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ABSTRACT

Effects of metal ions on thermal and photoinduced electron-transfer reactions from electron donors (D)
to electron acceptors (A) are reviewed in terms of metal ion-coupled electron transfer (MCET) vs. metal
ion-decoupled electron transfer (MDET). When electron transfer from D to A is coupled with binding
of metal ions to A*~, such an electron transfer is defined as MCET in which metal ions accelerate the
rates of electron transfer. A number of examples of electron-transfer reactions from D to A, which are
energetically impossible to occur, are made possible by strong binding of metal ions to A*~ in MCET. The
structures of metal ion complexes with A*~ are also discussed in relation with the MCET reactivity. The
MCET reactivity of metal ions is shown to be enhanced with an increase in the Lewis acidity of metal ions.
In contrast to MCET, strong binding of metal ions to A*~ results in deceleration of back electron transfer
from metal ion complexes of A*~ to D** in the radical ion pair, which is produced by photoinduced electron
transfer from D to A in the presence of metal ions, as compared with back electron transfer without metal
ions. The deceleration of back electron transfer in the presence of metal ions results from no binding of
metal ions to A. This type of electron transfer is defined as metal ion-decoupled electron transfer (MDET).
The lifetimes of CS state (D**-A*~) produced by photoinduced electron transfer from D to A in the D-A
linked systems are also elongated by adding metal ions to the D-A systems because of the stabilization
of the CS states by strong binding of metal ions to A*~ and the resulting slow MDET processes.

© 2009 Published by Elsevier B.V.

1. Introduction and background

Metal ions play pivotal roles in controlling biological electron-
transfer processes of coenzymes such as flavins, quinones, etc. in
photosynthesis and respiration [1-5]. Binding metal ions to elec-
tron acceptors (A) results in enhancement of an electron-acceptor
ability of A, because the one-electron reduction potential of A is
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shifted to a positive direction by the stronger binding of metal
ions to the radical anion (A*~) as compared to the binding to A
[6-13]. According to the Nernst equation, the positive shift of E;eq
(AEeq) of A due to the complex formation with a metal ion (M™")
is determined by the difference in the binding constants between
M™ complexes with A (Kox) and A*~ (K;eq) as given by Eq. (1) under
the conditions that Keq[M™]>> 1 [13].

RT Krea[M™]
AFeq = —In | ——redt_ 1 1
red = °F LQX[M"*]H 1)

Thus, electron-transfer reactions from electron donors (D) to elec-
tron acceptors (A), which are not thermodynamically feasible to


http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:fukuzumi@chem.eng.osaka-u.ac.jp
dx.doi.org/10.1016/j.ccr.2009.10.020

S. Fukuzumi, K. Ohkubo / Coordination Chemistry Reviews 254 (2010) 372-385 373

g DT HAT

.
-

L
-

AGe
e FAEred

MFH-

D™ + A™—M™

Scheme 1.
D* + A
D™ + A* S

N+
+M A-'-':red
hv

D™ + A" M Y

meta\ ion-decoupled ET

Scheme 2.

occur (AGet > 0), would occur in the presence of M™* provided that
the FAE.4 value is larger than AGet (AGet <FAE;eq). In such a
case, the free energy change of electron transfer becomes negative
(AGet <0 in the presence of M") as shown in Scheme 1.

Under the conditions that Kox[M™ ]« 1, Eq. (1) is rewritten by
Eq. (2). In this case, M™ binds only to A*~ when virtually no
Ayeq = S In(KoealM™ ] 2)
binding of M™ occurs to A. In such a case there are two reaction
pathways. One is electron transfer followed by binding of M™* to
A*~, when electron transfer and binding of M™ to A*~ occurs is a
stepwise pathway. The other is a concerted pathway when electron
transfer is coupled with binding of M"™ to A*~. The latter pathway is
normally energetically more feasible because the binding of M™ is
coupled with electron transfer. This is defined as metal ion-coupled
electron transfer (MCET) on analogy of proton-coupled electron
transfer (PCET) where protonation is coupled with electron transfer
[14-17].

In contrast to the case of metal ion-coupled electron trans-
fer (MCET), the binding of M™ to A*~ results in a decrease in
the ET driving force of back electron transfer from A*~—-M™ to
D** by AE,eq, following photoinduced electron transfer from the
excited state of D (D*: * denotes the excited state) to A, as shown in
Scheme 2. Photoinduced electron transfer from D to A* also affords
D**and A*~, and the driving force of back electron transfer from A®~
to D** becomes smaller by the binding of M™ to A*~ (AEeq). Such a
decrease in the ET driving force results in deceleration of the rate of
back electron transfer, which is accompanied by release of M"*. The
electron transfer from A*~-M™" to D** in Scheme 2 is regarded as
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metal ion-decoupled electron transfer (MDET) in contrast to metal
ion-coupled electron transfer (MCET) in Scheme 1.

We would like to focus on contrasting effects of metal ions on
MCET and MDET reactions in this review article. First a number of
examples of MCET reactions are presented for both intermolecu-
lar and intramolecular ET reactions when ET rates are accelerated
by binding of M™ to electron acceptors and the radical anions.
Then, intramolecular MDET reactions are discussed in relation with
elongation of lifetimes of the charge-separated states by metal
ions.

2. Intermolecular MCET
2.1. Flavins

Positive shifts of the one-electron reduction potentials of elec-
tron acceptors by binding of metal ions were first reported for
flavin analogs [18]. Flavins are a ubiquitous and structurally and
functionally diverse class of redox-active coenzymes that use the
redox-active heteroaromatics to mediate a variety of thermal
and photoinduced electron-transfer processes over a wide range
of redox potentials [19-23]. Flavins are known to bind various
metal ions [24-27]. For example, a flavin analog (Fl: 3-methyl-
10-phenylisoalloxazine) forms complexes with metal ions such as
Mg2* and Zn?*, Eq. (3) [18]. The formation constants K of Fl with

Y + M92+ Zn2+)

/4N3

FI-MgZ* (Zn%*)

(3)

Mg?* and Zn?* were determined from the change in the absorp-
tion spectra by the complex formation to be 1.7 x 102 and
4.8 x 10M~1, respectively [18]. Metal ions bind to the C2-
carbonyl oxygen because only the C=0 stretching band due
to the C2-carbonyl group of Fl was significantly red-shifted by
the binding of metal ions [18b]. The positive shift in the one-
electron reduction potential of the singlet excited state of Fl
('FI*) by binding of Mg2* was 0.32V [18b]. This potential shift
is large enough to make photoinduced electron transfer from
toluene to 'FI* possible to occur [18b]. In the absence of Mg2*
no photoinduced electron transfer from toluene to 'FI* occurs,
whereas the fluorescence of 'FI*~-Mg2* is quenched efficiently
via photoinduced electron transfer from toluene to !'FI*-Mg2*
(Scheme 3) [18b].

Much stronger binding of Zn?* to a flavin analog than Fl in Eq.
(3) has been achieved using benzodipteridine bearing a bipyridin-
6-ylmethyl moiety (bpy-BDP) that acts as a metal ion binding site
(Eq. (4)) [28]. The metal ion bound at the bipyridine moiety of

+ Zn?* =———> bpy-BDP-Zn?*

/N
(4)

bpy-BDP is able to interact with BDP skeleton because the interac-
tion of the metal ion bound at the bipyridine moiety with C(2)=0 or
C(4)=0 carbonyl oxygen atoms is geometrically possible [28]. The
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binding constant K in Eq. (4) was determined to be 3.8 x 10° M~!
[28], which is much larger than the value of Fl (48 M~1) in Eq. (3).
In the presence of Zn?*, the reduction potential of bpy-BDP was
shifted in a positive direction (+0.23 V) [28]. This suggests that the
oxidation activity of bpy-BDP is increased by complexation with
the metalion. In fact, the oxidizing ability of bdy-BDP was increased
with Zn2* by 103-fold for sulfite addition in methanol (MeOH) and
102-fold for oxidation of an NADH model compound in acetonitrile
(MeCN) [28]. The oxidation active flavin model (bpy-BDP) is able to
oxidize R-hydroxy acids to R-keto acids in the presence of a diva-
lent metal ion such as Zn%*, Co?*, and Ni2* and an amine base in
MeCN [28,29].
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A zinc(Il) tetraazacyclododecane complex (Zn(II)-cyclen) can
bind to riboflavin (RF1) strongly through its deprotonated imide N~
anion in an aqueous solution (Scheme 4) [30,31]. The anion affin-
ity constants (logK) in an aqueous solution and in methanol were
determined to be 5.6 [30] and 4.6 [31], respectively. The binding
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Fig. 1. Transient absorption spectra obtained by laser flash photolysis of Fl
(1.0 x 107> M) in the absence (®) and presence of Yb** (a, 1.0 x 10~2 M) in deaerated
MeCN at 3.0 ws after laser excitation at 355 nm.

of Zn2* is enhanced by hydrogen bonds between the carbonyl oxy-
gen atoms of the imide of flavin and the NH groups of the cyclen.
The binding of Zn(II)-cyclen has also a favorable influence on the
reduction potentials of flavins facilitating its reduction [31].

The strong binding of Zn(II)-cyclene to RFl and enhancement of
its reduction was utilized to assemble the imide-containing flavin
with a suitable functionalized NADH model system to facilitate
hydride transfer from an NADH model compound to RFI as shown
in Scheme 5 [32]. A significant rate enhancement of up to 175
times was achieved as compared with an intermolecular reaction
of an NADH model compound without the binding site for flavin
[32]. In addition, a strong dependence of the reaction rate on the
spacer length was observed, which clearly indicates that within the
dynamic reversible assembly only the optimal relative disposition
of the reactant pair ensures an efficient hydride-transfer reaction
[32]. The binding of Zn?* to RFl enhances both the electron-acceptor
ability and the hydride-acceptor ability. There are a number of
examples that hydride transfer from NADH model compounds to
hydride acceptors occurs via the rate-determining electron trans-
fer, followed by proton transfer and electron transfer [33-39]. The
electron-transfer step is significantly accelerated by the binding of
metal ions to hydride acceptors [40-44].

Rare-earth trivalent metal ions, which are stronger Lewis acids
than Mg2* and Zn2* [45,46] bind strongly to a flavin analogue
(riboflavin-2/,3',4’,5'-tetraacetate, RFl) in MeCN [47]. In such a case
RFI forms complexes with not only one rare-earth metal ion but
also two rare-earth metal ions with binding constants K; and K5, as
shown in Eqgs. (5) and (6), respectively [47]. The binding constants

RFI + Sc* RFI-Sc3* (5)

K2

RFI-Sc®* + Sc®* RFI-(Sc®),

(6)
K; and K> for the 1:1 and 1:2 complexes of RFl with Sc3* are deter-
mined as K;=3.1x10*M~! and K;=1.4 x 103 M-, respectively
[47]. The complexation of RFl with rare-earth metal ions results
in blue shifts of the fluorescence maximum, shortening of the flu-
orescence lifetime, and more importantly the change in the lowest
excited state from the n,7* triplet state of RFIl to the ,7* singlet
states of Fl-rare-earth metal ion complexes as indicated by the dis-
appearance of the triplet-triplet (T-T) absorption spectrum of Fl
by the complexation with metal ions (Fig. 1) [47]. The non-bonding
orbital is more stabilized by the complex formation with the metal
ion than the m-orbital due to the stronger interaction between non-

Table 1

Fluorescence maxima (Amax), lifetimes (7), one-electron reduction potentials (E;eq*)
of the singlet excited states of RFl and RFl-metal ion complexes and reorganization
energies of photoinduced electron transfer (1).

Metal ion? Amax (nm) 7 (ns) Ereq™ (V) vs, SCE A (kcalmol—1)
None 506 6.5 1.67 13.6

Mg?* 504 13 2.06 16.0

Yb3* 500 0.9 2.25 18.0

Sc3* 486 24 2.45 18.8

2 0.01M.

bonding electrons and the metal ion [48]. On the other hand, the
T, " singlet excited state is more stabilized by the interaction with
the metal ion, that is singlet, than the m, 7" triplet excited state [48].
Thus, the m,7* excited state in the FI-metal ion complex becomes
lower in energy than the n,7* singlet and triplet excited states in
the uncomplexed Fl.

The values of one-electron reduction potentials (E..q*) of
RFI-metal ion complexes at the singlet excited states are listed in
Table 1 together with the fluorescence maxima (Amax ), fluorescence
lifetimes (7) and reorganization energies of photoinduced electron
transfer (1) [47]. The Amax value is blue-shifted with increasing
Lewis acidity of the metal ions. This indicates the ground state is
more stabilized as compared with the excited state with increasing
Lewis acidity of the metal ions. The XA values were determined by
fitting the driving force dependence of the rate constant of photoin-
duced electron transfer from analogous series of aromatic electron
donors, which have relatively small reorganization energies, to the
metal ion complexes of 'RFI* to the Marcus theory of electron
transfer [47]. The order of Eq* values (vs. SCE) is IRFI*~(Sc3*),
(2.45V)>1RFI*-Yb3* (2.25V)> IRFI*-Mg?* (2.06 V)> IRFI* (1.67 V),
and this order is consistent with that of the formation constants
(K1) of Fl-metal ion complexes [47]. The positive shift of the E..q*
values with increasing Lewis acidity of the metal ions result from
the large positive shift of the E,.4 values at ground state because of
the binding of metal ions to RFI*~ in addition to the blue shift of the
fluorescence by the metal ion binding [47].

The comparison of the E,.q* value of 1RFI*~(Sc3*), with that of
TRFI* reveals the remarkable positive shifts (ca. 780 mV) of the Eeq*
value of RFI*~(Sc3*), as compared to that of !RFI*. Such a large
positive shift of the Eoq* value results in a significant increase in the
reactivity of !RF1*~(Sc3*), vs. uncomplexed RFl in the photoinduced
electron-transfer reactions [47]. The larger is the positive shift of
Ereq® with the stronger Lewis acidity of metal ions, the larger is
the A value because of the larger reorganization energy required
for electron transfer that is coupled with the metal ion binding to
RFI*~ (Table 1).

The binding structure of tungsten(IV) atoms to 1,3-
dimethylalloxazine (DMA), which is closely related to the
isoalloxazines of flavins, was revealed by the X-ray diffrac-
tion analysis as shown in Fig. 2 [49]. The tungsten(VI) atom
exhibits a distorted octahedral coordination sphere and the metal
is coordinated by the O4 and N5 atoms as the case of a ruthenium
complex of 10-methylisoalloxazine (a flavin analog) [50,51]. The
one-electron reduction of (DMA)WO,Cl, occurs at the metal
center from WV! to WV, whereas the one-electron reduction of
[(DMA)Cu(PPhs3);](BF4) and [(DMA)Ru(bpy),](PFg), occurs at
the DMA ligand, when the one-electron reduction potentials are
positively shifted as compared to that of DMA by 0.65 and 0.86V,
respectively [49].

In contrast to a ruthenium(ll) complex with 10-
methylisoalloxazine [50,51], a ruthenium(ll) complex of
alloxazine [Ru(Hallo)(TPA)]ClO4 (Hjallo =alloxazine, TPA = tris(2-
pyridylmethyl)amine) forms a four-membered chelate ring with
1-N and 10-N atoms instead of a five-membered chelate ring with
4-0 and 5-N, as shown in Fig. 3 [52]. The 1,10-coordination mode
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Fig. 2. (a) Molecular structure of (DMA)WO,Cl, and (b) the X-ray crystal structure. Note the discrepancy between the superscript numbering according to heterocyclic

nomenclature and the numbering from the crystal structure analysis.

in [Ru(Hallo)(TPA)]ClOy is preferred because the alloxazine ligand
undergoes severe steric hindrance in 4,5-coordination in the pres-
ence of the tetradentate TPA ligand [52]. In the four-membered
chelate ring of 1, Ru-N1 distance (2.201(4)A) is longer than Ru-N5
distance (2.116(4)A) to reduce steric hindrance between the
alloxazine ligand and the axial pyridine ring of the TPA ligand.

While the presence of metal ions that act as Lewis acids increases
the reduction potential of flavins in a positive direction [18,47,53],
complexation by Ru(ll) lowers the reduction potential of 10-
methylisoalloxazine by approximately 120 mV at neutral pH. This
negative shift is caused by retrodative bonding from the metal to
the ligand, which significantly increases electron density in the
system of the isoalloxazine so that it has a lower affinity for the
additional electron [50,51].

2.2. Quinones

Quinones (Q) are ubiquitous in nature, playing important roles
in biological energy conversion processes via electron and pro-
ton transfer [54,55]. In contrast to the case of flavins described
above, p-benzoquinone derivatives do not form complexes with
metal ions. However, the one-electron reduction potentials (E;eq)
of p-benzoquinone derivatives are shifted to a positive direc-
tion in the presence of metal ions due to the strong binding of
metal ions to the one-electron reduced species of p-benzoquinone
derivatives. For example, the E,.q value of p-benzoquinone (Q)
is shifted from —0.51V (vs. SCE) in the absence of a metal ion
to —0.01V (vs. SCE) in the presence of Mg(ClO4), (1.6M) in
MeCN [56]. The positive potential shift is caused by the strong
binding of Mg?* to Q*~ according to Eq. (2). p-Benzoquinone

(@)
(@)
N N 0
\/ Ne J

@7“{"

\/N

Cr-
axial
pyridine N\ /

equatorial
pyridine

derivatives with electron-withdrawing substituents such as 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ), which has a high
reduction potential (0.51V vs. SCE), exhibit no positive potential
shift in the presence of MgZ* (1.6 M), because MgZ* does not bind to
DDQ*~. p-Benzoquinone derivatives with relatively low oxidation
potentials (E..q<—0.1V vs. SCE) exhibit positive potential shifts
with increasing concentration of Mg2* [56].

Since there are two carbonyl oxygen atoms, which can interact

with Mg2*, Q*~ forms notonly a 1:1 complex but also a 1:2 complex
with Mg2*. The complex formation of Q*~ and Mg?2* results in the
positive shift of the one-electron reduction potential of Q (E;¢q) and
the Nernst equation is given by Eq. (7),
Ered = E?ed + (23%) log{K{[M""](1 + Kx[M""])} (7)
where E?e 4 is the one-electron reduction potential of Q in the
absence of M, K; and K; are the formation constants for the 1:1
and 1:2 complexes between Q°*~ and Mg?2*, respectively [56,57].

The transient electronic spectra of the 1:1 and 1:2 complexes
between semiquinone radical anions and Mg2* were obtained by
measuring the change in initial absorbance at various wavelengths
with use of a stopped-flow spectrophotometer for electron trans-
fer from decamethylferrocene [Fe(MesCs),] to p-benzoquinone
derivatives in the presence of different concentrations of Mg(ClO4);
[57,58]. The spectroscopic change in the case of the radical anion
of 2,5-dichloro-p-benzoquinone (Cl,Q*~) is shown in Fig. 4 [58].
Although electron transfer from [Fe(MesCs);] (Eox =—0.08V vs.
SCE) [59] to ClQ (Epeq =—0.18V vs. SCE) is endergonic (AGet > 0),
the electron transfer occurs efficiently in the presence of Mg2*
because of the positive shift of E..q due to the 1:1 and 1:2 com-
plexes between Cl,Q*~ and Mg?*. The absorption spectrum of

A -~ --_ ;

Fig. 3. (a) Molecular structure of [Ru(Hallo)(TPA)]ClO4 H;allo = alloxazine and (b) the X-ray crystal structure.
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Fig. 4. Transient absorption spectra of semiquinone radical anion formed in
electron-transfer reduction of 2,5-dichloro-p-benzoquinone (2.4 x 1073 M) by
[Fe(MesCs),] (2.4x107#M) in the presence of Mg(ClO4); [5.0x1073M (O),
4.0 x 101 M ()] and by [Fe(MeCsH4);] (2.4 x 10~4 M) in the presence of Mg(Cl04);
[1.0M (®)] in deaerated MeCN at 298 K. The solid line spectrum shows the absorp-
tion spectrum of semiquinone radical anion in the absence of Mg(ClO4),, prepared
by the reaction of 2,5-dichloro-p-benzoquinone (2.4 x 10-4 M) with MesN*OH~
(2.4 x 10~ M) in deaerated MeCN at 298 K.

Cl,Q*~ in the presence of 1.0 x 1072 M Mg2* (Amax =650 nm) is sig-
nificantly red-shifted as compared to that in the absence of Mg2*
(Amax =450 nm) [60]. Further addition of Mg2* results in a blue shift
to Amax =440 nm with a clear isosbestic point. Such spectroscopic
changes indicate the formation of complexes between Cl,Q*~ and
Mg?2*, which requires two steps; the first step is the formation of
a 1:1 complex (Cl,Q*~-Mg?2*) and the second step is an additional
addition of Mg?* to form a 1:2 complex [Cl,Q*~—(Mg2*),].

The formation of Mg2* complexes of semiquinone radical anions
can also be confirmed by the ESR spectra [58]. An example of
ESR spectra is shown in Fig. 5, where the radical anion of p-
fluoranil (F4Q*~) forms only the 1:1 complex with Mg2* is because

(@) ()
/g =2.0057 g=2.0050
NP PR A Y T
10G 200G
b) (d)

Fig. 5. (a) ESR spectrum of p-fluoranil radical anion formed in electron-transfer
reduction of p-fluoranil (2.0 x 10-> M) by (BNA); (1.0 x 10-> M) in deaerated MeCN
at 298K. (b) Computer simulation spectrum with g=2.0057 with a(4F)=3.9G,
AHpg =0.20G. (c) ESR spectrum of the p-fluoranil radical anion-Mg(ClO4), com-
plex generated in the photoirradiation of a deaerated MeCN solution of p-fluoranil
(1.0 x 103> M) with (BNA), (1.0 x 10-3 M) in the presence of Mg(ClO4), (1.0 M)
at 298 K. Asterisk denotes Mn?* marker. (d) Computer simulation spectrum with
g=2.0050 with a(2F)=5.0G, a(*®Mg)=4.1G, AHp5 =2.0G.
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of the strong electron-withdrawing effect of fluorines [58]. First,
F4Q°~ is formed by electron transfer from dimeric 1-benzyl-1,4-
dihydronicotinamide [(BNA);] to F4Q in MeCN at 298K, since
(BNA), acts as an electron donor to produce the radical anions
of electron acceptors [61]. The ESR spectrum of F4Q°*~ is shown
in Fig. 5a together with the computer simulation spectrum with
the hyperfine coupling constant [hfc: a(4F)=3.9 G] (Fig. 5b). Addi-
tion of Mg(ClO4), (1.0 M) to an MeCN solution of F4Q*~ affords the
ESR spectrum in Fig. 5¢, which is well reproduced by the computer
simulation spectrum with the hfc values including a superhyper-
fine coupling due to one 2>Mg nucleus (a(2>Mg)=4.1 G) which has
10.13% natural abundance as shown in Fig. 5d. The observation of
such a superhyperfine coupling due to one magnesium nucleus con-
firms formation of the 1:1 complex between F4Q*~ and Mg2*. Due
to the complexation with one Mg2*, the spin is more localized on
two carbons [58].

By applying electron-transfer reactions from (BNA), to electron
acceptors in the presence of metal ions, a number of metal ion com-
plexes of radical anions of electron acceptors have been detected
by ESR [62-65]. When a metal ion has a nuclear spin, the super-
hyperfine splitting enables to determine the number of metal ions
bound to radical anions [62-65].

Among various metal ions acting as Lewis acids, Sc3* has the
strongest Lewis acidity because Sc3* has the smallest ion radius
among rare-earth trivalent metal cations [45]. The combination of
p-benzoquinone derivatives and Sc3* provides strong one-electron
oxidants because of the largest positive shift of the one-electron
reduction potentials [45]. For example, photoinduced electron-
transfer oxidation of fullerene (Cgp) becomes possible by using
p-chloranil (Cl4Q) and Sc3* as shown in Scheme 6 [66]. The oxida-
tion of Cgq is rendered more difficult with a one-electron oxidation
potential of 1.26 V vs. ferrocenium/ferrocene in comparison to the
facile reduction of Cgg [67]. Thus, no photoinduced electron trans-
fer from 3Cgp* to Cl4Q occurs in benzonitrile (PhCN), because of the
positive free energy change ( AGet) obtained from the one-electron
oxidation potential of 3Cgp* (Eox=0.20V vs. SCE) and the one-
electron reduction potential of p-chloranil (E;eq=0.01V vs. SCE).
In the presence of scandium triflate [Sc(OTf)3] (OTf=0S0,CF3),
however, photoexcitation with 532 nm laser light of Cggin PhCN
containing Cl4Q results in the appearance of a new absorption band
at 980 nm which is readily assigned to Cgp** [68-70] as shown in
Fig. 6 [66]. The decay of 3Cgp* at 740 nm is accompanied by the
appearance of Cgo** at 980nm, but this species decays at pro-
longed reaction time (see inset of Fig. 6). The formation of the
radical intermediate complex [Cgp®*Cl4Q*~-Sc3*] in Scheme 6 was
confirmed by the ESR spectrum observed in the Sc3*-promoted
photoinduced electron transfer from 3Cgo* to Cl4Q in frozen PhCN
at 193K under photoirradiation with a high-pressure mercury
lamp [66]. Thus, photoinduced electron transfer from 3Cgo* to Cl4Q
occurs in the presence of Sc3* to produce Cgo** and the Cl4Q*~-Sc3*
complex, both of which decay via a relatively slow back electron-
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Fig. 6. Transient absorption spectra observed in photoinduced electron transfer
from Cgp (1.1 x 1074 M) to Cl4Q (4.0 x 102 M) in the presence of Sc3* (0.11 M) after
laser irradiation at A =532 nm in deaerated PhCN at 5 s (@), 25 s (W) and 100 s
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transfer process. The strong binding between Cl4Q°*~ and Sc3*
makes the electron transfer energetically feasible as reported for
the Sc3*-catalyzed electron-transfer reduction of p-benzoquinone
[45]. Transient absorption spectra of the radical cations of various
fullerene derivatives were detected by laser flash photolysis of the
fullerene/p-chloranil/Sc3* systems [66].

The combination of a strong organic oxidant such as DDQ and
Sc(OTf); has been proven to provide a convenient and powerful oxi-
dant for oxidative coupling reactions of oligoporphyrins [71-75]
and polycyclic aromatics [76]. A bis-N-annulated quaterrylene,
which is promising functional components in molecular devices,
has been synthesized by oxidative coupling and ring fusion of eas-
ily available N-annulated perylene derivatives with DDQ/Sc(OTf)3
(Scheme 7) [76].

2.3. Structures of metal ion complexes of semiquinone radical
anions

With regard to X-ray crystal structures of metal ion complexes
of semiquinone radical anions, only a few examples have so far
been reported [77,78]. The binding K* ion to Q*~ has been clearly
shown in results in 1:1 crystals of K(crown ether)*-Q*~ in which
each K* ion is equatorially coordinated by crown ether and axi-
ally coordinated (via oxygen) to Q*~ as shown in Fig. 7a [77]. The
opposite axial position is also occupied by an oxygen from a sec-
ond Q*~ and the remaining carbonyl groups of both benzoquinones
are in turn coordinated to K* ions, leading to the formation of the
infinite anion/cation chains in Fig. 7b [77]. This type of infinite
chain contact ion pairing was also observed in the crystal structure

R = CHyCH(n-Hx),

Fig. 7. (a) ORTEP diagram of the 1:1 salt K(crown ether)*-Q*~. (b) The interionic
chain character in the crystal lattice of K(crown ether)*-Q*~. (c) The crystal lat-
tice of K(THF)4*-Buf,Q*~ showing the anion radical coordinated to two potassium
counterions (ligated by four THF solvates) in an infinite chain.

of the K(THF)4* salt of the radical anion of 2,5-di-tert-butyl-p-
benzoquinone (Buf,Q*~) as shown in Fig. 7c. The close proximity
of the axial oxygen atoms to K* with the K-O bond lengths of 2.65
and 2.73 A is indicative of binding of K* to Q*~ [77]. The cation
locations deviate significantly from the benzoquinone plane, the
angles between the K-0 and C=0 bonds being 117° and 111° and
the C-C-0-K torsion angles of 67° and 61° for the K* coordinated
at opposite ends of Q*~ [77].

The dissolution of the crystal of K(crown ether)*-Q°*~ into
THF affords ESR spectra which show a significant dependence on
the temperature [77]. The ESR spectrum of the THF solution of
K(crown ether)*-Q*~ at room temperature shows the binominal
quintet derived from splitting on four equivalent hydrogen atoms
with a hyperfine constant of a(4H)=2.42 G. However, lowering the
temperature of the K(crown ether)*-Q*~ solution results in the
selective broadening and subsequent disappearance of the hyper-
fine components with M=+1, and at very low temperature the
ESR spectrum shows the splitting of the two inequivalent pairs of
hydrogen atoms with a(Hy)=2.93 and a(Hg)=1.91G. Such alter-
nating line broadening and spectroscopic transformations were
assigned to reversible switching of the counterion coordination
from one end of Q*~ to the other as reported earlier (Eq.(8))[78,79].
Thus, the covalent coordination of Q*~ to K* at one end is accom-

Scheme 7.
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significant shift of the electron spin, and two pairs of protons
become significantly inequivalent. Such a migration of K* from
one end to the other leads to alternating line broadening. As the
temperature increases, the rates of the migration become faster,
such that at room temperature it is very fast on the ESR time
scale, and the spectra reveal “averaged” splitting by four equiva-
lent hydrogen atoms. From the dynamic ESR simulation the rate
constant was determined to be 7 x 107 s=1 at 293 K [77]. In the case
of F4Q°*~-Mg?2* (Fig. 5¢) [58], no migration of Mg2" is observed, indi-
cating that the binding of Mg2* to F4Q*~ is stronger than that of K*
toQ*.

The strong binding of Sc3* to semiquinone radical anions is
clearly indicated by the observation of superhyperfine splitting
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due to the bound Sc3* in an ESR spectrum of a chiral scandium
complex of 2,6-bis-(oxazolinyl)pyridine, [Sc(R)-pybox](OTf); with
1,4-naphthoquinone radical anion (NQ*~) as shown in Fig. 8 [80].
The computer simulation spectrum with superhyperfine splitting
due to one Sc3* (a(Sc)=2.49G) and two inequivalent hyperfine
splitting due to hydrogen atoms (a(H)=1.55, 1.79 G) agree well
with the observed ESR spectrum. The NQ*~-[Sc(R)-pybox]** com-
plex was produced by the comproportionation reaction between
NQ and NQH, in the presence of [Sc(R)-pybox](OTf)3 [80].

The paramagnetic monomer complex, NQ*~—[Sc(R)-pybox]3* is
in equilibrium with the diamagnetic chiral 7-dimer metallocyclo-
phane complexes, (NQ*~ ),—([Sc(R)-pybox]3*), [80]. The analysis
of the TH NMR spectrum of (NQ*~),—([Sc(R)-pybox]3*), in Fig. 9a
revealed the m-dimer structure in Fig. 9b (or Fig. 9c), since NOE
are detected between Hg (or Hy) protons and phenyl protons of
[Sc(R)-pybox]3* (termed a) when irradiated at Hg, supporting the
calculated structure of (NQ*~ ), —~([Sc(R)-pybox]3*), [80]. An enan-
tiomer pair of the (NQ*~), unit in (NQ®*~),—([Sc(R)-pybox]?*), is

(b)

Fig. 9. (a) '"H NOESY NMR spectrum of a deaerated CD3CN solution of NQ (5.0 x 102 M) and Me,Fc (5.0 x 102 M) in the presence of [Sc(R)-pybox](OTf)3 (5.0 x 10~2 M) at
298 K. The optimized structure of (NQ*~),-([Sc(R)-pybox]**), calculated by using a density functional theory at the B3LYP/6-31G*: top view (b) and front view (c). (d) An
enantiomer pair of the (NQ* ), unit in (NQ*~)2-(Sc**-pybox),.
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Fig. 10. Crystal structure of Na(15-crown-5)DDQ salt showing discrete dianionic
dyads tethered by pairs of polyether encircled sodium counter-ions.

shown in Fig. 9d. The m—7* transition of the mw-dimer complex,
(NQ*~),—([Sc(R)-pybox]3*),, appears at 633 nm with the Cotton
effects of the CD bands with complete mirror images for their enan-
tiomer pairs [81]. The same type of m-dimer complex was also
formed for (Q*~),-([Sc(R)-pybox]3*), [81].

The mr-dimer structure in the metal ion complex of the radical
anion of p-benzoquinone derivative (Fig. 9c) was confirmed by the
X-ray crystallographic analysis of [(DDQ°®~),-Na(15-crown-5]*),
as illustrated in Fig. 10 [81]. Within these multi-ion aggregates,
benzoquinone moieties are arranged pairwise at interplanar sepa-
ration of r = 2.86 A, which s typical for w-dimers of DDQ*~ [82] and
shifted laterally. They show elongated C=0 and C=C bonds (1.247
and 1.365 A, respectively), and shortened C-C bonds of 1.477 A due
to the radical anion character. Each DDQ*~ coordinates two Na*
ions, with O-Na distance of dy;o =2.3 and 2.5 A, which is character-
istic of contaction pairs (CIP)[83,84]. Thus, metal ions form a bridge
between m-bonded DDQ moieties to give a metallocyclophane-type
complex.

3. Intramolecular MCET

Electron transfer at a fixed donor-acceptor distance plays
an essential role in biological electron-transfer systems such as
photosynthesis, respiration, and redox-mediated enzyme catal-
ysis [1-5]. In this context, a number of donor-acceptor linked
systems with inert rigid spacers have been developed to study
the electron-transfer reactions between the donor and accep-
tor moieties at a fixed distance [85-89]. In each case, however,
photoexcitation of the donor or acceptor moiety is required to
start the electron-transfer reaction, because it would be impossi-
ble to connect donor and acceptor molecules if electron transfer
occurred thermally. However, thermal intermolecular electron-
transfer reactions, which would otherwise be unlikely to occur,
proceed efficiently in the presence of metal ions that can promote
the electron-transfer reactions (vide supra).

Intramolecular electron-transfer reactions of donor-acceptor
linked molecules can also be started thermally by addition of metal
ions (vide infra). A ferrocene-naphthoquinone dyad (Fc-NQ) was
designed and synthesized to examine the intramolecular MCET
reaction [90]. No ET from the Fc to the NQ moiety occurs in Fc-NQ
thermally in MeCN at 298 K as expected from the highly positive
free energy change of electron transfer (AGgr =1.19eV) [90]. Addi-
tion of Mg(OTf), to an MeCN solution of Fc-NQ still resulted in no
electron transfer, whereas addition of Sc(OTf)3 resulted in MCET to

Fe-NQ
(CHy)s

X +5c(0TH)g o
Fe
MCET / '?’

Fet—NQ"(Sc®)

Scheme 8.

produce the Fc*-NQ*~(Sc3*) complex as indicated by appearance
of the absorption band due to the Fc* moiety at 860 nm together
with the absorption band at Amax =420 nm due to the NQ®*~(Sc3*)
moiety (Scheme 8) [90]. Formation of Fc*-NQ*~(Sc3*) was also
confirmed by the ESR spectrum [90]. According to the optimized
geometry the O-H distance between the quinone oxygen atom
of the NQ*~ moiety and the amide hydrogen is 1.62 A, indicating
hydrogen bond formation between them. The strong binding of
Sc3* to the quinone oxygen atom of the NQ*~ moiety together
with the hydrogen bonding in Fc*~NQ*~ resulted in a remarkable
positive shift of the one-electron reduction potential of the NQ
moiety (Eieq VS. SCE=1.21V), which becomes more positive than
the one-electron oxidation potential of the Fc moiety (Eox VS.
SCE=0.38V) as indicated by the cyclic voltammogram of Fc-NQ
in the presence of 7.0 mM Sc(OTf); [90]. The MCET reactions were
also observed in the presence of Y(OTf); and Eu(OTf)3 [90]. The
MCET reactivity agrees with the order of Lewis acidity of metal
ions [45,91]. A ferrocene—-quinone dyad (Fc-Q) with a rigid amide
spacer also undergoes efficient MCET in the presence of various
metal ions including Ba?*, Ca%*, Mg2* as well as Sc3* [92]. The
MCET reactivity also agrees with the order of Lewis acidity of metal
ions [92].

Intramolecular MCET reactions can be started by addition of
metal ions, but they can be stopped by removal of metal ions
through competitive binding of metal ions by other ligands, which
results in back electron transfer to regenerate the donor-acceptor
linked molecules. The back electron transfer is coupled with the
removal of metal ion and such an electron-transfer process can be
regarded as metal ion-decoupled electron transfer (MDET), which
is discussed in more detail in the next section.

The competitive binding metal ions can be controlled by
photoirradiation, because it is well known that the open form
(merocyanine, MC) of spiropyran (SP) can coordinate with metal
ions strongly, whereas the closed form of SP does not show the
metal ion binding ability [93-95]. By taking advantage of its unique
properties of SP, the intramolecular MCET processes in a TTF
(tetrathiafluvalene)-quinone dyad (TTF-Q) Scheme 9 can be mod-
ulated by UV-vis light irradiation in the presence of spiropyran
[96]. The addition of Pb%* to a CH,Cl,/THF solution of TTF-Q and
SP results in MCET to produce TTF**-Q*~(Pb2*) [96]. It was pro-
posed that the synergic coordination of Q*~ and the oligoethylene
glycol chain with Pb2* should be responsible for stabilizing the
radical ion pair state and thus facilitating the MCET process [96].
UV light irradiation of the solution resulted in a decrease in the
absorbance at 845 nm due to TTF**-Q*~(Pb2*), but the subsequent
visible light irradiation led to the restoration of the absorption
intensity at 845nm [96]. This is due to the release of Pb%* from
MC-Pb2* complex after the visible light irradiation. Such decrease
and increase in the absorption intensity at 845 nm can be repeated
several times by applying UV light and visible light alternatively
[95]. Although the MDET from Q*~(Pb2*) to TTF** was not complete
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because the binding constant of MC with PC is not large enough
to remove Pb2* from TTF**-Q*~(Pb2*) completely, the MCET and
MDET processes could be photochemically controlled by employing
the unique features of SP [96]. Similar TTF-quinone dyads (TTF-Q)
that contain relatively weak electron acceptors as compared with
TTF-Qin Scheme 10 can also undergo MCET in the presence of metal
ions [97]. A binaphthalene with two substituted TTF and trichloro-
quinone units also undergoes efficient MCET from the TTF units to
the trichloroquinone units in the presence of a variety of metal ions
(Pb%*, Sc3*, Zn2*, and Ca2*) [98].

The photochemical control of MCET and MDET processes of
TTF-Q with SP in Scheme 9 has been applied to a TTF-quinone-TTF
triad (TTF-Q-TTF) in which the quinone unit is substituted with the
N,N-dialkylaniline unit (Scheme 10). A broad intramolecular charge
transfer (ICT) band is observed at 542 nm between the quinone
and N,N-dialkylaniline units in the triad, which undergoes MCET
from the TTF units to the substituted quinone unit in the pres-
ence of metal ions (Pb2*, Zn%*, and Sc3*) [99], accompanied by
a decrease in the ICT intensity. The MCET and MDET processes
have also been tuned by alternating UV and visible light irradi-

oY T Y Y g

o]
O TTF-Q-TTF
0

MI'I+

+

M™ MCET

Mn+ = SC.’MI an+. Pb2+

Scheme 10.
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ation in the presence of SP as the case of TTF-Q in Scheme 10
[99].

4. Intramolecular metal ion-decoupled electron transfer

Binding of metal ions to radical anions of electron acceptor
affects not only the thermal electron-transfer reactions but also
photoinduced electron-transfer reactions, which are described in
this section. The first example for the effect of metal ions on
photoinduced electron transfer of electron donor-acceptor ensem-
bles was reported for zinc porphyrin—naphthalenediimide dyad
(ZnP-NIm). Laser excitation of a PhCN solution of ZnP-NIm results
in efficient electron transfer from the singlet excited state of
ZnP (1ZnP*) to the NIm moiety to produce the charge-separated
(CS) state as shown in transient absorption spectrum due to
ZnP**-NIm*~ in Fig. 11a [100]. The CS lifetime (tcs) was 1.3 ws
from the first-order decay of the CS state [100]. The addition of
Sc(OTf)3 to a PhCN solution of ZnP-NIm results in a significant
change in the transient absorption spectrum as compared to that
in the absence of Sc(OTf); as shown in Fig. 11b. At 0.1 s, besides
the absorption bands due to ZnP** and NIm*~, a new absorption
band is observed at 650 nm, which was not seen in the absence of
Sc(OTf); in Fig. 11a. At 1 s, the absorption bands due to NIm®~
are completely changed to those of the new bands which can be
assigned to the NIm*~(Sc3*) complex [100]. Although the rate of
formation of the CS state was not affected by the presence of Sc3*,
the CS lifetime in the presence of Sc3* (14 ws) was 11 times longer
than that in the absence of Sc3* (1.3 us) [100]. Because Sc3* does
not bind to the NIm moiety of ZnP-NIm, the binding of Sc3* occurs
after photoinduced electron transfer from 'ZnP* to NIm to pro-
duce ZnP**-NIm*~(Sc3*), when the rate of photoinduced electron
transfer was not affected by the presence of Sc3* [100]. Thus, elec-
tron transfer from 'ZnP* to NIm and the binding of Sc3* to NIm*~
occurs in a stepwise manner (not coupled). In contrast to the for-
ward electron transfer, the back electron transfer from NIm®~(Sc3*)
to ZnP** in ZnP**-NIm*®~(Sc3*) is accompanied by removal of Sc3*
from NIm*~ to reproduce ZnP-NIm. Such an electron-transfer pro-
cess withremoval of a metalion is regarded as metal ion-decoupled
electron transfer (MDET) as mentioned earlier. The elongation of
the CS lifetime in the presence of Sc3* results from a decrease in
the driving force of back electron transfer due to the stabilization
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Fig. 11. (a) Time-resolved absorption spectrum observed at 0.1 s after laser pulse
excitation (431 nm) of a deaerated PhCN solution of ZnP-NIm (1.0 x 10> M) at
298K. (a) Time-resolved absorption spectra of observed at 0.1 s (O) and 1 s
(@) after laser pulse excitation (431 nm) of a deaerated PhCN solution of ZnP-NIm
(1.0 x 107> M) in the presence of Sc(OTf); (2.0 x 10-3 M) at 298 K.

of the CS state by binding of Sc3* to NIm*~ together with an increase
in the reorganization energy of MDET due to the removal of Sc3*
from NIm as compared with that of electron transfer in the absence
of Sc3* [100]. A much more remarkable increase of the CS lifetime

ZnPc-PDI,

Scheme 11.
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was attained for ferrocene-anthraquinone dyad (Fc-AQ) involving
with a rigid amide spacer by binding of Y3* to the AQ*~ moiety
[101]. The CS lifetime of Fc*-AQ*~ without metal ion was 12 ps,
whereas that of Fc*-AQ*~(Y3*) was elongated to 83 s [101].

Long lifetimes of CS states of biomimetic electron
donor-acceptor ensembles composed of multiple components
mimicking the charge-separation processes in the photosynthetic
reaction center have been achieved by optimizing the efficiency
of the charge-separation processes between components which
have small reorganization energies of electron transfer in order
to accelerate the forward electron transfer in the Marcus normal
region and to decelerate the back electron transfer in the Mar-
cus inverted region [85-89,102-107]. MDET provides a totally
opposite approach to attain long-lived CS states using a large
reorganization energy of MDET in the Marcus normal region.

More remarkable effects of metal ions were reported for
photodynamics of electron donor-acceptor ensembles contain-
ing perylenebisimides (PDIs) as compared with those containing
NIm [108]. PDI act as electron acceptors, are widely used as
chromophores as electron transporting materials in technologi-
cal devices since these molecules have outstanding stability and
strong absorption bands in the visible region [109,110]. On the
other hand, phthalocyanines (Pcs) have magnificent absorption in
the 600-700 nm region, leading to a blue-coloring ability, which
is accompanied by a robust nature, acting as electron donors
[111]. Thus, combination of Pcs and PDIs dyes provides excellent
light harvesting properties [112-115]. However, photoexcita-
tion of a zinc phthalocyanine-perylenediimide dyad (ZnPc-PDI),
a bis(zinc phthalocyanine)-perylenediimide triad [(ZnPc),-PDI],
and a zinc phthalocyanine-perylenebisimide pentad [ZnPc-(PDI)4]
(Scheme 11) results in formation of the triplet excited state of the
PDI moiety without the fluorescence emission because of the low
lying triplet excited state of PDI (1.07 eV), which is lower in energy
than the CS state (1.25eV) [108].

The addition of Mg2* ions to PhCN solutions of
ZnPc-PDI, (ZnPc),-PDI, and ZnPc—(PDI); results in for-
mation of long-lived CS states, ZnPc**-PDI*~(MgZ*):
Tcs=240ps, and (ZnPc)**-PDI*~(Mg2*)*: tTcs=270ws, and
ZnPc**-PDI*~(Mg2*)(PDI)3: tcs=480 s, respectively [108]. The
energy diagram is shown in Scheme 12, where the energy of
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ZnPc™*-PDI~(Mg?*)
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ZnPc—PDI, ZnPc,PDI, ZnPc-PDl,

Scheme 12.

the CS state in the presence of 0.10M Mg2* (0.79eV) is lower
than the triplet excitated state of the PDI moiety (1.07 eV). The
long CS lifetimes result from the strong binding of Mg%* with
the PDI*~ moiety, which decelerate the MDET process for charge
recombination to the ground state.

The slowest MDET rate of CS state of an electron donor-acceptor
dyad with metal ion has been reported as shown in Scheme 13
[116]. In the absence of metal ion, no electron transfer from the
singlet excited state of Cgg (1Cgp*) to the trinitrofluorenone (TNF)
moiety in the dyad was observed in PhCN by nanosecond laser
flash photolysis, since the energy of CS state (Cgo**-TNF*~: 1.89eV)
is higher than that of 1Cgp* (1.75€V). As the case of intermolec-
ular photoinduced electron transfer from Cgp to Cl4Q with Sc3*
described earlier [66], Cgo can be oxidized by intramolecular elec-
tron transfer with aromatic carbonyl compounds with Sc3*. The
addition of Sc(OTf)3 (30 mM) to a PhCN solution containing Cgg—TNF
results in drastic change in the photodynamics from the formation

Cgo™—TNF*-
(1.89 eV)
MCET | +Sc3+

Cgo"*—TNF*(Sc3*)

Cgo—TNF

(1.48 eV)

MDET

Scheme 13.
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of 3Cgp* to electron transfer to produce the CS state in which Sc3*
binds to TNF*~ [TNF*~(Sc3*)]. The energy of CS state is decreased by
binding of Sc3* to the TNF*~ moiety of the CS state (1.48 eV). The CS
lifetime of Cgo®*-TNF*~(Sc3*) was determined to be 23 ms in PhCN
at 298K, which is the longest lifetime ever reported for electron
donor-acceptor linked systems in solution [116].

5. Summary

Since metal ions act as Lewis acids and radical anions of elec-
tron acceptors (A*~) are bases, metal ions bind much more strongly
to A*~ as compared to A. The large difference in the binding con-
stants of metal ions with A*~ and A results in a large positive
shift of the one-electron reduction potentials of A (E;eq) accord-
ing to Eq. (1). Such a large positive shift of A due to the strong
binding of metal ions to A*~ makes a drastic change in the ener-
getics of electron transfer from D to A. A number of examples have
been demonstrated for both thermal and photoinduced electron-
transfer reactions from D to A, which were impossible to occur
without metal ions, are made possible by simply adding metal
ions to the D-A systems. In such cases, electron transfer is coupled
with binding metal ions to A*~ and this type of electron transfer is
defined as metal ion-coupled electron transfer (MCET). The MCET
reactivity of metal ions increases with an increase in the Lewis
acidity of metal ions.

When electron transfer from D to A is energetically feasi-
ble without metal ions particularly in exergonic photoinduced
electron-transfer reactions, electron transfer and binding of metal
ions to A*~ occurs in a stepwise manner, i.e., metal ions bind to A*~
after the electron transfer. The back electron transfer from metal
ion complexes with A*~ to D*~, which are produced by photoin-
duced electron transfer, involves removal of metal ions from A®*~
when metal ions do not bind to A. This type of electron transfer
is defined as metal ion-decoupled electron transfer (MDET). The
lifetimes of CS state (D**-A*~) produced by photoinduced electron
transfer from D to A in the D-A linked systems can be elongated by
adding metal ions to the D-A systems because of the stabilization
of the CS states by strong binding of metal ions to A*~ and the slow
MDET processes. The scope and applications of MCET and MDET
processes are expected to expand further in the near future.
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