Introduction

The rapid consumption of fossil fuel has already caused unacceptable
environmental problems such as the greenhouse effect by CO, emission,
which is predicted to lead to disastrous climatic consequences [1]. Moreover, the
consumption rate of fossil fuels is expected to increase further at least twofold
relative to the present by midcentury because of population and economic
growth, particularly in the developing countries. It is becoming more and more
obvious that fossil fuels will run out eventually in the next century despite the
recent shale gas revolution. Thus, renewable and clean energy resources are
urgently required in order to solve global energy and environmental issues
[2, 3]. Among renewable energy resources, solar energy is by far the largest
exploitable resource [1-3]. Nature harnesses solar energy for its production
by photosynthesis, and fossil fuels are the product of photosynthesis [4]. Fossil
fuels range from volatile materials with low carbon:hydrogen ratios such as
methane, to liquids such as petroleum, and to nonvolatile materials composed
of almost pure carbon, such as anthracite coal. The age of the organisms and
their resulting fossil fuels is typically millions of years, and sometimes exceeds
650 million years. The consumption rate of fossil fuels is becoming much faster
than the production rate by nature. Thus, it is quite important to develop arti-
ficial photosynthetic systems for production of solar fuels, which are hopefully
simpler and more efficient than natural systems. The conversion of photon
energy to chemical energy in photosynthesis is achieved by electron transfer
from the excited state of an electron donor (D": * denotes the excited state) to
an electron acceptor (A) to produce the charge-separated state (D*—A"). The
high oxidizing power of D'* in D*—A'~ is used for four-electron oxidation of
water to produce dioxygen, whereas the high reducing power of A~ is used to
reduce nicotinamide adenine dinucleotide phosphate (NADP*) coenzyme to
NADPH [5]. NADPH reduces CO, by multi-electron reduction to produce sugar
[4, 5]. Thus, electron transfer plays essential roles in photosynthesis. In order
to develop artificial photosynthesis systems, it is quite important to control
electron-transfer systems to maximize the energy conversion.

Electron transfer is the most fundamental chemical reaction in which only elec-
tron is removed or attached. However, it is quite important to recognize the fun-
damental difference of electron-transfer reactions from other chemical reactions
in which chemical bonds are cleaved and formed during the reactions. Because
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electron transfer occurs based on the Franck—Condon principle, nuclear config-
urations remain the same before and after the electron transfer [6]. In contrast,
nuclear configurations are changed significantly in chemical reactions associated
with the cleavage and formation of chemical bonds. The fastest electron trans-
fer is achieved with no activation energy when the nuclear configurations are
the same before and after the electron transfer with a large driving force of elec-
tron transfer. When the driving force of electron transfer is further increased, the
nuclear configurations are not the same any more before and after the electron
transfer. In such a case, activation energy is again required to change the nuclear
configurations before the electron transfer to be the same as that after the elec-
tron transfer. This means that the rate of electron transfer is slowed down with
increase in the driving force of electron transfer. This region is called the Mar-
cus inverted region, which is discussed in detail later [6]. The importance of the
Marcus inverted region is well recognized in the function of the photosynthetic
reaction center (vide infra) [7-9].

The photoinduced electron-transfer processes occur in a membrane-bound
protein in the photosynthetic reaction center, which contains a number of
cofactors, including four bacteriochlorophylls (BChl) as shown in Figure 1.1
[10]. The central part is referred to as the special pair [(BChl),], while the
other two bacteriochlorophylls (BChl) are referred to as “accessory” bacteri-
ochlorophylls. There are also two bacteriopheophytins (BPhe), two ubiquinones
(Q4 and Qg), and a non-heme iron atom (not shown in Figure 1.1), which
together with the special pair are organized in pseudo-C2 symmetry forming
two branches (A and B). Light-initiated charge separation occurs between the
special pair [(BChl),] and the neighboring pigments, leading to a radical cation
[(BChl),*]. Despite the quasi-symmetrical arrangement of the cofactors, the
electrons are transported unidirectionally along the A-branch of the reaction
center [11-13], which suggests that the symmetry-breaking specific interactions
with the protein are fundamentally important. Light-initiated charge separation
occurs between the special pair [(BChl),] and the neighboring pigment (BPhe),
leading to the radical cation [(BChl), *] and the radical anion (BPhe~). Without
Q,, back electron transfer from BPhe ™ to (BChl),* occurs with the lifetime of
10 ns to regenerate (BChl), and BPhe~. In such a case there is no way for the
energy conversion to occur when the photon energy is only converted to heat.
In the presence of Q,, electron transfer from BPhe~ to Q, occurs at a much
faster rate than the back electron transfer from BPhe~ to (BChl),* despite
the smaller driving force of the electron transfer than that of the back electron
transfer. This has been made possible because of the Marcus inverted region.
The subsequent electron transfer from Q,~ to Qy also occurs at a much faster
rate than the back electron transfer from Q, "~ to (BChl),* because of the much
longer distance between Q, ~ and (BChl),* than that between Q, ~ and Q. The
final charge-separated state [(BChl),* and Qg ] is obtained with a nearly 100%
quantum vyield, having a lifetime of seconds, which is long enough for further
chemical reactions [14, 15]. Thus, the Marcus inverted region plays a pivotal role
in the charge-separation processes in the photosynthetic reaction center.

As the reverse process of photosynthesis, in which the four-electron oxidation
of water is achieved by using solar energy, the highly exergonic four-electron
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Figure 1.1 Cofactors and structure of photosynthetic reaction center of purple bacteria.

reduction of oxygen to water is essential to maintain the life of an aerobic organ-
ism by respiration [16—18]. Cytochrome ¢ oxidases (CcOs) catalyze efficiently
the reduction of molecular oxygen to water by the soluble electron carrier,
cytochrome ¢ [16—-18]. In both the four-electron oxidation of water in photosyn-
thesis and the four-electron reduction of O, in respiration, electron transfer is
accompanied by proton transfer, which is referred to as proton-coupled electron
transfer (PCET) [19-24]. Metal ions also play important roles in controlling
electron transfer in metal ion-coupled electron transfer (MCET) [24-27].

This book describes mechanisms and applications of electron transfer inspired
by electron-transfer processes in photosynthesis and respiration. The first ratio-
nal design of a variety of donor—acceptor covalently linked ensembles including
dyads, triads, tetrads, and pentads is described based on the Marcus theory of
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electron transfer, enabling to mimic the energy-transfer and electron-transfer
processes in the photosynthetic reaction center. A specific challenge involves
construction of simple donor—acceptor dyads, which afford longer lived and
higher energy charge separated (CS) states than the natural system. The photo-
synthetic reaction center model compounds can be applied as effective redox
catalysts in various catalytic chemical transformations. Then, the fundamental
concepts of PCET and MCET are discussed and they are applied to developing
efficient catalysts for multi-electron redox processes such as oxidation of water
and reduction of dioxygen and carbon dioxide.



