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Abstract: Thermal intramolecular electron transfer from the ferrocene (Fc) to naphthoquinone (NQ) moiety
occurs efficiently by the addition of metal triflates (Mn+: Sc(OTf)3, Y(OTf)3, Eu(OTf)3) to an acetonitrile
solution of a ferrocene-naphthoquinone (Fc-NQ) linked dyad with a flexible methylene and an amide spacer,
although no electron transfer takes place in the absence of Mn+. The resulting semiquinone radical anion
(NQ•-) is stabilized by the strong binding of Mn+ with one carbonyl oxygen of NQ•- as well as hydrogen
bonding between the amide proton and the other carbonyl oxygen of NQ•-. The high stability of the Fc+-
NQ•-/Mn+ complex allows us to determine the driving force of electron transfer by the conventional
electrochemical method. The one-electron reduction potential of the NQ moiety of Fc-NQ is shifted to a
positive direction with increasing concentration of Mn+, obeying the Nernst equation, whereas the one-
electron oxidation potential of the Fc moiety remains the same. The driving force dependence of the observed
rate constant (kET) of Mn+-promoted intramolecular electron transfer is well evaluated in light of the Marcus
theory of electron transfer. The driving force of electron transfer increases with increasing concentration of
Mn+ [Mn+], whereas the reorganization energy of electron transfer decreases with increasing [Mn+] from a
large value which results from the strong binding between NQ•- and Mn+.

Introduction

Electron transfer plays a pivotal role not only in chemical
processes but also in biological redox processes that have
tremendous relevance to our life such as photosynthesis and
respiration.1-4 To understand factors to control important
electron-transfer processes in biological systems, electron-
transfer dynamics between donor and acceptor molecules bound
to proteins have been studied extensively.5,6 A number of

donor-acceptor linked systems with inert rigid spacers have
also been developed to study the intramolecular electron-transfer
reactions between the donor (D) and acceptor (A) molecules at
a fixed distance.7-15 The electron-transfer dynamics between
D and A at a fixed distance are now well understood in light of
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the Marcus theory of electron transfer.16 Once the driving force
(-∆GET

0) and reorganization energy (λDA) of electron transfer
between D and A are determined, the activation free energy of
electron transfer (∆Gq

ET) is well predicted using the Marcus
equation (eq 1).16

The driving force of electron transfer is obtained from the
one-electron oxidation potential of electron donor (Eox

0) and
the one-electron reduction potential of electron acceptor (Ered

0)
using eq 2, whereF is the Faraday constant. The reorganization
energy

of electron transfer between D and A (λDA) is obtained as the
average of the reorganization energy for the electron self-
exchange between D and D•+ (λD) and that between A and A•-

(λA): eq 3.16 Thus, knowledge of the fundamental redox
properties of D (Eox

0 andλD) and A (Ered
0 andλA) is sufficient

to predict the∆Gq
ET values using eq 1.16,17 In other words, the

electron-transfer reactivity is automatically determined once the
combination of D and A is fixed. However, it has recently been
demonstrated that the scope of electron-transfer reactivity can
be expanded much further by introducing a third component
such as a metal ion to the D-A system provided that the metal
ion can interact with one of the products of electron transfer,
for example, the radical anion (A•-).18,19 Although photoexci-
tation of the D or A moiety or radiolysis is normally required
to start the electron transfer of the D-A linked system, thermal
intramolecular electron-transfer reactions of D-A linked sys-
tems, which would otherwise never occur, can be started by
the addition of the appropriate metal ions.20,21 There have also
been a number of examples of metal ion-promoted intermo-
lecular electron-transfer reactions.22-26 In biological redox

systems, a variety of metal ion enzymes are also involved to
finely control electron-transfer processes.1 In the case of metal
ion-promoted electron-transfer reactions between D and A, the
driving force of electron transfer is altered by the addition of
metal ions which can interact with A•-. However, the instability
of the metal ion complexes with A•- has precluded the
determination of the one-electron reduction potentials of A in
the presence of metal ions. As such, the driving force depen-
dence of rates of metal ion-promoted electron-transfer reactions
has yet to be examined. Moreover, the reorganization energy
of electron transfer is also expected to be altered in the presence
of metal ions, because the binding of metal ions associated with
electron transfer certainly requires a much larger reorganization
energy than the value without metal ion. Under such circum-
stances, the applicability of the Marcus equation (eq 1) to metal
ion-promoted electron-transfer reactions has remained unex-
plored as compared to well-established electron-transfer pro-
cesses involving only D and A.

We report herein the driving force dependence of metal ion-
promoted intramolecular electron transfer. The results are
evaluated in light of the Marcus theory of electron transfer. The
D-A system employed in this study is a ferrocene-naphtho-
quinone dyad (Fc-NQ) in which the metal ion-promoted thermal
intramolecular electron-transfer reaction proceeds efficiently
(Scheme 1). The metal ion complexes with NQ•- moiety of
Fc-NQ are stable enough to determine the one-electron reduction
potentials ofFc-NQ in the presence of metal ion. This enables
us to determine the driving force of metal ion-promoted electron
transfer and hence to examine the driving force dependence of
the electron-transfer dynamics in light of the Marcus theory of
electron transfer.

Experimental Section

General. 1H NMR spectra were measured on a JEOL JNM-AL300
NMR spectrometer. Fast atom bombardment mass spectra (FAB-MS)
were obtained on a JEOL JMS-DX300 mass spectrometer. Melting
points were recorded on a Yanagimoto micro-melting point apparatus
and not corrected. IR spectra were measured on a Shimadzu FT-IR
8200 PC as KBr disks. Elemental analyses were performed on a Perkin-
Elmer model 240C elemental analyzer.

Materials. All solvents and chemicals were of reagent grade quality,
obtained commercially, and used without further purification unless
otherwise noted. Tris(2,2′-bipyridyl)ruthenium(III) hexafluorophosphate
[Ru(bpy)3(PF6)3] was prepared according to the literature.27 Scandium
triflate [Sc(OTf)3 (99%, FW) 492.16)] was purchased from Pacific
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Metals Co., Ltd. (Taiheiyo Kinzoku). Yttrium triflate [Y(OTf)3] and
europium triflate [Eu(OTf)3] were prepared by the literature method.28

Metal triflates were dried under vacuum evacuation at 403 K for 40 h
prior to use. Magnesium perchlorate [Mg(ClO4)2] and barium perchlo-
rate [Ba(ClO4)2] were obtained from Wako Pure Chemical Ind. Ltd.,
Japan. Acetonitrile (MeCN) used as a solvent was purified and dried
by the standard procedure.29 Chloroform-d was obtained from EURI
SO-TOP, CEA, France. Thin-layer chromatography (TLC) and flash
column chromatography were performed with Art. 5554 DC-Alufolien
Kieselgel 60 F254 (Merck), and Fujisilica BW300, respectively.

Synthesis.The synthetic route toFc-NQ is summarized in Scheme
2. Ferrocene derivatives1 and 2 were prepared according to the
literature.30

Fc-Br. A solution of THF containing 4-(dimethylamino)pyridine
(DMAP: 200 mg, 1.06 mmol), 1-hydroxybenzotriazole (HOBt: 160
mg, 1.19 mmol), and 6-bromohexanoic acid (800 mg, 4.10 mmol) was
treated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC: 400 mg, 2.08 mmol) under nitrogen at 0°C. The
mixture was stirred for 1 h at 0°C. 4-Aminophenylferrocene (2) (150
mg, 0.54 mmol) was added to the mixture and stirred at 0°C for 30
min. The mixture was then stirred at room temperature overnight. The
mixture was concentrated in vacuo and poured into a 5% HCl aqueous
solution and extracted with chloroform (50 mL× 3). The crude product
was purified by flash chromatography (SiO2, EtOAc:CHCl3 ) 1:10,Rf

) 0.67). Subsequent recrystallization from chloroform and hexane gave
Fc-Br as an orange solid (200 mg, 0.44 mmol, 81%).1H NMR (300
MHz, CDCl3): δ 7.43 (s, 4H), 7.08 (s, 1H), 4.60 (t, 2H,J ) 2 Hz),
4.29 (t, 2H,J ) 2 Hz), 4.03 (s, 5H), 3.43 (t, 2H,J ) 7 Hz), 2.39 (t,
2H, J ) 7 Hz), 1.92 (q, 2H,J ) 7 Hz), 1.79 (q, 2H,J ) 7 Hz), 1.64
(q, 2H, J ) 7 Hz). 13C NMR (300 MHz, CDCl3): δ 159.5 (amide,
CdO), 136.1 (Ph), 126.6 (Fc), 119.8 (Ph), 37.5 (OdC-CH2-), 33.7
(-CH2-Br), 32.4 (-CH2-), 27.8 (-CH2-), 24.8 (-CH2-). FAB-
MS m/z 455, 453. Anal. Calcd for C22H24BrFeNO: C, 58.18; H, 5.33;
N, 3.08; Br, 17.59. Found: C, 58.10; H, 5.21; N, 3.17; Br, 17.47. FT-
IR (KBr): 1700, 1650, 1620, 1580 cm-1. mp 135.5-137.5°C.

Fc-NQ. A solution of DMF containing 2-hydroxy-1,4-naphtho-
quinone (900 mg, 5.17 mmol),Fc-Br (150 mg, 0.33 mmol), and
dehydrated potassium carbonate (600 mg, 4.35 mmol) was stirred under
nitrogen at room temperature for 10 min. The reaction mixture was
then refluxed for 30 min. The mixture was evacuated in vacuo. The
crude product was purified by flash chromatography (SiO2, EtOAc:
CHCl3 ) 1:10, Rf ) 0.27). The brown fraction was concentrated in
vacuo. Subsequent recrystallization from chloroform and hexane gave

Fc-NQ as a brown solid (55 mg, 0.10 mmol, 32%).1H NMR (300
MHz, CDCl3): δ 8.11 (ddd, 2H,J ) 2, 2, 7 Hz), 7.74 (ddd, 2H,J )
2, 7, 7 Hz), 7.45 (m, 4H), 7.42 (s, 1H), 6.16 (s, 1H), 4.60 (t, 2H,J )
2 Hz), 4.29 (t, 2H,J ) 2 Hz), 4.06 (t, 2H,J ) 7 Hz), 4.03 (s, 5H),
2.44 (t, 2H,J ) 7 Hz), 1.97 (q, 2H,J ) 7 Hz), 1.90 (q, 2H,J ) 7 Hz),
1.64 (q, 2H,J ) 7 Hz). 13C NMR (300 MHz, CDCl3): δ 184.9 (NQ,
CdO), 171.1 (NQ, CdO), 159.7 (amide, CdO), 136.0 (Ph), 135.2
(NQ), 134.4 (NQ), 133.3 (NQ), 132.1 (NQ), 131.3 (NQ), 126.7 (Fc),
126.5 (Fc), 126.2 (Fc), 119.8 (Ph), 110.3 (NQ), 66.2 (-CH2-O), 37.5
(OdC-CH2), 27.6 (-CH2-), 26.0 (-CH2-), 25.2 (-CH2-). FAB-
MS m/z 547. Anal. Calcd for C32H29FeNO4: C, 70.21; H, 5.34; N,
2.56. Found: C, 69.81; H, 5.41; N, 2.44. FT-IR (KBr): 1700, 1680,
1650, 1610, 1580 cm-1. mp 130.0-132.0°C.

Spectral Measurements.The formation of theFc+-NQ•-/Sc3+

complex was examined from the change in the UV-visible spectrum
of an MeCN solution of Fc-NQ in the presence of Mn+ by using a
Hewlett-Packard 8453 diode array spectrophotometer with a quartz
cuvette (path length) 10 mm) at 298 K.

Kinetic Measurements.Kinetics measurements of intramolecular
ET reactions from the ferrocene moiety to naphthoquinone moiety in
donor-acceptor systems in the presence of Mn+ were performed on a
Hewlett-Packard 8453 diode array spectrophotometer when the rates
were slow enough to be determined accurately. When the rates were
too fast (<10 s) to be followed by the photodiode array spectropho-
tometer, kinetics measurements were performed on a UNISOKU RSP-
601 stopped-flow spectrophotometer with the MOS-type high selective
photodiode array at various temperature (243-298 K) using a Unisoku
thermostated cell holder designed for low-temperature experiments.

Electrochemical Measurements.Electrochemical measurements
were performed on a BAS 100 W electrochemical analyzer in deaerated
MeCN containing 0.1 M Bu4NPF6 (TBAPF6) as supporting electrolyte
at 298 K. A conventional three-electrode cell was used with a platinum
working electrode (surface area of 0.3 mm2), and a platinum wire was
used as the counter electrode. The Pt working electrode (BAS) was
routinely polished with a BAS polishing alumina suspension and rinsed
with acetone before use. The measured potentials were recorded with
respect to the Ag/AgNO3 (0.01 M) reference electrode. The second-
harmonic alternating current voltammetry (SHACV) measurements of
Fc-NQ in the presence of Y(OTf)3 were carried out with a BAS 100B
electrochemical analyzer in deaerated MeCN containing 0.1 M Bu4-
NPF6 (TBAPF6) as supporting electrolyte.31 All potentials (vs Ag/Ag+)
were converted to values versus SCE by adding 0.29 V.32 All
electrochemical measurements were carried out under an atmospheric
pressure of Ar.

ESR Measurements.The ESR spectra ofFc-NQ•- and 2-methoxy-
1,4-naphthoquinone radical anion (2-MeONQ•-) were produced by the
chemical reduction with the naphthalene radical anion generated by
naphthalene (0.5 g) in THF with sodium (0.075 g). The concentration
of the naphthalene radical anion was determined by the appearance of
the absorption band at the characteristic peak of the semiquinone radical
anion (ε (422 nm)) 6.0 × 103 M-1 cm-1 in MeCN) produced by the
titration of the naphthalene radical anion top-benzoquinone. The
solution containing the radical anion was transferred to an ESR tube
under an atmospheric pressure of Ar. The ESR spectra were recorded
on a JEOL X-band spectrometer (JES-RE1XE) with a quartz ESR tube
(1.2 mm i.d.). The ESR spectra were measured under nonsaturating
microwave power conditions. The magnitude of modulation was chosen

(28) (a) Forsberg, J. H.; Spaziano, V. T.; Balasubramanian, T. M.; Liu, G. K.;
Kinsley, S. A.; Duckworth, C. A.; Poteruca, J. J.; Brown, P. S.; Miller, J.
L. J. Org. Chem.1987, 52, 1017. (b) Kobayashi, S.; Hachiya, I.J. Org.
Chem.1994, 59, 3590.

(29) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R.Purification of Laboratory
Chemicals, 4th ed.; Pergamon Press: Elmsford, NY, 1996.

(30) Imahori, H.; Tamaki, K.; Guldi, D. M.; Luo, C.; Fujitsuka, M.; Ito, O.;
Sakata, Y.; Fukuzumi, S.J. Am. Chem. Soc.2001, 123, 2607.
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methods. See: (a) McCord, T. G.; Smith, D. E.Anal. Chem.1969, 41,
1423. (b) Bond, A. M.; Smith, D. E.Anal. Chem.1974, 46, 1946. (c)
Wasielewski, M. R.; Breslow, R.J. Am. Chem. Soc.1976, 98, 4222. (d)
Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, J.J. Am. Chem. Soc.
1990, 112, 344. (e) Patz, M.; Mayr, H.; Maruta, J.; Fukuzumi, S.Angew.
Chem., Int. Ed. Engl.1995, 34, 1225.

(32) Mann, C. K.; Barnes, K. K.Electrochemical Reactions in Nonaqueous
Systems; Marcel Dekker: New York, 1990.
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to optimize the resolution and the signal-to-noise (S/N) ratio of the
observed spectra. Theg values were calibrated with an Mn2+ marker,
and the hyperfine coupling (hfc) constants were determined by computer
simulation using the Calleo ESR version 1.2 program coded by Calleo
Scientific on an Apple Macintosh personal computer.

Theoretical Calculations. Density functional (DFT) calculations
were performed with a basis function: double-ú Slater-type orbital set
(frozen core: C (1s), N (1s), O (1s); ADF basis set II (large)) on a
COMPAQ DS20E computer using the Amsterdam density functional
(ADF) program version 1999.02 developed by Baerends et al.33 The
gradient corrections of Becke88 (exchange) and Perdew86 (correlation)
were included in the exchange-correlation functional. The hfc values
are derived from multiplying 506.82 and the spin density values of
each hydrogen.

Results and Discussion

Metal Ion-Promoted Intramolecular Electron Transfer.
No electron transfer from the ferrocene (Fc) to naphthoquinone
(NQ) moiety occurs inFc-NQ with a flexible methylene spacer
including an amide linkage thermally in MeCN at 298 K, as
expected from the highly positive value of free energy change
of electron transfer (∆GET

0 ) 1.19 eV). However, addition of
scandium triflate (Sc(OTf)3: 1.0 × 10-3 M) to an MeCN
solution ofFc-NQ (2.0 × 10-3 M) results in the formation of
Fc+ as indicated by the appearance of the absorption band due
to Fc+ at 860 nm34 with the absorption band atλmax ) 420 nm
(Scheme 1, Figure 1). This indicates that an intramolecular
electron transfer occurs in the presence of Sc3+ to produceFc+-
NQ•-/Sc3+ in which Sc3+ is bound to NQ•- and that the
absorption band at 420 nm is due to the NQ•-/Sc3+ complex.
The rates of appearance of the absorption band at 420 and 800
nm obeyed first-order kinetics, and the same first-order rate
constants (kET) were obtained from the first-order plots at 420
and 800 nm. ThekET values determined at 420 nm increase
linearly with increasing [Sc3+], [Y 3+], and [Eu3+], respectively
(Figure 2). The first-order dependence ofkET on [Mn+] is
consistent with the complexation of one Sc3+ with the NQ•-

moiety in Fc+-NQ•-. The binding strength of NQ•- with Mn+

is expected to vary depending on the Lewis acidity of Mn+.23,35

The replacement of Sc3+ by weaker acids such as Y3+ and Eu3+

results in a slower electron-transfer rate, and by much weaker
Lewis acids such as Ba2+, Ca2+, and Mg2+ results in no
occurrence of electron transfer from Fc to NQ inFc-NQ. The
kET values determined in the presence of various concentrations
of Mn+ are summarized in Table 1.

The ESR spectra were measured upon addition of Y(OTf)3

or Sc(OTf)3 (2.0 × 10-2 M) to an MeCN solution ofFc-NQ
(9.1× 10-3 M) to confirm the formation ofFc+-NQ•-/Y3+ and
Fc+-NQ•-/Sc3+ complexes at 298 K. The observed ESR spectra
are shown in Figure 3a (Fc+-NQ•-/Y3+) and Figure 3b (Fc+-
NQ•-/Sc3+). Theg values are determined as 2.0037 (Fc+-NQ•-/
Y3+) and 2.0038 (Fc+-NQ•-/Sc3+). The hyperfine structures are
quite different depending on the type of metal ion. This indicates
the binding of metal ions with the NQ•- moiety ofFc+-NQ•-.
The hyperfine coupling (hfc) constants are determined by the
computer simulation spectra (see Supporting Information S1).
In contrast to the instability of the metal ion complexes of radical
anions ofp-benzoquinone derivatives,26a the Fc+-NQ•-/Mn+

complex particularly in the case of the Sc3+ complex is very
stable even at 298 K.36 Such a remarkable stability of theFc+-
NQ•-/Mn+ complex may be ascribed to the hydrogen bonding
of the amide proton with one carbonyl oxygen of the semi-

(33) (a) Baerends, E. J.; Ellis, D. E.; Ros, P.Chem. Phys.1973, 2, 41. (b) te
Valde, B.; Baerends, E. J.J. Comput. Phys.1992, 99, 84.

(34) The absorption band at 860 nm due to Fc+ in Fc-NQ was confirmed by
electron-transfer oxidation byFc-NQ with Ru(bpy)3(PF6)3.

(35) Fukuzumi, S.; Ohkubo, K.J. Am. Chem. Soc.2002, 124, 10270.

Figure 1. UV-vis spectral change after the addition of Sc3+ (1.0× 10-3

M) into a deaerated MeCN containingFc-NQ (2.0 × 10-4 M) at 298 K.
Inset: Time course of the absorption change at 420 and 800 nm due to
formation of theFc+-NQ•-/Sc3+ complex. Figure 2. Plots of the rate constant (kET) determined at 420 nm versus

concentration of Mn+ for Mn+-promoted intramolecular ET ofFc-NQ (2.0
× 10-4 M) in deaerated MeCN at 298 K.

Table 1. First-Order Rate Constants (kET), Driving Forces
(-∆GET), Reorganization Energies (λ), and Activation Free
Energies (∆GET

q ) of Metal Ion-Promoted Intramolecular Electron
Transfer in Fc-NQ with Various Metal Ion Concentrations [Mn+]
in Deaerated MeCN at 298 K

Mn+ [Mn+], M kET, s-1 −∆GET, eVa λ, eV ∆GET
q , eVb

Sc3+ 5.0× 10-4 0.76 0.810 4.53 0.764
1.0× 10-3 1.7 0.828 4.46 0.739
2.0× 10-3 3.7 0.846 4.42 0.722
3.0× 10-3 6.2 0.856 4.38 0.709
5.0× 10-3 9.3 0.869 4.36 0.699
1.0× 10-2 16 0.887 4.33 0.684
1.0× 10-2 24 0.897 4.31 0.676
2.0× 10-2 31 0.905 4.29 0.668

Y3+ 5.0× 10-3 0.025 0.506 4.36 0.852
1.0× 10-2 0.043 0.523 4.34 0.839
2.0× 10-2 0.060 0.541 4.33 0.829

Eu3+ 3.0× 10-3 0.0010 0.403 4.51 0.935
2.5× 10-2 0.0080 0.457 4.40 0.883
5.0× 10-2 0.015 0.475 4.36 0.865

a Determined from the equation∆GET (Mn+) ) 1.19-0.059 log(Kred-

[Mn+]). b Determined from eq 8.
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quinone radical anion. The presence of the hydrogen bond in
the radical anion ofFc-NQ was confirmed by examining the
spin density distribution ofFc-NQ•- and the radical anion of
2-methoxy-1,4-naphthoquinone (2-MeONQ•-) as follows.

Fc-NQ•- is produced by the electron-transfer reduction of
Fc-NQ by naphthalene radical anion (Scheme 3). The ESR
spectrum ofFc-NQ•- thus produced is shown in Figure 4a
together with the computer simulation spectrum (Figure 4b).
Theg value ofFc-NQ•- in Figure 4a is determined as 2.0060,
which is significantly larger than those of the metal ion
complexes in Figure 3. This indicates that more spin is localized
on the oxygen atom which has a large spin-orbit coupling
constant in the case ofFc-NQ•- as compared to those of the
metal ion complexes. The simulated hyperfine coupling con-
stants (hfc) can be well reproduced by the ADF calculation of

Ph-NQ•- in which the Fc moiety is omitted as indicated in
Figure 4 (the values in parentheses).37 The optimized structures
of Ph-NQ•- and 2-MeONQ•- obtained by the Amsterdam
density function (ADF) calculation with the II (large) basis set
are shown in Figure 5. The O-H distance between the carbonyl
oxygen of NQ•- and the amide proton inPh-NQ•- is 1.62 Å.
This value is even shorter than the hydrogen bonding distance
between the semiquinone radical anion and water (1.78 Å).38

The radical anion (2-MeONQ•-) without hydrogen bonding
is also produced by the electron-transfer reduction of 2-MeONQ
by the naphthalene radical anion as shown in Figure 4c. The
simulated hfc values can also be well reproduced by the ADF
calculation as indicated in Figure 4d (the values in parentheses),
and they are quite different from those observed inFc-NQ•-

with hydrogen bonding.
Change in the One-Electron Reduction Potential of Fc-

NQ in the Presence of Metal Ions.The remarkable stability
of Fc+-NQ•-/Mn+ complexes mentioned above allows us to
determine the one-electron reduction potentials ofFc-NQ (Ered)
in the presence of various concentrations of metal ions by cyclic
voltammetry measurements as shown in Figure 6. The one-
electron reduction potential of the NQ moiety is observed as a
well-defined reversible wave at-0.81 V (Figure 6a).39 In the
presence of 7.0× 10-3 M Sc3+, the Ered value exhibits a
remarkable positive shift from-0.81 to 1.26 V,40 whereas the
one-electron oxidation potential of the Fc moiety remains the
same irrespective of the absence or presence of Sc3+ (Figure
6b). The cyclic voltammograms ofFc-NQ in the presence of
various concentrations of Sc3+ are shown in the Supporting

(36) The semiquinone radical anion complexes with metal ions have been only
observed only at low temperature by ESR.26a In contrast, theFc+-NQ•-/
Sc3+ complex has a long lifetime (>3 h) at 298 K. TheFc+-Q•-/Sc3+

complex reported in ref 21 is also too unstable to detect the ESR spectrum
at 298 K because of the fast disproportionation of the Q•-/Sc3+ complex.

(37) The hfc values were also calculated using the B3LYP method. The ADF
calculation predicts the hfc values in closer agreement with the experimental
results.

(38) O’Malley, P. J.Phys. Chem. A1997, 101, 6334.
(39) The one-electron oxidation potential for the Fc+/Fc couple inFc-NQ agrees

with that of ferrocene (Eox
0 vs SCE ) 0.37 V), see: Fukuzumi, S.;

Mochizuki, S.; Tanaka, T.Inorg. Chem.1989, 28, 2459.
(40) The anodic peak current for the oxidation of theFc-NQ•-/Sc3+ complex is

smaller than the cathodic peak current for the reduction ofFc-NQ in the
presence of Sc3+ because of the instability of theFc-NQ•-/Sc3+ complex.
A similar trend is observed for cyclic voltammograms ofFc-NQ in the
presence of other metal ions.

Figure 3. (a) ESR spectrum ofFc-NQ (9.1× 10-3 M) in the presence of
Y3+ (2.0 × 10-2 M) in deaerated MeCN at 298 K. (b) ESR spectrum of
Fc-NQ (9.1× 10-3 M) in the presence of Sc3+ (2.0× 10-2 M) in deaerated
MeCN at 298 K.

Figure 4. (a) ESR spectrum ofFc-NQ•- (4.0 × 10-3 M) in deaerated
MeCN at 298 K and (b) the computer simulation spectrum (the values in
parentheses are provided by ADF calculation). (c) ESR spectrum of
2-MeONQ•- (5.0 × 10-5 M) in deaerated MeCN at 298 K and (d) the
computer simulation spectrum (the values in parentheses are provided by
ADF calculation).

Figure 5. Optimized structures of (a)Ph-NQ•- and (b) 2-MeONQ•-

obtained by ADF calculation with the II (large) basis set.
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Information (S2). Similar positive shifts ofEred are observed in
the presence of Eu3+ (Figure 6c) and Y3+ (S3).

The positive shift ofEred in the presence of metal ion is
ascribed to the binding of metal ion with NQ•- (eq 4) as
indicated in Figure 3. In such a case,Ered is given as a function

of the concentration of Mn+, in accordance with the Nernst
equation (eq 5), whereEred

0 is the one-electron reduction
potential in the absence of metal ion,Kred is the formation
constant of theFc-NQ•-/Mn+ complex, andKox is the formation
constant of theFc-NQ/Mn+ complex.41

BecauseKred[Mn+] . 1, andKox[Mn+] , 1, eq 5 is written by
eq 6, where∆Ered is the potential shift in the presence of Mn+

from the value in its absence.

The plots of∆Ered versus log[Mn+] (Mn+ ) Sc3+, Y3+, and
Eu3+) are shown in Figure 7.

The slope of each plot is determined as 0.059, which agrees
with the expected slope ()2.3RT/F at 298 K) by the Nernst
equation (eq 6). The intercepts of linear plots in Figure 7 thus
afford the binding constantsKred(Sc3+) ) 1.6× 1037 M-1, Kred-
(Y3+) ) 1.1 × 1031 M-1, andKred(Eu3+) ) 3.3 × 1029 M-1.
The Kred values correspond to the free energy changes of the
metal ion binding: 2.20 eV (Sc3+), 1.83 eV (Y3+), and 1.74
eV (Eu3+).42 Such a large binding energy results in a remarkable
change in the driving force of electron transfer inFc-NQ from
a highly negative value to a positive value in the presence of
Mn+. The driving force of electron transfer in the presence of
Mn+ (-∆GET) is given by eq 7

where-∆GET
0 is the driving force in the absence of Mn+. The

-∆GET values determined in the presence of various concentra-
tions of Mn+ are summarized in Table 1.

Driving Force Dependence of Metal Ion-Promoted Elec-
tron Transfer. Figure 8 shows the driving force dependence
of log kET of Mn+-promoted electron transfer, where thekET

and -∆GET
0 values are taken from Table 1. Three sepa-

rate linear correlations are obtained for the case of Sc3+, Y3+,
and Eu3+ (Figure 8). The slope of each linear plot is deter-
mined as 16.9 (eV)-1, which corresponds to 1/2.3kBT at 298
K, wherekB is the Boltzmann constant. This indicates that the
change in driving force with concentration of Mn+ is directly
reflected on the change in the activation free energy, that is,
∂(∆GET

q )/∂(∆GET) ) 1. This is quite different from the slope
expected from the Marcus equation (eq 1):∂(∆GET

q )/∂(∆GET)

(41) Meites, L.Polarographic Techniques, 2nd ed.; Wiley: New York, 1965;
pp 203-301.

(42) Binding free energy changes are calculated as the follow equation: (binding
free energy changes)) -RT ln Kred.

Scheme 3

Figure 6. (a) Cyclic voltammogram ofFc-NQ (5.0× 10-4 M) in deaerated
MeCN containing 0.1 M Bu4NPF6 at 298 K with sweep rate of 50 mV s-1.
(b) Cyclic voltammogram ofFc-NQ (5.0 × 10-4 M) in the presence of
Sc3+ (7.0 × 10-3 M) in deaerated MeCN containing 0.1 M Bu4NPF6 at
298 K with sweep rate of 50 mV s-1. (c) Cyclic voltammogram ofFc-NQ
(5.0× 10-4 M) in the presence of Eu3+ (7.0× 10-3 M) in deaerated MeCN
containing 0.1 M Bu4NPF6 at 298 K with sweep rate of 100 mV s-1.

Fc-NQ•- + Mn+ {\}
Kred

Fc-NQ•-/Mn+ (4)

Ered) Ered
0 + (2.3RT/F) ×

log{(1 + Kred[M
n+])/(1 + Kox[M

n+])} (5)

∆Ered) (2.3RT/F) log Kred[M
n+] (6)

Figure 7. Plots of∆E1/2 versus log[Mn+] for the one-electron reduction of
Fc-NQ in the presence of Sc3+ (b), Y3+ (9), and Eu3+ (2) in MeCN at
198 K. The plot of each [Mn+] affords the same slope of 0.059.

-∆GET ) -∆GET
0 + RT ln(Kred[M

n+]) (7)

Metal Ion-Promoted Intramolecular Electron Transfer A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 23, 2003 7019



) 0.5. The driving force dependence ofkET expected from the
Marcus equation is shown as broken lines in Figure 8, where
three differentλDA values (4.3, 4.4, and 4.5 eV) are used for
the calculation using eq 1. The∆Gq

ET value is converted to the
correspondingkET value using eq 8, by assuming that the Mn+-

promoted intramolecular electron transfer inFc-NQ is adia-
batic.43 Hereby,h is the Planck constant. From the comparison
of the calculated Marcus lines with the observed lines, it is
apparent that theλDA value changes with the concentration of
Mn+. Such a change ofλDA with [Mn+] can be evaluated within
the context of the Marcus theory of electron transfer (vide infra).

The λDA value consists ofλD for the electron self-exchange
between D and D•+ andλA for that between A and A•- (eq 3).
Because the metal ion is involved only in the acceptor part, the
dependence ofλA on [Mn+] should be considered. The electron
self-exchange betweenFc-NQ and theFc-NQ•-/Mn+ complex
occurs via formation of theFc-NQ/Mn+ complex as shown in
Scheme 4. According to Scheme 4, the electron self-exchange
rate constant (kex) is given by eq 9, whereZ is the frequency
factor for an intermolecular reaction, andλA

0 is the reorganiza-

tion energy for the electron self-exchange betweenFc-NQ/Mn+

andFc-NQ•-/Mn+. The reorganization energy betweenFc-NQ
andFc-NQ•-/Mn+ (λA) is then given by eq 10, by comparing
eq 9 withkex ) Z exp(-λA/4kBT). From eq 3, the reorganization

energyλDA is given by eq 11, whereλDA
0 ) (λD + λA

0)/2.
Equation 11 indicates that theλDA value decreases with
increasing [Mn+] as observed in Figure 8.

BecauseλDA . -∆GET in Figure 8, eq 1 is simplified to eq
12 under the present experimental conditions. The driving force
dependence ofkET is derived from eqs 8, 11, and 12 as eq 13

whereC is a constant which is independent of the concentration
of Mn+, given by eq 14.

A plot of -RT ln(kET/[Mn+]1/2) versus∆GET including all of
the data in Table 1 is shown in Figure 9, where a single linear
correlation is obtained. The slope is determined as 0.5, which
agrees with expectation from eq 13.

The single linear correlation in Figure 9 indicates that theC
value is constant irrespective of the type of metal ions. The
larger the binding between NQ•- and Mn+, the larger is theλDA

0

value and also the larger is theKox value for the binding between
NQ and Mn+. In such a case, the effects of different metal ions
may be largely canceled in theC value in eq 14.

The large reorganization energy involved in the Mn+-
promoted electron transfer was also confirmed by the temper-
ature dependence ofkET. Eyring plots of Sc3+-promoted electron
transfer in Fc-NQ are shown in Figure 10. The activation
parameters obtained from the Eyring plots are listed in Table
2. The same activation enthalpy (∆Hobs

q ) 52 kJ mol-1 ) 0.54
eV) is obtained irrespective of the difference in Sc3+ concentra-
tion (Table 2). The observed activation enthalpy (∆Hobs

q )
consists of the activation enthalpies of the electron self-exchange
between the donor Fc and Fc+ (∆HD

q ) and between the
acceptor NQ and NQ•- (∆HA

q ): ∆Hobs
q ) (∆HD

q + ∆HA
q )/2.

(43) BecauseFc-NQ has a long flexible methylene spacer, there may be
sufficient interaction between the Fc and NQ moieties to make the electron
transfer adiabatic.

Figure 8. Plots of logkET versus-∆GET in Mn+-promoted intramolecular
electron transfer inFc-NQ in the addition of Sc3+ (b), Y3+ (9), and Eu3+

(2) in deaerated MeCN at 298 K. The plot ofkET on each [Mn+] gives a
straight line with a slope of 16.9. The broken lines (a), (b), and (c) represent
the fit to eq 9 with (a)λ ) 4.3 eV, (b)λ ) 4.4 eV, and (c)λ ) 4.5 eV.

Scheme 4

Figure 9. Plots of-RT ln(kET[Mn+]-1/2) versus∆GET in Mn+-promoted
intramolecular electron transfer inFc-NQ in the addition of Sc3+ (b), Y3+

(9), and Eu3+ (2) in deaerated MeCN at 298 K. The plot of-RT
ln(kET[Mn+]-1/2) versus∆GET on each [Mn+] gives a straight line with a
slope of 0.5.

λA ) λA
0 - 4RT ln(Kox[M

n+]) (10)

λDA ) λDA
0 - 2RT ln(Kox[M

n+]) (11)

∆GET
q ) (λDA/4) + (∆GET/2) (12)

-RT ln(kET/[M
n+]1/2) ) C + (∆GET/2) (13)

C ) (λDA
0/4) - RT ln[kBT(Kox)

1/2/h] (14)

kET ) (kBT/h) exp(-∆GET
q /kBT) (8)

kex ) ZKox[M
n+] exp(-λA

0/4kBT) (9)
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Using this relation, we determined the∆HA
q value as 0.86 eV

from the∆Hobs
q value (0.54 eV) and the reported value of∆HD

q

(0.22 eV).44 Thus, theλA
0 value for the electron self-exchange

between NQ/Sc3+ and NQ•-/Sc3+ is estimated asλA
0 > 3.44

eV, becauseλA
0 ) 4(∆HA

q -T∆Sq) and ∆SA
q < 0. The

reorganization energyλA
0 consists of twice the stabilization

energy of the NQ•-/Sc3+ complex with the optimized structure

as compared to the NQ•-/Sc3+ complex with the same nuclear
configuration as the neutral NQ/Sc3+ complex.45 Because the
stabilization free energy is obtained as 2.20 eV, which is derived
from the Kred value for the NQ•-/Sc3+ complex (vide supra),
the λA

0 value is estimated as 4.40 eV. This value is consistent
with the estimation from the∆HA

q value: λA
0 > 3.44 eV.

In conclusion, metal ion-promoted intramolecular electron
transfer inFc-NQ proceeds via strong binding of the NQ•-

moiety with metal ion, which results in a drastic change of the
free energy change of electron transfer from a highly positive
value to a highly negative value. Such a drastic change of driving
force of electron transfer is accompanied by a large reorganiza-
tion energy required for the metal ion-promoted electron transfer.
The driving force dependence ofkET of the metal ion-promoted
intramolecular electron transfer can be well evaluated within
the context of the Marcus theory of electron transfer in which
the driving force increases with increasing concentrations of
metal ions, whereas the reorganization energy of electron
transfer decreases with concentrations of metal ions.
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(44) (a) Yang, E. S.; Chan, M.-S.; Wahl, A. C.J. Phys. Chem.1980, 84, 3094.
(b) Fukuzumi, S.; Nakanishi, I.; Suenobu, T.; Kadish, K. M.J. Am. Chem.
Soc.1999, 121, 3468.

(45) The stabilization energy of the NQ•-/Sc3+ complex is equal to the
destabilization of the NQ/Sc3+ complex with the same nuclear configuration
as the NQ•-/Sc3+ complex as compared to the NQ/Sc3+ complex with the
optimized structure.

Figure 10. Eyring plots of ln(kETT-1) versus T-1 in Mn+-promoted
intramolecular electron transfer inFc-NQ (2.0 × 10-4 M) in the presence
of Sc3+ [2.0 × 10-2 M (b), 1.0× 10-2 M (9), and 5.0× 10-3 M (2)] in
deaerated MeCN.

Table 2. Activation Parameters for Sc3+-Promoted Intramolecular
Electron Transfer in Fc-NQ with Various Concentrations of
Sc(OTf)3 in Deaerated MeCN at 298 K

[Sc3+], M ∆Hobs
q , kJ mol-1 ∆Sobs

q , J K-1mol-1 ∆Gobs
q , eVa

5.0× 10-3 52 -53 0.701
1.0× 10-2 52 -49 0.686
2.0× 10-2 52 -43 0.667

a T ) 298 K.
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