition metal ions with different redox activity
(zinc, cobalt, iron and manganese ion) were employed as M». Notably, the large difference
in the number of electrons in M; and M should allow the determination of the
arrangement of the metal ions in the obtained complex by X-ray crystallographic

technique.
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Synthesis and Characterization

The initial step, the synthesis of a mononuclear ruthenium complex was
performed by reacting RuCls with 3 eq. of Hbpp in ethanol at 120 °C for 9 hours. The
anion exchange reaction and crystallization from a slow diffusion of diisopropylether to
the acetonitrile solution at ambient temperature afforded red crystals. The composition of
the red crystal was confirmed as [Ru(Hbpp)3](ClO4): by electro-spray ionization time-
of-flight mass spectrometry (ESI TOF-MS) and elemental analysis (Figure 1-1). The
single crystal X-ray structural analysis of the red crystal revealed that
[Ru(Hbpp)3](ClO4): is a facial isomer (Figure 1-2 and Table 1-1), which is suitable for
the formation of the target pentanuclear structure. It should be also noted that a facial
structure of the complex is maintained in the solution state as evidenced by 'H NMR
spectroscopy (Figure 1-3). The yield of fac-[Ru(Hbpp)s3](ClO4) was 13%, the
preparation of the ruthenium mononuclear complex as a precursor of stepwise synthetic

method was accomplished.

[Ru(Hbpp),(bpp)]*

[Ru(Hbpp)s](ClO4)*

«— [Ru(Hbpp)sJ* /

. |

300 400 500 600 700 800 900 1000
m/z

Figure 1-1 | ESI TOF-MS of fac-[Ru(Hbpp)3](ClO4)2 in acetonitrile.
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Figure 1-2 | An ORTEP drawing (50% probability ellipsoids) of a cationic moiety of
fac-[Ru(Hbpp)3](PFs)2. Hydrogen atoms are omitted clarity. C = grey, N = pale blue,
and Ru = purple.
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Table 1-1 | Summary of the crystallographic data for fac-|Ru(Hbpp)3](PF¢)-.

Formula C45H43F12N130P>Ru
Fw 1172.93
Crystal color, habit red, platelet
Crystal size, mm’ 0.54X0.30X0.19
Crystal system monoclhnic
Space group C 2k
a,A 14.6835(3)
b,A 25.0850(5)
c,A 26.3732(5)
B.° 92.711(7)
v A 9703.3(3)
VA 8
F (000) 4752
d cate, glem’ 1.606
1 (MoK ), mm’ 0.487
T.K 123
R, 0.045
WR2 0.0956
GOF 1.041
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&/ppm

Figure 1-3 | A 'TH NMR spectrum of fac-[Ru(Hbpp)3](ClO4), in MeCN-d5 at 293 K.

Subsequently, the reactions of fac-|[Ru(Hbpp)3](ClO4), with first-row transition
metal ion (Zinc, Cobalt, Iron and Manganese) were examined. Typically, fac-
[Ru(Hbpp)3](ClOs4), was reacted with the appropriate metal ion source in the presence
of base at 80-100 °C. The obtained complexes were characterized by ESI TOF-MS
(Figure 1-4, 1-5, 1-6 and 1-7), elemental analyses and single crystal X-ray structural
analyses. The yields for the second step are in the range of 72-85%, indicating the
selective formation of the heterometallic pentanuclear complexes.

The relevant homometallic pentanuclear complexes, [{Zn"(u-bpp)s}2Zn's(p-
OH)I" (Zns), [{Co'(u-bpp)s}2Co's(u-OH)I* (Cos), [{Fe''(p-bpp)s}oFe'zFe!(n-0)1°*
(Fes), and [ {Mn"{(u-bpp)s} 2Mn'LMn(p-0)]** (Mns) were also prepared.

29



Simulationfor [Ru,Zn;(OH)(bpp)s°*
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Figure 1-4 | ESI TOF-MS of Ru2Zn3(ClO4)3 in acetonitrile.
Simulation for [Ru,Coz(OH)(bpp) Pt
/ Observed
570 571 572 573 574 575 576 577 578
miz
A N
500 600 700 800 900 1000

m/z

Figure 1-5 | ESI TOF-MS of Ru2Co03(ClO4)3 in acetonitrile.
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Simulationfor [Ru,Fe;(O)(bpp)sF*
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Figure 1-6 | ESI TOF-MS of RuzFe3(ClO4)3 in acetonitrile.

Simulationfor [Ru,Mn;(O)(bpp)s°*

/ Observed
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M, N
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m/z

Figure 1-7 | ESI TOF-MS of RuzMn3(ClO4)3 in acetonitrile.
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The crystal structures of the hetero/homometallic pentanuclear complexes are
shown in Figure 1-8, 1-9, 1-10 and 1-11, and the crystallographic data are summarized in
Table 1-2 and 1-3. All the complexes exhibit the desired pentanuclear structure with
quasi-D3; symmetry and consist of a triangular core wrapped by two [M(u-bpp)s] units.
The two metal ions at the apical position (Mapi) are hexacoordinate with distorted
octahedral geometry, whereas the three metal ions in the triangular core (Mcore) are
pentacoordinate with distorted trigonal bipyramidal geometry. The bond distances
between Mapi and the nitrogen atoms of the [M(u-bpp)s] units (d(Mapi-N)) in the newly
synthesized heterometallic complexes are significantly different from those in the
corresponding homometallic complexes (Tables 1-4 and 1-5). In contrast, d(Mapi-N) are
almost constant in the heterometallic complexes. These observations strongly indicate
that Mapi in these heterometallic pentanuclear complexes are ruthenium ions.

The bond distances between Mcore and the nitrogen atoms in the triangular core
(d(Mcore-N)) are similar in the heterometallic and homometallic pentanuclear complexes
containing the same first-row transition metal ion. Moreover, the bond distances between
Mecore and the oxygen atom in the triangular core (d(Mcore-O)) of the heterometallic
complexes are quite similar to those in the corresponding homometallic complexes. Thus,
the structures of the triangular cores in the heterometallic and homometallic complexes
are identical.

Taken together, the structures of the heterometallic pentanuclear complexes in
this series can be described as [{Ru'(u-bpp)s}2Zn'3(u-OH)]** (Ruz2Zn3), [{Ru'(p-
bpp)s}2Co3(u-OH)**  (Ru2Cos), [{Ru'(p-bpp)s}Fe'bFe(u-0)*" (RuzFes), and
[{Ru(u-bpp)s }2Mn'uMn(u-0)1**  (RuzMns). These results indicate that the
pentanuclear complexes with the desired arrangements of metal ions were successfully

synthesized by the stepwise synthetic strategy.
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(b)

Figure 1-8 | The ORTEP drawings of the cationic moiety (left) and core structure
(right) of (a) Ru2Zn3(ClO4); and (b) Zns(BF4); (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. O = red, C = grey, N = pale blue, Ru = orchid

and Zn = yellow.
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(b)

Figure 1-9 | The ORTEP drawings of the cationic moiety (left) and core structure
(right) of (a) Ru2Co3(PFs); and (b) Cos(BF4)3 (50% probability ellipsoids). Hydrogen
atoms are omitted for clarity. O = red, C = grey, N = pale blue, Ru = orchid and Co =
blue.

34



(b)

Figure 1-10 | The ORTEP drawings of the cationic moiety (left) and core structure
(right) of (a) Ruz2Fe3(ClO4)3 and (b) Fes(BF4)3 (50% probability ellipsoids). Hydrogen
atoms are omitted for clarity. O =red, C = grey, N = pale blue, Ru = orchid and Fe =

orange.
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(b)

Figure 1-10 | The ORTEP drawings of the cationic moiety (left) and core structure
(right) of (a) RuzMn3(ClO4); and (b) Mns(ClO4)3 (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. O =red, C = grey, N = pale blue, Ru = orchid

and Mn = magenta.
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Table 1-2 | Summary of the crystallographic data for a series of heterometallic

pentanuclear complexes.

RuzZn; RuzCos RuzFe; RuzMn;3
formula CrH55N24013RUZN;Cly | C7gH55N2ORU,C03F18P3 | C7gH54N24013R U Fe3Cly | C78H54N4043RU,MN5Cl
fw 2041.06 2158.3 2011.49 2008.76
color, habit clear orange, block black, block clear dark red, block clear dark red, block
crystal size, mm® 0.21x0.18x0.10 025x0.17x0.14 0.15x0.10x0.10 0.13x 0.08 x 0.06
crystal system tetragonal tetragonal tetragonal tetragonal
space group 1-4 1-4 1-4 1-4
alA 16.6703(4) 16.8823(7) 16.6930(4) 16.7289(2)
c/A 30.6322(9) 30.9672(7) 30.3629(11) 30.5241(8)
VIR 8512.7(5) 8826.0(8) 8460.8(5) 8542.4(3)
z 4 4 4 4
F(000) 4096 4300 4044 4032
deaie, gem’® 1.593 1.624 1.579 1.562
u(MoKa), mm’’' 1.349 1.038 1.022 0.946
T,.K 123(2) 123(2) 123(2) 123(2)
uniq refins 9103 10034 10568 9854
R(int) 0.0333 0.0407 0.0565 0.0367
R4 0.0357 0.0481 0.056 0.0407
WR 0.098 0.1319 0.1535 0.1186
GOF 1.067 1.047 0.995 1.032
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Table 1-3 | Summary of the

pentanuclear complexes.

crystallographic data for a series of homometallic

Zns Cos Fes Mns
formula CrgHs5N24OZN:B3F1, | CggHrgNosO4C0sB3F1, | CrgHsgNpsOFesBsFyp Cr8Hz6N24014Mn5Cly
fw 1931.74 2104.83 1883.13 1934.51
color, habit colourless, block clear dark brown, block red, block clear dark brown, needle
crystal size, mm® 0.38x0.3x0.24 0.15x0.13x0.09 0.22x0.1x0.08 0.34 x 0.07 x 0.06
crystal system monoclinic monoclinic tetragonal monoclinic
space group C2c P24/n 1-4 P24/n
alA 25.2852(4) 15.2146(6) 16.6876(3) 14.8245(4)
b/A 16.9146(2) 22.3485(8) 16.6876(3) 22.4761(4)
c/A 46.9812(7) 26.8017(12) 30.1763(7) 24.0292(6)
a /deg 90 90 90 90
B /deg 98.6130(10) 102.122(4) 90 102.145(3)
y/ deg 90 90 90 90
VA 19866.7(5) 8910.0(6) 8403.4(3) 7827.3(3)
V4 8 4 4 4
F(000) 7776 4284 3804 3920
deaie, gem’® 1.292 1.569 1.488 1.642
p(MoKa), mm’" 1.263 1.004 0.929 0.971
T.K 123(2) 123(2) 123(2) 123(2)
uniq refins 22740 20425 9596 17909
R(int) 0.0336 0.0954 0.033 0.0576
R; 0.0464 0.075 0.0526 0.0601
WR, 0.1246 0.228 0.1503 0.1779
GOF 1.055 1.03 1.099 1.025
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Table 1-4 | Selected bond lengths and angles of a series of heterometallic pentanuclear

complexes.
complex RuzZn; Ru,Co;3 RuzFe; Ruz;Mn;3

bond length/A bond length/ A bond length/ A bond length/ A

Ru1-N1 2.092(4) Ru1-N1 2.086(5) Ru1-N1 2.089(6) Ru1-N1 2.081(4)

Rul-N2 2.058(5) Rul-N2 2.056(6) Ru1-N2 2.058(6) Ru1-N2 2.060(4)

Ru1-N5 2.084(4) Ru1-N5 2.081(6) Ru1-N5 2.067(6) Ru1-N5 2.082(4)

St Ru1-N6 2.042(5) Rul-N6 2.048(6) Ru1-N6 2.041(6) Ru1-N6 2.045(4)

Ru1-N9 2.067(5) Ru1-N9 2.086(6) Ru1-N9 2.087(6) Ru1-N9 2.073(4)

Ru1-N10 2.047(4) Ru1-N10 2.042(5) Ru1-N10 2.051(6) Ru1-N10 2.054(4)

average 2.065(5) 2.067(6) 2.066(6) 2.066(4)

Zn-N3 2.071(4) Co1-N3 2.064(5) Fel1-N3 2.096(6) Mn1-N3 2.092(4)

Zn1-N4 2.104(4) Co1-N4 2.104(6) Fe1-N4 2.150(6) Mn1-N4 2.220(5)

M) Zn2-N7 2.097(5) Co2-N7 2.081(5) Fe2-N7 2.105(6) Mn2-N7 2.104(4)

Zn2-N8 2.081(5) Co2-N8 2.085(6) Fe2-N8 2.126(6) Mn2-N8 2.194(5)

Zn2-N11 2.096(5) Co2-N11 2.070(5) Fe2-N11 2.096(6) Mn2-N11 2.092(4)

Zn2-N12 2.096(4) C02-N12 2.083(6) Fe2-N12 2.140(6) Mn2-N12 2.195(5)

average 2.091(5) 2.081(6) 2.119(6) 2.150(5)

Zn1-01 2.057(5) Co01-01 2.035(8) Fe1-O1 1.954(7) Mn1-O1 1.972(5)

arsC) Zn2-02 2.036(3) Co2-02 2.023(4) Fe1-02 1.896(4) Mn2-O1 1.928(3)

average 2.050(4) 2.031(7) 1.935(6) 1.957(4)
bond angle / deg bond angle / deg bond angle / deg bond angle / deg
Zn1-01-Zn2 | 121.10(13) | Co1-0O1-Co2 120.8(2) Fe1-O1-Fe2 | 120.31(19) | Mn1-O1-Mn2 | 120.47(13)

CoRAngs Zn2-01-Zn2' 117.8(3) C02-01-Co2' 118.4(4) Fe2-O1-Fe2' 119.4(4) Mn2-O1-Mn2' 119.1(3)

average 120.0(2) 120.0(3) 120.0(3) 120.0(2)
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Table 1-5 | Selected bond lengths and angles of a series of homometallic pentanuclear

complexes.
complex Zns Cos Fes Mns
bond length/A bond length/ A bond length/ A bond length/A
Zn1-N1 2.230(3) Co1-N1 2.198(5) Fel-N1 2.017(3) Mn1-N1 2.276(3)
Zn1-N2 2.124(2) Col-N2 2.108(5) Fel-N2 1.966(3) Mn1-N2 2.201(4)
Zn1-N5 2.242(3) Co1-N5 2.186(5) Fe1-N5 2.018(3) Mn1-N5 2.324(4)
Zn1-N6 2.110(3) Co1-N6 2.103(4) Fel-N6 1.971(3) Mn1-N6 2.175(3)
Zn1-N9 2.261(2) Co1-N9 2.182(5) Fe1-N9 2.004(3) Mn1-N9 2.394(4)
Zn1-N10 2.112(2) Co1-N10 2.104(4) Fe1-N10 1.963(3) Mn1-N10 2.156(3)
it Zn2-N13 2.233(2) Co2-N13 2.195(5) Mn2-N13 2.332(4)
Zn2-M14 2.117(2) Co2-N14 2.100(5) Mn2-M14 2217(3)
Zn2-N17 2.252(3) Co2-N17 2.175(5) Mn2-N17 2.315(4)
Zn2-N18 2.112(2) Co2-N18 2.118(5) Mn2-N18 2.171(3)
Zn2-N21 2.260(2) Co2-N21 2.195(5) Mn2-N21 2.323(4)
Zn2-N22 2.129(2) Co2-N22 2.120(5) Mn2-N22 2.192(4)
average 2.182(2) 2.149(5) 1.990(3) 2.256(4)
Zn3-N3 2.092(2) Co3-N3 2.054(5) Fe2-N3 2.085(3) Mn3-N3 1.962(3)
Zn3-N4 2.082(2) Co3-N4 2.072(5) Fe2-N4 2.141(3) Mn3-N4 2.151(3)
Zn3-N15 2.083(2) Co3-N15 2.055(5) Fe3-N7 2.089(3) Mn3-N15 1.963(3)
Zn3-N16 2.100(2) Co3-N16 2.086(4) Fe3-N8 2.118(3) Mn3-N16 2.173(3)
Zn4-N7 2.102(2) Co4-N7 2.049(4) Fe3-N11 2.127(3) Mnd-N7 2.138(4)
Zr4-N8 2.068(2) Co4-N8 2.073(5) Fe3-N12 2.106(3) Mn4-N8 2.246(3)
Moo Zn4-N19 2.096(2) Co4-N19 2.073(5) Mn4-N19 2.127(4)
Zn4-N20 2.061(2) Co4-N20 2.070(5) Mn4-N20 2.246(3)
Zn5-N11 2.082(2) Co5-N11 2.055(4) Mn5-N11 2.169(3)
Zn5-N12 2.092(2) Co5-N12 2.084(4) Mn5-N12 2.230(3)
Zn5-N23 2.074(2) Co5-N23 2.056(4) Mn5-N23 2.150(3)
Zn5-N24 2.097(2) Co5-N24 2.072(5) Mn5-N24 2.254(4)
average 2.086(2) 2.067(5) 2.111(3) 2.151(3)
Zn3-01 2.016(2) C03-01 1.997(4) Fe2-O1 1.983(4) Mn3-O1 1.779(3)
d(MereO) | Zn4-01 2.030(2) Co04-O1 2.017(4) Fe3-O1 1.9183(19) Mnd-O1 2.036(3)
Zn5-01 2.041(2) C05-01 2.014(4) Mn5-O1 2.027(3)
average 2.029(2) 2.009(4) 1.961(3) 1.947(3)
bond angle / deg bond angle / deg bond angle / deg bond angle / deg
Zn3-01-Zn4 116.3(1) Co03-01-Co4 120.4(2) Fe2-O1-Fe3 120.69(9) Mn3-O1-Mn4 | 116.72(14)
coreangle | Zn3-01-zn5 | 1225(1) | Co3-O1-Co5 | 120.3(2) | Fe3-O1-Fe3' | 118.63(18) | Mn3-O1-Mn5 | 123.97(14)
Zn4-01-Znd 121.2(1) Co04-01-Cob5 118.7(2) Mn4-O1-Mn5 | 119.02(13)
average 120.1(1) 119.8(2) 120.0(1) 119.90(14)
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Conclusion

The author succeeded in the establishment of the rational synthetic strategy of
heterometallic pentanuclear complex. The strategy is constructed by two step
complexations. The first step is preparation of a ruthenium mononuclear complex, fac-
[Ru(Hbpp)3](ClO4)2, as a precursor. The second step is the reaction between fac-
[Ru(Hbpp)3](ClO4)2 and another metal ion. This stepwise synthetic route allowed the on-
demand installation of two kinds of metal ions into the pentanuclear scaffold. In addition,
the comparisons of the bond distances between heterometallic and homometallic
pentanuclear complexes revealed that metal installation into the specific position without
the scrambling of metal ions was achieved. Judging these experimental results, it is
indicated that a series of heterometallic pentanuclear complexes, Ru2Zn3(ClOs)s,
Ru2C03(Cl104)3, RuzFe3(ClO4)3, and RuzMn3(ClO4)3, were successfully constructed with

keeping the same molecular framework.
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Chapter 2

Electron Juggling in Clustered Five Redox Sites

Introduction

Incorporation of multiple redox active centers into a finite structure such as
multinuclear metal complexes is an attractive strategy for obtaining artificial materials
with unique functions. A significant feature of this class of materials is their potential
ability to generate various kinds of electronic states via oxidation/reduction reactions, and
the formed species exhibit the distinct electronic structures with unique physical
properties. For instance, in the reaction catalyzed by the metalloenzymes, the existence
of the several species with distinct electronic states greatly contributes to the promotion
of the reaction with high efficiency. Therefore, the control over the redox behavior in
redox-core-assembled structures can be an important strategy for obtaining the materials
with the target functionality. However, these materials generally exhibit complicated
redox behavior because of the strong electronic interactions between redox cores. The
strong interactions induce intramolecular electron transfer between redox centers and the
prediction of the electronic structure generated upon the complicated electron transfer
reactions becomes extremely difficult.

Given that the redox behavior of redox-core-assembled structures is determined
both by the nature of each redox core and the electronic interactions between the cores,
systematic investigation on a series of redox-core-assembled structure, in which the redox
activity of the cores are controllable with keeping the same molecular framework, is of
great significance. This is because such systematic investigation would provide a
comprehensive guideline to understand the redox behavior of the redox-core-assembled
structure.

Here, the control of the distribution of oxidation states by the precise
arrangement of redox active sites was shown. A rational synthetic procedure to enable on-
demand installation of redox cores was successfully developed by utilizing the stepwise
synthetic strategy, which affords a series of heterometallic pentanuclear complexes that

have different arrangement of metal ions with keeping the same molecular framework.
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The global investigation of electron transfer reactions of the obtained complexes clarified
that flexible electron transfer reactions of redox cores afford the various kinds of chemical
species with distinct distribution of oxidation states, and the redox behavior is dependent
on the arrangement of metal ions. The investigation provide new insight for the deeper
understanding to control the distribution of oxidation states in the multinuclear metal
complexes, which would lead to the construction of novel strategy to develop a new class

of functional materials.
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Experimental Section

Materials.

Ferrocene was purchased from Wako Pure Chemical Industries, Ltd. tetra-n-
butylammonium perchlorate (TBAP) was purchased from Tokyo Chemical Industry Co.,
Ltd. All solvents and reagents are of the highest quality available and used as received

except for TBAP. TBAP was recrystallized from absolute ethanol.

Electrochemical and UV-Vis Spectral Measurements.

All experimental procedures were conducted at ambient temperature, 20 °C,
under argon. A standard three-electrode configuration was employed in conjunction with
a Bio-Logic-Science Instruments potentiostat interfaced to a computer with SP-50
software. In all cases, a platinum auxiliary electrode and Ag/Ag" reference electrode were
used. Cyclic voltammetry was performed using a GC disk working electrode (diameter 3
mm, from BAS Inc.). The working electrode was treated between scans by means of
polishing with 0.05 pum alumina paste (from BAS Inc.) and washing with purified H>O.
Ferrocene was used as an internal standard, and all potentials reported within this work
are referenced to the ferrocenium/ferrocene couple at 0 V. UV-vis spectral measurements
were recorded using SHIMADZU UV-3600 UV-VIS spectrophotometer with a
conventional quartz cuvette (path length, I = 1 cm). Spectroelectrolysis was performed
using a BAS Inc. spectroelectrochemical quartz cell (I = 1 mm) containing a Pt gauze
(working electrode), Pt wire (auxiliary electrode) and Ag/Ag+ (reference electrode) in
conjunction with the CH Instruments potentiostat, and UV-vis spectra were recorded
using DH-2000-BAL from Ocean Optics in UL-1000A from UNICO under an Ar

atmosphere.

Synthesis.
Synthesis of Ru2Zn3(ClO4)3, Ru2C03(Cl04)3, Ru2Fe3(Cl04)3, RuzMn3(ClO4)3,
Zns5(BF4)3, Cos(BF4)3, Fes(BF4); and Mns(ClO4); were performed in chapter 1, and the

detailed synthetic procedurs are in chapter 1.
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Redox Behaviors of the Pentanuclear Metal Complexes

Electrochemical measurement of the series of pentanuclear complexes was made
to elucidate their redox behaviors. Although no redox wave was observed in Zns due to
the redox inactivity of zinc ion, all other complexes displayed several redox waves
reflecting the number of redox-active centers (Figure 2-1, 2-2, 2-3, 2-4 and Table 2-1).
Therefore, all redox waves can be regarded as one-electron transfer process. Ru2Zns
exhibited two reversible oxidation waves at Ei» = 035 and 0.51 V (vs.
ferrocene/ferrocenium (Fc/Fc')), and these waves were attributed to the sequential
oxidations of the ruthenium ions at the apical position.

In the CVs of Ru2Co3 and Cos, two reversible oxidation waves and three
reversible reduction waves were observed. The Ei, values of the oxidation waves of
Ru2Co3 (0.36 and 0.52 V) are almost identical to those of Ru2Zn3, indicating that these
can be attributed to the oxidations of the ruthenium ions. The redox potentials of the
reduction waves of Ru2Co3 and Cos were also quite similar (E1» = —1.71, —1.98, and
—2.24 V for Ru2Co3 and —1.72, —1.96, and —2.19 V for Cos), and thus, these waves are
assignable to the reductions of the cobalt ions in the triangular core. Accordingly, the
oxidation waves of Cos at —0.42 and —0.31 V were assigned as the oxidations of the Co
ions at the apical position.

The CV of RuzFes exhibited one reversible reduction wave (E12 =—0.52 V) and
four reversible oxidation waves (E12 = 0.17, 0.56, 0.75, and 1.10 V). Although the
oxidation waves corresponding to the oxidations of the ruthenium ions were observed
potentials similar to those of Ruz2Zn3 and Ru2Cos (vide supra), the oxidation potentials
of RuzFes were not located in the same region. In addition, when comparing the redox
potentials of RuzFes3 and Fes, only the potential of the second oxidation wave was
substantially different, and it had shifted to a more positive value (E12 = 0.56 V for
RuzFe3 and 0.29 V for Fes).

Similarly, RuzMn3 exhibited one reversible reduction wave(E12 = —0.65 V) and
four sequential oxidation waves (E12 = 0.09, 0.58, 0.78, and 1.19 V), and the observed
waves were not in regions similar to those of the waves of Ru2Zn3 and Ruz2Cos. In the
case of RuzMns3, however, only the potential of the third oxidation wave was shifted to a
more negative potential (E12 = 0.78 V) compared to that of Mns (E12 = 1.11 V), and this
trend is different from that of RuzFes. These observed redox behaviors of RuzFes and
Ru:Mn3 imply that the electronic interactions between the different kinds of metal ions
alter the nature of the electron transfer reactions. This result prompted to further explore

the redox behavior of these complexes.
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Figure 2-1 | Cyclic voltammograms of Ru2Zn3 (0.2 mM, solid lines) and Zns (0.2
mM, dashed lines) in acetonitrile solutions containing TBAP (0.1 M) at a scan rate of

100 mV/s.
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Figure 2-2 | Cyclic voltammograms of Ru2Co3 (0.2 mM, solid lines) and Cos (0.2
mM, dashed lines) in acetonitrile solutions containing TBAP (0.1 M) at a scan rate of

100 mV/s.
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Figure 2-3 | Cyclic voltammograms of RuzFes3 (0.2 mM, solid lines) and Fes (0.2 mM,
dashed lines) in acetonitrile solutions containing TBAP (0.1 M) at a scan rate of 100
mV/s.
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Figure 2-4 | Cyclic voltammograms of RuzMn3 (0.2 mM, solid lines) and Mns (0.2
mM, dashed lines) in acetonitrile solutions containing TBAP (0.1 M) at a scan rate of
100 mV/s.
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Table 2-1 | Summary of redox potentials of a series of pemtanuclear metal complexes.

Ep/V (vs. FelFc))

complex
red(3) red(2) red(1) ox(1) ox(2) ox(3) ox(4)
Zns - - = - - - =
RuzZn3 - - - 0.35 0.51 - -
Cos -2.19 -1.96 -1.72 -0.42 -0.31 - -
RuzCos -2.24 -1.98 -1.71 0.36 0.52 - -
Fes - - -0.56 0.12 0.29 0.68 1.10
RuzFes - - -0.52 0.17 0.56 0.75 1.10
Mns - - -0.67 0.04 0.51 1.11 1.24
RuzMn; - - -0.65 0.09 0.58 0.78 1.19
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Electron Transfers in the Pentanuclear Complexes

To unveil the details of the electron transfer reactions in RuzFes and Ru2Mn3,
UV-vis absorption spectroscopic and UV-vis spectroelectrochemical (UV-SEC)
measurements were taken. The UV-vis absorption spectra of the heterometallic
pentanuclear complexes before oxidation are shown in Figure 2-5. All the complexes
exhibited intense band in the visible region (Table 2-2), and the band can be assigned to
the metal-to-ligand charge transfer (MLCT) transition of the ruthenium centers by
comparison with the UV-vis absorption spectra of the corresponding homometallic

complexes (Figure 2-5).

Table 2-2 | Summary of UV-vis absorption spectra of a series of heterometallic

pentanuclear complexes.

complex Anax(MLCT)/nm  g(MLCT) x 10°/mol"Lem™

RuzZn; 394 0.244
RuyCos 389 0.211
RuzFe; 390 0.253
Ru,Mn; 380 0.228
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Figure 2-5 | UV-vis absorption spectra of a series of heterometallic pentanuclear
complexes (5 uM) and homometallic pentanuclear complexes (5 uM) in acetonitrile.
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It should be noted that the bleaching ratio of the MLCT band upon each oxidation
wave is used in order to see each MLCT change as comparable value. The bleaching ratios
of the MLCT band upon each oxidation wave were calculated by using the absorbance
(Ax) at the absorption maximum of the MLCT band (Amax) of each heterometallic
pentanuclear complex. Here, the state before oxidation is defined as £ = 0, and the states
generated by the first, second, third, and forth oxidations are defined as k=1, 2, 3, and 4,
respectively. Initially, the absorbance of the fully oxidized state (4> for Ru2Zn3 and
Ru2Co3 and A4 for Ru2Fe3 and Ru2Mns3) was used as the baseline and was subtracted
from Ay, and the obtained values were defined as 4’x. Second, the decreases in the
intensity of the MLCT band upon oxidation were calculated as 44’ = A’-1-A’k. Finally,
the bleaching ratios of the MLCT band were determined by using the following equation:
(44°1/A°0) x 100, (k= 1—4). The results of the calculations are summarized in Table 2-3.

Table 2-3 | Summary of the estimation of the bleaching ratios of the MLCT band upon

each oxidation wave in a series of heterometallic pentanuclear complexes.

before oxidation 1st oxidation 2nd oxidation 3rd oxidation 4th oxidation
complex  Amax(MLCT)/nm
(k=0) (k=1) (k=2) (k =3) (k =4)
An 0.553 0.377 0.175
A'n 0.379 0.202 0.000
Ru2Zn; 394
AA'n - 0177 0.202
bleaching ratio of MLCT band /% - 46.6 534
An 0.494 0.355 0.237
A'n 0.257 0.118 0.000
RuzCos 389
AA'n - 0.138 0.118
bleaching ratio of MLCT band /% - 53.9 46.1
An 0.523 0510 0.460 0.221 0.186
A'n 0.337 0.324 0.275 0.035 0.000
RuzFe; 390
AA'n - 0.013 0.049 0.240 0.035
bleaching ratio of MLCT band /% - 3.9 146 714 104
An 0.504 0.533 0.524 0.316 0.236
A'n 0.268 0.297 0.288 0.080 0.000
RuzMns; 380
AA'n - -0.029 0.009 0.208 0.080
bleaching ratio of MLCT band /% - -10.7 3.2 776 30.0
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Initially, UV-SEC experiments with Ru2Zn3 and Ru2Co3 were performed. The
intensity of the MLCT band of these complexes decreased in a stepwise manner with
1sosbestic points corresponding to the first and second oxidation steps (Figures 2-6, 2-7
and Table 2-4). The bleaching ratios of the MLCT band of Ruz2Zn3 and Ru2Cos for the
first oxidation step were calculated to be 46.6 and 53.9%, respectively, and those for the
second oxidation step were 53.4 and 46.1% (Table 2-3). This result indicates that each
ruthenium center in these complexes undergoes a one-electron oxidation, which is
consistent with the electrochemical measurements (vide supra). Based on these results, it
is revealed that the observed MLCT band can provide information on the oxidation states
of the ruthenium centers due to the drastic change in the intensity of the band as a response

to the oxidation states of the ruthenium centers.

Table 2-4 | Summary of isosbestic points observed during UV-SEC measurements of
a series of heterometallic pentanuclear complexes.

isosbestic point / nm
complex

1st oxidation 2nd oxidation 3rd oxidation 4th oxidation

RuzZn; 302, 340, 503 341, 497 - -

Ru,Co3 309, 342, 512 304, 342,503 - -

RuzFes 321, 336, 488 309, 340, 493 338, 497 333,493

Ruz>Mn3; 321,408, 538 318, 375,534 329, 487 325,449
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Figure 2-6 | The results of UV-SEC of Ru2Zn3 (0.1 mM) in 0.1 M TBAP/MeCN.
Applied potentials are (left) 0.41 and (right) 0.80 V (vs. Fc/Fc"), respectively. All

measurements were performed under an Ar atmosphere.
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Figure 2-7 | The results of UV-SEC of Ru2Co3 (0.1 mM) in 0.1 M TBAP/MeCN.
Applied potentials are (left) 0.44 and (right) 0.79 V (vs. Fc/Fc"), respectively. All

measurements were performed under an Ar atmosphere.
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Subsequently, UV-SEC measurement on RuzFe3 was performed by oxidizing the
complex at 0.40, 0.60, 1.00 and 1.30 V. In all steps, spectral change with clear isosbestic
points was observed (Figure 2-8 and Table 2-4), which suggests the formation of a single
product at each oxidation step. In the first step and the second step, the bleaching of the
MLCT band was not significant. In contrast, in the third step, the intensity of the MLCT
band decreased drastically. In the fourth step, the bleaching of the MLCT band was again
rather small. The bleaching ratios of the MLCT band in these steps were 3.9 (1st), 14.6
(2nd), 71.1 (3rd), and 10.4 (4th)%. These observations imply that the two Ru ions in
RuzFes were simultaneously oxidized in the third oxidation step, although the result of
the electrochemical measurement indicates that this step is a one-electron oxidation

process (vide supra).
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Figure 2-8 | The results of UV-SEC of RuzFe3 (0.1 mM) in 0.1 M TBAP/MeCN.
Applied potentials are (left, top) 0.40, (right, top) 0.61, (left, bottom) 1.00 and (right,
bottom) 1.30 V (vs. Fc/Fc"), respectively. All measurements were performed under an

Ar atmosphere.
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A reasonable interpretation of the aforementioned discrepancy in the results of
the UV-SEC and electrochemical measurement is provided by comparing the redox
behavior of RuzFe3 with one of Fes. We previously clarified the redox behavior of Fes by
UV-SEC measurement, °>’Fe Mdssbauer spectroscopy, and quantum chemical
calculation™ (Scheme 2-1a). A notable electron transfer process was observed in the
second oxidation. In this step, the one-electron oxidation of the overall complex induces

the reduction of one of the Fe'!

ions in the triangular core to the Fe!! state (a “reduction-
upon-oxidation” reaction). Simultaneously, the two iron ions in the apical position were
oxidized to the Fe' state, and the apparent change in the overall charge due to this
oxidation step is one. In other words, the reduction of the triangular core upon oxidation
of the complex allows the simultaneous oxidation of the two metal centers at the apical
position. Therefore, the results suggest a similar reduction-upon-oxidation process occurs
in RuzFes, although the third oxidation step involves the corresponding reaction (Scheme
2-1b). These results indicate that the substitution of iron ions for ruthenium ions can

change the step corresponding to the reduction-upon-oxidation reaction.

~N

—_—
Fe"' reduction *
upon i
oxidation s i ;

reduction
upon
oxidation

i } |
Ru'" Ru" Ru"

Scheme 2-1 | Electron transfer processes of (a) Fes and (b) RuzFes. The metal centers

which undergo electron transfer reaction are circled.
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For Ru2Mn3, the result of UV-SEC measurement was in a manner similar to that
of RuzFes; the remarkable bleaching of the MLCT band was observed only at the third
oxidation step (Figure 2-9). Therefore, RuzMn3 can also undergo a reduction-upon-
oxidation reaction at the triangular core (Scheme 2-2). Note that each oxidation of the
relevant homometallic complex, Mns, does not involve such a process'. Therefore, the
unique electron transfer process can be induced by the installation of ruthenium ion in the

case of a manganese-based complex.

0.6 0.6
0.39V 0.66 V
0.5 0.5
, —O0s , —O0s
5 >
. 0.4 d i
g — 90 s 04 — 100's
3 3
§ 03 §03
g 2
2 0.2 2 0.2
0.1 0.1
0.0 0.0
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
0.6 0.6
1.08V 1.39V
0.5 0.5
) —O0s , —0s
> 3
: ; 04
s 04 . — 110s
3 3
g 93 § 03
9] 5]
§ 0.2 § 0.2
0.1 0.1
0.0 — 0.0
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2-9 | The results of UV-SEC of Ruz2Mn3 (0.1 mM) in 0.1 M TBAP/MeCN.
Applied potentials are (left, top) 0.39, (right, top) 0.66, (left, bottom) 1.08 and (right,
bottom) 1.39 V (vs. Fc/Fc"), respectively. All measurements were performed under an

Ar atmosphere.

59



upon
oxidation

Scheme 2-2 | Electron transfer processes of (a) Mns and (b) RuzMn3. The metal

centers which undergo electron transfer reaction are circled.
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Key Factors Controlling the Electron Transfers in

Pentanuclear Metal Complexes

The investigation of a series of pentanuclear metal complexes provide a map of
their electron transfer reactions, as shown in Scheme 2-3. The electron transfer reactions
in the complexes in this series can be categorized into the following six processes (egs.
1-6). Note that in these equations, the first and second digits in brackets represent the sum
of the charges of metal ions at apical positions (Mapi) and a triangular core (Mcore),

respectively (for instance, (4, 6) corresponds to the Mapi'2Mcore' 3 state).

(4, 6) (eq. 1)
(4,6) 2 (5,6) 2 (6, 6) (eq. 2)
(4,3)24,424524,602(5,602(6,6) (eq.3)
4,6)24,724,8)24,92(6,8)2(6,9) (eq.4)
(4,6)24,72(4,8)2(6,72(6,8)2(6,9) (eq.5)

4,60)24,724,824,92(5,9 26,9 (eq.6)

Due to the redox inactivity of the constituent metal ions, no electron transfer
reaction occurs in Zns (eq. 1). Ru2Zn3 undergoes two-step oxidation reactions of the
apical position due to the installation of redox-active ruthenium ions (eq. 2). Cos and
Ru2Cos undergo similar electron transfer processes (eq. 3), which involve the formations
of monovalent metal ion, reflecting the reductive nature of cobalt centers installed in the
triangular core. The electron transfer process in the heterometallic complexes Ruz2Fe3 and
Ru:Mns follow eq. 4 and involve the reduction-upon-oxidation reaction of the triangular
core, denoted (4, 9) 2 (6, 8). The behavior is different from the one of the corresponding
homometallic complexes, Fes and Mns; Fes undergoes electron transfer reactions with
the reduction-upon-oxidation reaction given by (4, 8) 2 (6, 7) (eq. 5), and Mns undergoes
five sequential one-electron transfer processes without the reduction-upon-oxidation
reaction (eq. 6).
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Scheme 2-3 | Summary of electron transfer reactions of a series of pentanuclear metal

complexes.
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(1) Electrostatic Repulsion between Oxidized Metal Centers

To verify the origin of this unique electron transfer reaction, the reduction-upon-
oxidation reaction, the electrostatic repulsions between oxidized metal centers were
considered. In the series of pentanuclear complexes investigated in this study, the
electrostatic repulsions between metal centers should increase upon oxidations of the
metal centers. There exist three kinds of electrostatic repulsions (denoted A, B and C)
between oxidized (M) metal centers, as shown in Figure 2-10. A, B, and C correspond
to the electrostatic repulsion between Mecore=Meore, Meore=Mapi, and  Mapi—Mapi,
respectively. The strengths of the electrostatic repulsions (Erep(A), Erep(B), and Erep(C))
should be in the order Erep(A) > Erep(B) > Erep(C), reflecting the distances between the

corresponding oxidized cores.

(\_/ A : repulsion between Mcore—Mcore

A

B : repulsion between Mcore—Mapi

‘ C : repulsion between Mapi—Mapi

Figure 2-10 | Schematic of the three kinds of electrostatic interactions between

oxidized cores in the pentanuclear system.
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Based on this consideration, we initially investigated the (4, 9) — (6, 8) process,
which was observed in Ruz2Fes and Ruz2Mns. There exists a valence tautomer of (6, 8),
(5, 9), which can be formed from the oxidation of (4, 9) without the reduction-upon-
oxidation reaction. As shown in Table 2-5, the total strength of the electrostatic repulsion
between oxidised metal centers (Ereptotal) 1S Ereptotal (6, 8) = Erep(A) + 4 Erep(B) + Erep(C)
and Ereptotal (5, 9) = 3Erep(A) + 3Eep(B) for (6, 8) and (5, 9). By considering the fact that
Erep(A) > Erep(B) > Erep(C), the following relationship can be obtained: Ereptotal (6, 8)—
Ereprotal (5, 9) = Erep(B) + Erep(C) — 2Erep(A) < 0. As a result, Ereprotal (6, 8) becomes
smaller than Erepotal (5, 9), which indicates that (6, 8) has less electrostatic repulsion

compared to (5, 9), and thus should be favored.

Table 2-5 | Electrostatic repulsion between the oxidized metal centers in (6, 8) and (5,

9).
| | ® | @ |
i State E ‘ i . E
| i ® | & E
5 i ©.9) i (5.9 5
| Eepom | Erep(A) * 4E(B) + Ep(C) ! 3E,p(A) + 3E,x(B) |
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Similarly, the relative stabilities of the valence tautomers (6, 7), (5, 8), and (4, 9)
in the (4, 8) — (6, 7) process, which occurs in Fes, are discussed. As shown in Table 2-6,
the Ereprotal Of these states can be described as Ereptotal (6, 7) = 2Erep(B) + Erep(C), Ereptotal
(5, 8) = Ewep(A) + 2 Erep(B), and Ereprotal (4, 9) = 3Erep(A). Based on the following
relationship, Erep(A) > Erep(B) > Erep(C), the order of the values of Ereprotal for these states
1S Ereptotal (6, 7) < Ereptotal (5, 8) < Ereptotal (4, 9). Therefore, the relative stability of these
three valence tautomers is in the order of (6, 7) > (5, 8) > (4, 9), and thus (4, 9) should be
favored.

These results indicate that the reduction-upon-oxidation reaction reduces the
electrostatic repulsion and contributes to the formation of more energetically favorable

species.

Table 2-6 | Electrostatic repulsion between the oxidized metal centers in (6, 7), (5, 8)
and (4, 9).

State . ‘ .
o o o
(6,7) (5, 8) (4,9)
Ereptota[ 2Erep(B) + Erep(C) Erep(A) + 2Erep(B) 3Erep(A)
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(2) Redox Potential of the Metal lons at the Apical Positions

However, the explanation, based solely on the effect of electrostatic repulsions,
cannot justify the existence of the various states that form without the reduction-upon-
oxidation reaction, e.g., (4, 9) in Ru2Fe3 and Ruz2Mns. In principle, the reduction-upon-
oxidation reaction of the triangular core should be accompanied by the oxidation of Map;.
Therefore, the redox potentials of Mapi should influence the occurrence of reduction-
upon-oxidation reaction. Actually, the emergence of reduction-upon-oxidation reaction in
pentanuclear complexes is largely dependent on Mapi; the reduction-upon-oxidation
reaction of Fes occurs in the oxidation of (4, 8), that of RuzFe3 and RuzMn3 is in the
oxidation of (4, 9), and Mns does not exhibit a reduction-upon-oxidation reaction.

As evidenced by the UV-SEC measurements, the redox potentials that involve
the oxidation of Map; are largely dependent on the identity of Mapi; Fes (0.29 V), RuzFes
(0.75 V), RuzMns (0.78 V), and Mns (1.11 and 1.24 V). These results indicate that the
potential required to oxidise Mapi may be in the order of Feapi < Ruapi < Mnapi. > To further
confirm this explanation, we compared the redox potentials of several mononuclear metal
complexes that contain Fe**, Ru?" or Mn?" as the metal ion and six nitrogen donor atoms,
as shown in Table 2-7. These complexes are representative hexacoordinate metal centers
with octahedral geometry and can thus be regarded as model compounds that mimic the
structure around the Mapi centers of the pentanuclear complexes. In these complexes, the
order of the redox potentials is Fe < Ru < Mn, which is consistent with the order of the

oxidation potentials of Mapi, Feapi < Ruapi < Mnapi.
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Table 2-7 | Comparison of oxidation potentials of mononuclear metal complexes
containing M (M = Fe?*, Ru?", Mn?") and six nitrogen donor atoms.

Complex Potential Condition
[Fe(bpy)s]** 1.06 V (vs. SCE) 0.1 M TEAP in MeCN
[Ru(bpy)s]* 1.26 V (vs. SCE) 0.1 M TBAP in MeCN
[Mn(bpy)sl™* 1.36 V (vs. SCE) 0.1 M TPAP in MeCN
[Fe(tacn)s** 0.13V (vs. NHE) 0.1 M KCl in water
[Ru(tacn)z]** 0.37 V (vs. NHE) 0.1 M CF3SO3H in water
[Mn(tacn)z]** 0.62 V (vs. NHE) 0.1 M KCl in water

[Fe(Tp)] -0.27 V (vs. Fc/Fc™) 0.1 M TBAPFgin DCE

[Ru(Tp)] -0.21V (vs. Fc/Fc") 0.1 M TBAPFg in DCE

Mn(Tp).] 0.06 V (vs. Fc/Fc™) 0.1 M TBAPFg in DCE

bpy = 2,2-bipyridine, tacn = 1,4,7-triazacyclononane, Tp = hydrotris(pyrazolyl)borate
TEAP = tetraethylammonium perchlorate, TPAP = tetra-n-propylammonium perchlorate
TBAPF6 = tetra-n-butylammonium hexafluorophosphate, DCE = 1,2-dichloroethane
SCE = saturated calomel electrode, NHE = normal hydrogen electrode
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Summary of the Reduction-Upon-Oxidation Process in Pentanuclear Metal Complexes

As described before, the reduction-upon-oxidation reaction can generate species
with the lowest electrostatic repulsion. However, there are several cases in which the
reduction-upon-oxidation reaction is suppressed: (i) the formation of (4, 8) instead of (6,
6) by the oxidation of (4, 7) in Fes, Ru2Fe3, Ruz2Mn3, and Mns; (ii) the formation of (4,
9) instead of (6, 7) by the oxidation of (4, 8) in RuzFe3, Ru2Mn3, and Mns; and (iii) the
formation of (5, 9) instead of (6, 8) by the oxidation of (4, 9) in Mns.

In the oxidation of (4, 7), the oxidation of the core proceeds in all four complexes
because the potentials are not enough to oxidise Mapi. In the oxidation of (4, 8), Fes can
undergo reduction-upon-oxidation reaction to minimize electrostatic repulsion because
Feapi is readily oxidised. However, for Ru2Fe3, Ru2Mn3, and Mns, the reduction-upon-
oxidation reaction is suppressed because Ruapi and Mnapi are hardly oxidised in this
potential region. In the oxidation of (4, 9), Ru2Fe3 and Ru2Mn3 can undergo reduction-
upon-oxidation reaction by the oxidations of Ruap and the reduction of the Mcore. In
contrast, in the case of Mns, the reduction-upon-oxidation reaction cannot proceed
because the high potential required to oxidise Mnap; prevents the reduction of Mncore in
this potential range. As a result, (5, 9) forms instead of (6, 8) in this oxidation step of Mns.

Therefore, the electrostatic repulsion between the oxidized cores and the ease of
the oxidation of Mapi are the dominant factors that determine the reduction-upon-
oxidation reaction of the pentanuclear system. These results clearly demonstrate that
complicated redox behavior of multinuclear metal complexes can be rationally

understood by systematic investigation.
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Conclusion

The author succeeded in systematic investigation for the redox behaviour of a
series of heterometallic and homometallic pentanuclear complexes by electrochemical
measurement, UV-vis absorption spectroscopy and UV-SEC measurement. As a result, a
general picture of the electron transfer reactions in the system was unveiled, and unique
electron transfer reaction, in which a metal center is reduced during oxidation of the
complex, was discovered. Furthermore, the two factors that impact the redox behaviour
of the complexes were determined. Collectively, the systematic investigation of a series
of pentanuclear complexes demonstrated that the flexible transfer of electrons in clustered

redox-active sites can be programmed by the precise arrangement of the metal ions.
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Chapter 3

Rational Synthetic Strategy for Heterometallic Tetranuclear

Complexes

Introduction

Multinuclear metal complexes have received considerable attention due to their

unique physical and chemical properties such as redox'*®, photochemical’*®

9-12 13-18

and magnetic

properties”!? and reactivity!>!® as well as their attractive structures. 1°* In particular,
heterometallic multinuclear complexes, which contains more than two kinds of metal ions
in the structure, exhibit various functions owing to the cooperative effect between
different kinds of metal ions, as can be found in natural biological system. 2>* In this
context, the precise arrangement of distinct metal ions in multinuclear metal complex is
of great significance to develop artificial functional materials. However, the rational
synthetic strategy of heterometallic multinuclear complex to achieve such precise

arrangement of metal ions is rather limited. %

fac-[Ru(Hbpp)s]?* mer-[Ru(Hbpp);]?*
Figure 3-1 | Chemical structure of fac-[Ru(Hbpp)s]** (left) and mer-[Ru(Hbpp)s]*>*

(right), in which configuration of six coordinating nitrogen atoms around each

ruthenium ion center are emphasized.
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(a) Synthetic strategy for heterometallic pentanuciear complexes (Chapter 1)

facial isomer Pentanuclear complex

(b) Synthetic strategy for heterometallic tetranuclear complexes (Chapter 3)

meridional isomer Tetranuclear complex

Figure 3-2 | Schematic illustration of the strategy for the rational synthesis of (a)

heterometallic pentanuclear complexes and (b) heterometallic tetranuclear complexes.

In this study, it was found that two different series of heterometallic multinuclear
complexes can rationally and selectively be synthesized from the same components,
ruthenium ion, first-row transition metal ion, and 3,5-bis(2-pyridyl)pyrazole (Hbpp)
ligand. A key to success is the use of geometrical isomers of the ruthenium mononuclear
complex, fac-[Ru(Hbpp);]*" and mer-[Ru(Hbpp);]*" (Figure 3-1). Whereas the treatment
of fac-[Ru(Hbpp);]*" with each first-row transition metal ion afforded a series of
heterometallic pentanuclear complexes, as is described in chapter 1 (Figure 3-2a), the
reaction of mer-[Ru(Hbpp);]*" gave a series of heterometallic tetranuclear complexes
(Figure 3-2b).

This chapter focuses on the development of tetranuclear metal complexes
constructed via the stepwise complexations of ruthenium ion and first-row transition
metal ion to Hbpp ligand. The result presented in this chapter offers a powerful and
rational strategy to enable the precise arrangement of metal ions in multinuclear metal

complex.
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Experimental Section

Materials.

NH4PFs and NaOH were purchased from Wako Pure Chemical Industries, Ltd.
Zn(OAc)222H,0 and Cu(OAc)2°H20O were purchased from Kanto Chemical Co., Inc.
RuCl3*3H>O was purchased from Tanaka Kikinzoku Kogyo K.K. 3,5-Bis(2-
pyridyl)pyrazole, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) were purchased from Tokyo Chemical Industry
Co., Ltd. Co(ClO4) *6H>0 was purchased from Aldrich. All solvents and reagents are of
the highest quality available and used as received. H>O was purified using a Millipore

MilliQ purifier, and was purged with argon before use.

Measurement Apparatus.

Elemental analysis was carried out on a J-SCIENCE LAB MICRO CORDER
JM10 elemental analyser. ESI TOF-MS were recorded on a JEOL JMS-T100LP mass
spectrometer. 'H NMR spectra were acquired on a Bruker AVANCE 111 spectrometer.

X-ray Crystallography.

A crystal of the obtained complex was mounted in a loop. Diffraction data of
Ru2Zn2(PFs) and Ru2Co2(TFSI) at 123 K were measured on a Synergy Custom system
CCD Plate diffractometer equipped with mirror monochromated Mo-Ka radiation and
data were processed using CrysAlisPro (Rigaku). Diffraction data of Ru2Cuz(TFSI) at
123 K were measured on a XtaLAB Synergy CCD Plate diffractometer equipped with
mirror monochromated Mo-Ka radiation and data were processed using CrysAlisPro
(Rigaku). The structures were solved by direct method using S/R-92 [S1] and refined by
the full-matrix least squares techniques on 2 (SHELXL-2014/7 [S2]). All non-hydrogen
atoms were refined anisotropically and refined with a riding model with Uis, constrained
to be 1.2 times Ueq of the carrier atom. The diffused electron densities resulting from
residual solvent molecules were removed from the data set using the SQUEEZE routine
of PLATON [S3] and refined further using the data generated. Crystallographic data have
been deposited with Cambridge Crystallographic Data Centre: CCDC deposition
numbers; 1960443 for Ru2Zn2(PF¢), 1960444 for Ru2Co2(TFSI) and 1960445 for
Ru2Cuz(TFSI). Copies of the data can be obtained free of charge via

www.ccde.cam.ac.uk/data_request/cif.
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Synthesis of mer-[Ru(Hbpp)3](TFSI)..

RuCl3:3H0 (1.0 mmol) and 3,5-bis(2-pyridyl)pyrazole (Hbpp; 3.0 mmol) were
suspended in 18.0 mL of ethanol. The reaction mixture was heated at 120 °C for 9 hours
by microwave reactor. The reaction mixture was filtered to remove undissolved residues
and excess amount of saturated aqueous NaClO4 solution was added to the filtrate, then
the precipitate was collected by filtration. The obtained precipitate was dissolved in
acetonitrile and slow diffusion of diisopropylether at ambient temperature gave yellow
powder after a few days. The yellow powder was collected by filtration and then dissolved
in acetonitrile. The excess amount of saturated aqueous LiTFSI solution was added to the
solution, then the precipitate was collected by filtration. The formed precipitate was
dissolved in mixed solvent of acetonitrile and H>O, then slow evaporation of acetonitrile
at ambient temperature gave light orange crystals after a few days. The crystals were
collected by filtration and dried under vacuum. Yield 353.72 mg (27.9%). Elemental
analysis Calcd. for [Ru(Hbpp)s](TFSI),*H2O: C43H32F12N140O9Ru1S4: C, 38.37; H, 2.40;
N, 14.57%. Found: C, 38.61; H 2.54; N 14.72%. ESI-TOF MS (positive ion, acetonitrile):
m/z: 384.10 [Ru(Hbpp)s]*", 767.19 [Ru(Hbpp)2(bpp)s]", 1048.13
([Ru(Hbpp)3]*+TFSI")". 'H NMR (600 MHz, DMSO-ds): § = 8.64-8.59 (m, 3H), 8.37
(d, /=79 Hz, 1H), 8.30 (t, /= 7.7 Hz, 2H), 8.16-8.08 (m, 4H), 8.05-7.98 (m, 5H), 7.96-
7.91 (m, 3H), 7.64 (d, /= 5.4 Hz, 1H), 7.56 (d, J= 5.4 Hz, 1H), 7.48-7.41 (m, 5H), 7.34
(t,J=6.4 Hz, 1H), 7.29 (t,J= 6.6 Hz, 1H).

Synthesis of [{Ru" (u-bpp)3}2Zn" ;(u-OH)](PFs) (Ru>Zn>(PFj)).
mer-Ru(Hbpp)3(TFSI)2*H>O (0.03 mmol) and Zn(OAc)2:2H>O (0.15 mmol)
were dissolved in 3.0 mL of N-methylpyrrolidone. A 1.0 M NaOH aqueous solution (300
uL) was added to the solution, and then it was heated at 80 °C for 12 hours. The reaction
mixture was filtered to remove undissolved residues and excess amount of saturated
aqueous NH4PFs solution and excess amount of H,O were added to the filtrate, then the
precipitate was collected by filtration. The obtained precipitate was dissolved in
acetonitrile and then 50 pL of DBU was added to the solution. The solution was heated
at 50 °C for 1 hour, then the solution was concentrated. Excess amount of diethylether
was added to the solution, and then the formed precipitate was collected by filtration. The
precipitate was dissolved in acetonitrile and slow diffusion of diethylether at ambient
temperature gave light red crystals after a few days. The crystals were collected by
filtration and dried under vacuum. Yield 19.9 mg (73.0%). Elemental analysis Calcd. for
[Ru2Zn2(OH)(bpp)s](PFe)3:2H20:  C78Hs9FsN2403P1Ru2Znz: C, 50.41; H, 3.20; N,
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18.09%. Found: C, 50.20; H 3.47; N 18.03%. ESI-TOF MS (positive ion, acetonitrile):
m/z: 1677.13 [{Ru"(u-bpp)s}2Zn'>(u-OH)]*. 'H NMR (600 MHz, DMSO-dp): & = 8.44
(s, 1H), 8.05 (d, J=7.9 Hz, 1H), 8.00 (t, J = 7.7 Hz, 1H), 7.88 (t, J= 7.7, 2H), 7.83 (t,J
=7.7, 1H), 7.80-7.76 (m, 3H), 7.61 (d, J= 4.2 Hz, 3H), 7.56 (d, J= 5.5 Hz, 1H), 7.48 (s,
1H), 7.42 (d, J= 8.1 Hz, 1H), 7.38 (d, J = 5.5 Hz, 1H), 7.19-7.14 (m, 2H), 7.11-7.03 (m,
4H), 6.96 (t, J= 7.7 Hz, 1H), 6.74 (d, J = 5.0 Hz, 1H), 6.65 (t, J = 6.1 Hz, 1H), 6.63 (s,
1H), 6.57 (t, J= 6.4 Hz, 1H).

Synthesis of [{Ru"(u-bpp)3}:Cu'y(u-OH)](TFSI) (Ru;Cux(TFSI)).

mer-Ru(Hbpp)3(TFSI)2H20 (0.03 mmol) and Cu(OAc)2H20 (0.15 mmol) were
dissolved in 3.0 mL of N-methylpyrrolidone. A 1.0 M NaOH aqueous solution (300 uL)
was added to the solution, and then it was heated at 100 °C for 12 hours. The reaction
mixture was filtered to remove undissolved residues and excess amount of saturated
aqueous LiTFSI solution and excess amount of H>O were added to the filtrate, then the
precipitate was collected by filtration. The obtained precipitate was dissolved in
acetonitrile and then 50 pL of DBU was added to the solution. The solution was heated
at 50 °C for 1 hour, then the solution was concentrated. Excess amount of diethylether
was added to the solution, and then the formed precipitate was collected by filtration. The
precipitate was dissolved in dichloromethane and slow diffusion of diethylether at
ambient temperature gave dark red crystals after a few days. The crystals were collected
by filtration and dried under vacuum. Yield 18.0 mg (60.4%). Elemental analysis Calcd.
for [RuaCux(OH)(bpp)s](TFSI)-4H20: CgoHs3CuFsN25sO9Ru2S,: C, 47.43; H, 3.13; N,
17.28%. Found: C, 47.42; H 3.32; N 17.30%. ESI-TOF MS (positive ion, acetonitrile):
m/z: 1675.14 [ {Ru(u-bpp)s} .Cu'l>(u-OH)]".

Synthesis of [{Ru"(u-bpp)3}2Co"2(u-OH)](PFs) (Ru:Coz(PFg)).
mer-Ru(Hbpp)3(TFSI)2*H20 (0.03 mmol) and Co(ClO4)2:6H>0 (0.45 mmol)
were dissolved in 3.0 mL of N-methylpyrrolidone. A 1.0 M NaOH aqueous solution (300
uL) was added to the solution, and then it was heated at 100 °C for 12 hours. The reaction
mixture was filtered to remove undissolved residues and excess amount of saturated
aqueous NH4PF¢ solution and excess amount of H>O were added to the filtrate, then the
precipitate was collected by filtration. The obtained precipitate was dissolved in
acetonitrile and then 50 pL of DBU was added to the solution. The solution was heated

at 50 °C for 1 hour, then the solution was concentrated. Excess amount of diethylether
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was added to the solution, and then the formed precipitate was collected by filtration. The
precipitate was dissolved in dichloromethane and slow diffusion of diethylether at
ambient temperature gave dark red crystals after a few days. The crystals were collected
by filtration and dried under vacuum. Yield 20.7 mg (74.1%). Elemental analysis Calcd.
for [Ru2Co2(OH)(bpp)s](PFs):6H2O: C78Hs7C02FsN24O7P1Ru: C, 48.86; H, 3.52; N,
17.53%. Found: C, 49.01; H 3.68; N 17.28%. ESI-TOF MS (positive ion, acetonitrile):
m/z: 1665.14 [{Ru'(u-bpp)s}2Co'r(u-OH)]". [Ru2Coa(bpp)s](TFSI) was prepared by
adding excess amount of a saturated aqueous LiTFSI solution instead of a saturated
aqueous NH4PFs solution to the filtrate obtained after the reaction. The obtained
precipitate was dissolved in acetonitrile and then 50 uL of DBU was added to the solution.
The solution was heated at 50 °C for 1 hour, then the solution was concentrated. Excess
amount of diethylether was added to the solution, and then the obtained precipitate was
collected by filtration. The precipitate was dissolved in dichloromethane and slow
diffusion of diethylether into the solution at ambient temperature afforded the single
crystals of [RuxCoa(bpp)s](TFSI) suitable for single crystal X-ray structural
determination.
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Synthesis and Characterization

The syntheses of mononuclear ruthenium complexes were performed by reacting
RuCls with 3 eq. of Hbpp in ethanol at 120 °C for 9 hours, and the addition of a saturated
aqueous solution of NaClOg4 to the reaction mixture afforded precipitate. The precipitate
was then dissolved in acetonitrile and slow diffusion of diisopropylether to the resultant
solution at ambient temperature afforded yellow powder. Further diffusion of
diisopropylether to the solution afforded red crystals. The red crystals were characterized
as fac-[Ru(Hbpp)s](C104)2 by 'H NMR and electro-spray ionization time-of-flight mass
spectrometry (ESI TOF-MS), elemental analysis and single crystal X-ray structural
analysis in chapter 1. Subsequently, the yellow powder was collected by filtration and
dissolved in acetonitrile. To this solution, an excess amount of a saturated aqueous
solution of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was added and
precipitate formed. The precipitate was dissolved in a mixed solvent of acetonitrile and
H>0, and slow evaporation of acetonitrile at ambient temperature gave light orange
crystals after a few days.

The characterization of the orange crystals was performed by elemental analysis
and ESI TOF-MS and "H NMR spectroscopy. The results of elemental analysis and ESI
TOF-MS (Figure 3-3) revealed that the orange crystals have the composition of
[Ru(Hbpp)3](TFSI),. In the 'H NMR spectrum of the orange crystals (Figure 3-4a), the
larger number of peaks were observed compared to the 'H NMR spectrum of fac-
[Ru(Hbpp)s3](Cl04). (Figure 3-4b), indicating that the complex has more unsymmetrical
structure than fac-[Ru(Hbpp)s]**. This observation strongly supports that the orange
crystals are mer-[Ru(Hbpp)3](TFSI). in conjunction with the aforementioned results of
ESI TOF-MS and elemental analysis.
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Figure 3-3 | ESI TOF-MS of mer-[Ru(Hbpp)3](TFSI); in acetonitrile.
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Figure 3-4 | 'H NMR spectra of (a) mer-[Ru(Hbpp);](TFSI). and (b) fac-
[Ru(Hbpp)3](ClO4)2 in DMSO-ds at 293 K.
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Subsequently, the reaction of mer-[Ru(Hbpp)3](TFSI)2 with first-row transition
metal ion was examined. As an initial trial, Zn?>" was employed as a first-row transition
metal ion because the diamagnetic d'° nature of Zn?>" enables the characterization of the
formed complex by 'H NMR spectroscopy. mer-[Ru(Hbpp)s;](TFSI), was reacted with
5.0 eq. of Zn(OAc)2:2H>0 in the presence of base at 80 °C for 12 hours. After the reaction,
a saturated aqueous solution of NH4PF¢ was added to the reaction mixture, and the formed
precipitate was collocted by filtration. The precipitate was disolved into acetonitrile and
the resultant solution was heated in the presence of 50 pL of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) at 50 °C for 1 hour. Subsequently, diethylether
was added to the solution until precipitate formed, and the formed precipitate was
recrystallized from acetonitrile/diethylether to give orange crystals. The ESI TOF-MS of
the crystals (Figure 3-5) exhibited a peak corresponds to [Ru2Zn2(OH)(bpp)s]” (m/z =
1677.13). Furthermore, the elemental analysis revealed that the composition of the
crystals are [RuxZn2(OH)(bpp)s](PFe)*2H20. These results indicate that the reaction
between mer-[Ru(Hbpp)s](TFSI): and Zn** ion affords the selective formation of one
product with a tetranuclear structure. In the "H NMR spectrum of the obtained crystals
(Figure 3-6), three singlet peaks attributed to pyrazole moiety of bpp were observed,
which suggests that there exists three kinds of bpp ligands in the structure. This result
supports the formation of the tetranuclear complex in which two meridional Ru(bpp)s

units were connected by a Zn-(u-OH)-Zn core moiety.
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Figure 3-5 | ESI TOF-MS of [Ru2Zn>(OH)(bpp)s](PFs) in acetonitrile.
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Figure 3-6 | 'H NMR spectrum of [Ru2Zn2(OH)(bpp)s](PFs) in DMSO-ds at 293 K.
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To further unveil the structure of the complex, single crystal X-ray structural
analysis was performed. The structure of the cationic moiety of the complex is shown in
Figure 3-7. As expected, the complex has a tetranuclear structure that consists of a
dinuclear core bridged by hydroxyl ligand sandwiched by two mer-[M(u-bpp)3] units.
The two metal ions in the dinuclear core (Mcore) are pentacoordinate with distorted
trigonal bipyramidal geometry, whereas metal ions at the apical position (Mapi) are
hexacoordinate with distorted octahedral geometry. The average bond distance between
Mapi and the coordinating six nitrogen atoms of the mer-[ Mapi(l-bpp)3] units (d(Mapi-N))
is 2.063(3) A (Table 3-2), and is the typical value for the hexacoordinated ruthenium
polyimine complexes®®. Therefore, Mapi and Mcore in this tetranuclear complex can be
assigned to ruthenium ion and zinc ion, respectively. In other words, the structure of the
complex is as [{Ru'l(u-bpp)s}2Zn>(u-OH)]" (RuzZnz). These results strongly suggest
that mer-[Ru(Hbpp);]** did not isomerize nor decompose in the solution during the

reaction, and it can work as a robust building block of the stepwise synthetic strategy.

N16

Figure 3-7 | The ORTEP drawing of cationic moiety (left) and core structure (right)
of [Ru2Zn2(OH)(bpp)s](PFs) (50% probability ellipsoids). Hydrogen atoms are
omitted for clarity. O =red, C = gray, N = blue, Zn = yellow and Ru = orchid.
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Table 3-1 | Summary of the crystallographic data for [Ru2Zn>(OH)(bpp)s](PFé).

formula C7gHs55FsN»4sOPRuU,Zn,
fw 1822.31
color, habit clear light orange, plate

crystal size, mm®

0.149x0.110 x 0.039

crystal system triclinic
space group P-1
alA 15.7383(3)
b/l A 18.0021(3)
cl A 19.5479(3)
al® 107.8620(10)
B1° 112.201(2)
y1° 101.8210(10)
vV/IA3 4545 82(15)
Z 2
F(000) 1832
deare, gcm’® 1.331
¢ (MoKa ), mm’™ 0.931
T,K 123(2)
uniq refins 24898
Rt 0.0360
R4 0.0533
WR 0.1507
GOF 1.033
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Table 3-2 | Selected bond lengths of [Ru2Zn(OH)(bpp)s](PFs).

bond length / A bond length / A
Ru1-N1 2.067(3) Zn1-N3 2.132(3)
Ru1-N2 2.080(3) Zn1-N4 2.102(3)
Ru1-N5 2.060(3) Zn1-N15 2.108(3)
Ru1-N6 2.064(3) Zn1-N16 2.105(3)

Mcore‘N
Ru1-N9 2.087(4) Zn2-N7 2.123(2)
Ru1-N10 2.026(3) Zn2-N8 2.094(3)

Mapi-N
Ru2-N13 2.069(4) Zn2"N19 2.115(2)
Ru2-N14 2.057(3) Zn2-N20 2.103(4)
Ru2-N17 2.069(3) average 2.110(3)
Ru2-N18 2.069(3)

Ru2-N21 2.084(3) bond length / A
Ru2-N22 2.028(3) Zn1-0O1 1.940(3)

MCOI’e-O
average 2.063(3) Zn2-01 1.943(3)
average 1.942(3)
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The stepwise synthetic strategy was adopted for the synthesis of tetranuclear
complexes containing other first-row transition metal ions, Cu?" and Co*". The synthetic
procedure for these tetranuclear complexes is similar to that for Ru2Zn2. mer-
[Ru(Hbpp)3](TFSI), was reacted with 5.0 eq. of Cu?" or 15.0 eq. of Co?" in the presence
of base at 100 °C, and the obtained compounds were further treated with DBU at 50 °C.
These reactions afforded the selective formation of [Ru2M2(OH)(bpp)s]” (M = Cu or Co)
species, as evidenced by ESI TOF-MS (Figure 3-8 and 3-9) and elemental analysis. The
structures of the complexes were also clarified by single crystal X-ray structural analysis.
As shown in Figure 3-10 and 3-11, both complexes exhibited structure similar to Ru2Zna.
Note that in the crystal structure of the complex containing Cu ions, two
crystallographically independent complexes were observed (Figure 3-12). The average
d(Mapi-N) of these complexes is 2.058(4) ([Ru2Cu2(OH)(bpp)s]’, Table 3-4) and 2.059(4)
A ([Ru2Co2(OH)(bpp)s] ", Table 3-4), and is quite similar to average d(Mapi-N) of Ru2Zn2
(2.063(3) A, vide supra). Therefore, Mapi and Mcore in these tetranuclear complexes are
assignable to ruthenium ion and first-row transition metal ion, respectively, and the
structure of the complexes can be described as [{Ru'(u-bpp)s}2Culz2(u-OH)]" (RuzCuz)
and [{Ru'(u-bpp)s}.Cox(n-OH)]" (RuzCoz2). Collectively, the stepwise synthetic
strategy using mer-[Ru(Hbpp)s;]** can lead the selective formation of a series of

heterometallic complexes which have tetranuclear structure.
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Figure 3-8 | ESI TOF-MS of [Ru2Cux(OH)(bpp)s](TFSI) in acetonitrile.
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Figure 3-9 | ESI TOF-MS of [RuxCo2(OH)(bpp)s](PFs) in acetonitrile.
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Figure 3-10 | The RTEP drawing of cationic moiety (left) and core structure (right) of
[Ru2Cu2(OH)(bpp)s](TFSI) (50% probability ellipsoids). Hydrogen atoms are omitted
for clarity. O =red, C = gray, N = blue, Zu = green and Ru = orchid. One out of two
crystallographically independent cationic moieties was presented (see also Figure 3-
12).

Figure 3-11 | The ORTEP drawing of cationic moiety (left) and core structure (right)
of [Ru2Co2(OH)(bpp)s](TFSI) (50% probability ellipsoids). Hydrogen atoms are
omitted for clarity. O =red, C = gray, N = blue, Co = cyan and Ru = orchid.
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Figure 3-12 | The ORTEP drawing of cationic moiety (top) and core structure (bottom)
of [Ru2Cux(OH)(bpp)s](TFSI) (50% probability ellipsoids). Hydrogen atoms are
omitted for clarity. O =red, C = gray, N = blue, Zu = green and Ru = orchid.
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Table 3-3 | Summary of the crystallographic data for [RuxCux(OH)(bpp)s](TFSI) and
[Ru2Cuz(OH)(bpp)s](TFSI).

Ruz:Cuz RuzCo:
formula C160H110CUsF12N50O10RUsS4 CgoHs5C0,FsNp505R U, S,
fw 3907.65 1944 61
color, habit clear dark red, block

clear dark red, plate

crystal size, mm?®

2.04x0.20x0.14

0.318 x 0.146 x 0.027

crystal system triclinic triclinic
space group P-1 P-1
alA 18.5608(3) 15.8400(3)
b/l A 19.3655(3) 18.3256(4)
clA 26.9117(3) 19.7236(2)
al’ 98.4250(10) 107.5710(10)
£ 1° 91.5240(10) 110.6960(10)
yl° 100.3340(10) 104.105(2)
VIA3 9399.6(2) 4695.37(15)
V4 2 2
F(000) 3928 1956
deare, gem’® 1.381 1.375
¢ (MoK a ), mm™’ 0.877 0.779
T,K 123(2) 123(2)
uniq refins 36895 18449
Rint 0.0387 0.0417
R 0.0632 0.0588
WR , 0.1886 0.1888
GOF 1.076 1.062
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Table 3-4 | Selected bond lengths (Mapi-N) of a series of tetranuclear metal complexes.

complex RuzZn2 RuzCuz RuzCo:
bond length / A bond length / A bond length / A
Ru1-N1 2.067(3) Ru1-N1 2.066(4) Ru1-N1 2.060(5)
Ru1-N2 2.080(3) Ru1-N2 2.070(4) Ru1-N2 2.073(5)
Ru1-N5 2.060(3) Ru1-N5 2.055(4) Ru1-N5 2.073(4)
Ru1-N6 2.064(3) Ru1-N6 2.070(4) Ru1-N6 2.053(4)
Ru1-N9 2.087(4) Ru1-N9 2.101(4) Ru1-N9 2.079(5)
Ru1-N10 2.026(3) Ru1-N10 2.032(4) Ru1-N10 2.024(4)
Ru2-N13 2.069(4) Ru2-N13 2 054(5) RW2-N13 2.059(4)
Ru2-N14 2.057(3) Ru2-N14 2.045(5) RW2-N14 2.051(4)
Ru2-N17 2.069(3) Rw2-N17 2.048(7) Rw2-N17 2.064(4)
Ru2-N18 2.069(3) Rw2-N18 2.044(6) Ruw2-N18 2.066(5)
Ru2-N21 2.084(3) Ruw2-N21 2.080(5) Ru2-N21 2.078(4)
Ru2-N22 2.028(3) Ru2-N22 2.033(6) Ru2-N22 2.030(4)
Mapi-N
RU3-N25 2.057(4)
RU3-N26 2.062(4)
Ru3-N29 2.067(4)
Ru3-N30 2.054(4)
Ru3-N33 2.084(4)
Ru3-N34 2.032(4)
Ru4-N37 2.058(4)
Ru4-N38 2.053(4)
Ru4-N41 2.065(4)
Ru4-N42 2.062(4)
Ru4-N45 2.091(4)
Rud-N46 2.018(4)
average 2.063(3) 2.058(4) 2.059(4)
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Table 3-5 | Selected bond lengths (Mcore-N) of a series of tetranuclear metal

complexes.
complex Ru2Zn; RuxCuz RuzCo;
bond length / A bond length / A bond length / A
Zn-N3 2132(3) Cul-N3 1.960(6) Co1-N3 2113(4)
Zn1-N4 2.102(3) Cul1-N4 2.126(6) Co1-N4 2.076(5)
Zn1-N15 2.108(3) Cu1-N15 1.958(5) Co1-N15 2.071(4)
Zn1-N16 2.105(3) Cul-N16 2172(5) Co1-N16 2.002(4)
Zn2-N7 2123(2) CW2N7 1.968(4) Co2-N7 2.087(4)
Zn2-N8 2.094(3) Cu2-N8 2.107(3) Co2-N8 2.086(4)
Zn2"N19 2115(2) Cu2-N19 1.970(5) Co2-N19 2.085(4)
Zn2-N20 2.103(4) Cu2-N20 2.190(4) C02-N20 2.086(5)
Mecore-N
Cu3-N27 1.966(4)
Cu3-N28 2171(4)
Cu3-N39 1.961(4)
Cu3-N40 2.135(4)
Cud-N31 1.959(4)
CU4-N32 2139(4)
Cud-N43 1.964(4)
Cud-N44 2.173(4)
average 2.110(3) 2.057(4) 2.087(4)
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Table 3-6 | Selected bond lengths (Mcore-O) of a series of tetranuclear metal
complexes.

complex RuzZn; Ruz2Cu: RuzCo:
bond length / A bond length / A bond length / A
Zn1-01 1.940(3) Cul-01 1.043(4) Co1-01 1.933(4)
Zn2-01 1.943(3) Cu2-01 1.935(4) C02-01 1.932(5)
MCOre-O

Cu3-02 1.930(3)
Cud-02 1.943(3)

average 1.942(3) 1.938(4) 1.933(5)
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Based on aforementioned success in the development of a series of tetranuclear
complexes and the relevant study on a series of pentanuclear complexes, the effect of
geometrical isomerism of the precursor on the structural features of the resulting
multinuclear complexes is discussed. The reaction of fac-[Ru(Hbpp);]*>*, which has three
Hbpp ligands directing the same side, with first-row transition metal ions afforded a series
of pentanuclear complexes. On the contrary, the use of mer-[Ru(Hbpp)3]**, which has two
out of three Hbpp ligands directing the same side, as a precursor gave a series of
tetranuclear metal complexes. In the both of two series of multinuclear metal complexes,
ruthenium ions at their apical position are in hexacoordinated octahedral geometry, and
first-row transition metal ions bridged by an oxygen atom are in pentacoordinated
distorted trigonal bipyramidal geometry. In addition, the numbers of bpp ligands
contained in the structures are identical between tetranuclear and pentanuclear metal
complexes.

On the other hand, there exist several structural differences between the two
series of multinuclear metal complexes. First, the tetranuclear metal complexes have two
bpp ligands with vacant coordination sites, whereas the coordination sites of bpp ligand
in the pentanuclear complexes are fully occupied by metal ions. Second, the steric
hindrance around the hydroxo-bridged metal centers are largely different; although the
Ms(u3-OH) moiety in the pentanuclear complexes is surrounded by bpp ligands, the
Mz (n2-OH) moiety of the tetranuclear complexes is less sterically hindered. As a result,
for the tetranuclear complexes, large substrates can be accessible to the hydroxo-bridged
metal centers.

These two structural features, vacant coordination sites and large substrate-
accessible sites, should differentiate the properties of tetranuclear complexes from those

of pentanucleaer complexes.
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Conclusion

The author succeeded in the selective formation of a series of heterometallic
tetranuclear complexes. The synthesis was achieved by the stepwise synthetic strategy
composed of two step complexations. In this synthetic strategy, a ruthenium mononuclear
complex, mer-[Ru(Hbpp)3](TFSI)2, was used as a precursor. The complex is a
geometrical isomer of fac-[Ru(Hbpp)3](ClOs4)> described in chapter 1. The complexation
using facial isomer afforded the selective formation of heterometallic pentanuclear
complexes, on the other hands, the complexation using meridional isomer afforded the
selective formation of heterometallic tetranuclear complexes. Each hetero multinuclear
complex has the structural features reflecting the structure of their precursor.

By the development of the stepwise synthetic strategy using ruthenium
mononuclear complex as a precursor, two different series of heterometallic multinuclear

complexes can rationally and selectively be synthesized.

Tetranuclear
complex

=

Pentanuclear
complex
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General Conclusion

The on-demand control over the distribution of the oxidation states in
multinuclear metal complex is a promising way to obtain the materials with target
functionality. However, the electron transfer reactions in multinuclear metal complex are
quite complicated due to the strong electronic interaction between composed metal ions.
Therefore, the establishment of the comprehensive guideline for controlling the electron
transfer reactions in multinuclear metal complex is of great significance. To address such
issue, in this thesis, the author focused on the development of the rational synthetic
strategy for obtaining the series of heterometallic multinuclear complexes and the
systematic investigation of redox behaviors in the obtained complexes.

The rational procedure to enable the on-demand installation of metal ions into
the multinuclear metal complex was successfully developed by utilizing the stepwise
synthetic method. The synthetic strategy is constructed by two step complexations, (1)
the preparation of the ruthenium mononuclear complex as a precursor and (2) the reaction
between the ruthenium mononuclear complex and first-row transition metal ion. As a
result, the syntheses of two series of heterometallic multinuclear complexes which have
different arrangement of metal ions with keeping the same molecular framework were
achieved. The key to success is to use two kinds of geometrical isomers of the ruthenium
mononuclear complex. The complexation using the facial isomer leads to the selective
formation of heterometallic pentanuclear complexes. On the other hands, the
complexation using the meridional isomer leads to the selective formation of
heterometallic tetranuclear complexes. By changing the precursor, two kinds of
heterometallic multinuclear complexes reflecting the structure of the precursor were
successfully synthesized.

The distribution of oxidation states in all complexes, which alters during the
electron transfer reactions, were clarified based on the results of electrochemical
measurement, UV-vis absorption spectroscopy and UV-SEC measurement. As a result, a
general picture of the electron transfer reactions in the system was unveiled, and unique
electron transfer reaction, in which a metal center is reduced during oxidation of the
complex, was discovered. Furthermore, the two factors that impact the redox behavior of
the complexes were determined.

Collectively, the development of the stepwise synthetic strategies using the
geometrical isomers of the ruthenium mononuclear complex, two kinds of a series of
heterometallic multinuclear complexes can rationally and selectively be generated. These

results offer a powerful and rational strategy to enable the precise arrangement of metal
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ions in multinuclear metal complex. Furthermore, the systematic investigation of a series
of pentanuclear complexes demonstrated that the flexible transfer of electrons in clustered

redox-active sites can be programmed by the precise arrangement of the metal ions.
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