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Abstract: To understand the contribution of spacer structure toward electron transfer (ET) and to regulate
electronic coupling between a redox pair, porphyrin-spacer-benzoquinone molecules were prepared where
spacers aretrans-decalin and dihalosubstituted tricyclo[4.4.1.0]undecane including a three-membered ring.
These compounds were designed to have almost the same separation distance between a redox pair, the same
number of intervening bonds, and the nearly equal free energy change associated with the ET reaction. The
ET rates for the charge separation process were evaluated on the basis of the fluorescence lifetimes. A quite
large difference in the ET rates was observed among these compounds, and the ET rates for the compounds
having the three-membered rings were ca. 50 to 60 times larger than that withtrans-decalin spacer in THF.
From the analysis of temperature dependence of the ET rates, it was shown that the observed rate acceleration
is caused by both an increase of the electronic coupling and a decrease of the reorganization energy. Ab initio
calculations of the electronic coupling elements and on molecular orbitals for the cyclopropanes predicted that
the former may be due to the enhancement of the ET pathways arising from the bent geometry of the spacer
or of the mixing pathway induced by a very low lying antibonding orbital in the dihalosubstituted cyclopropane.

Introduction

To understand the mechanism of highly efficient forward
electron transfer (ET) and retarded back ET in the primary
process of photosynthesis, a number of synthetic models1-26

have been reported. In most of the model compounds a donor

and an acceptor are covalently connected with a flexible or a
rigid spacer to eliminate the diffusion problem. Rigid spacers
are much superior to flexible ones, since conformational
complexity is excluded in the former case. By preparing
(donor)-(rigid spacer)-(acceptor) systems, various controlling
factors in ET such as separation distance, free energy change,
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reorganization energy, temperature, and electronic coupling have
so far been well analyzed. However, serious limitation is
inherent in model compounds. In such models a spacer is
inevitably used to fix a redox pair, but the spacer itself takes
part in ET. It is generally accepted that ET in linked model
systems takes place much faster than that in protein7a,27due to
the “through-bond” or superexchange mechanism.28 Therefore,
it is believed that synthetic models are not well suitable for the
study of ET pathways in biological systems, where a donor and
an acceptor are embedded in protein without direct chemical
bonds. To enhance “through-space” and solvent-mediated
pathways against “through-bond” ones in synthetic models,
several clamp and U-shaped (donor)-(rigid spacer)-(acceptor)
molecules have been synthesized.29 We have also prepared
porphyrin-spacer-benzoquinone molecules, where the spacer
is spiro[4.4]nonane and a phenyl group is inserted covalently
between the intervening space of the redox pair.30 It was initially

intended for such models to clarify the contribution of the
inserted π-system as a stepping stone in “through-space”
pathways between a donor and an acceptor upon ET. However,
it was found that the “through-bond” pathways are much more
effective compared with the “through-space” ones. In addition,
the model in which a phenyl group locates outside of the space
between the redox pair has larger rates of ET by a factor of
2-3 than those of the models, where a phenyl group locates
inside of the space between the redox pair or no phenyl group
is present. Thus, it seems quite difficult to evaluate the effect
of chemical bonds between a redox pair accurately. This is
because in model systems the change of linking bonds inevitably
results in the structural and orbital change, which is in sharp
contrast with the biological situation where a donor and an
acceptor are not linked completely by chemical bonds. Due to
these difficulties, the contribution of the different kinds of
chemical bonds upon ET has not been well understood.31 For
the evaluation of such an effect we designed and synthesized
compounds1, where a three-membered ring is introduced into
thetrans-decalin spacer of2 (Figure 1).17 Since the same redox
pair is employed to connect the donor and acceptor with the
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Figure 1. Molecular structures of1-4.

2280 J. Am. Chem. Soc., Vol. 122, No. 10, 2000 Tsue et al.



rigid spacer having the same number of intervening bonds, it is
expected that the effect of the structural change in the spacer
can be evaluated by comparing the ET rates of these two
compounds.

Results

Synthesis.The synthesis of2 and the reference4 was reported
elsewhere.17c The preparation of1 and the reference3 was
carried out as shown in Schemes 1 and 2. An important synthetic
intermediate10 was prepared by the Diels-Alder reaction of5
with maleic anhydride in the presence of activated zinc powder,
followed successively by reduction with LiAlH4, mesylation of
alcohol groups, treatment with NaI and DBU, and the Diels-
Alder reaction of9 with 4-bromobenzyne generated in situ. The
synthesis of the spacer12 having a dichlorocyclopropane ring
was carried out by treatment of10 with dichlorocarbene
followed by formylation using BuLi and DMF. On the other
hand, the synthetic route to the spacer16 having dibromocy-
clopropane was slightly changed due to the low yield of the
formylation reaction in the presence of the dihalosubstituted

cyclopropane ring. Thus,16 was prepared by formylation of
10, followed successively by protection with the 1,3-dioxane
ring, cyclopropanation, and deprotection. Moreover, a spacer
17without halogen atoms on the cyclopropane ring was prepared
from 15 using Bu3SnH and pyridiniump-toluenesulfonate
(PPTS). The acid-catalyzed coupling reaction of tetrapyrrole1832

with aldehydes16, 12, and17 in methanol gave porphyrins3a,
3b, and3c, respectively (Scheme 2). The target compounds1a
and1b were obtained by demethylation of3aand3b with BBr3

in CH2Cl2, followed by oxidation with PbO2. However, many
attempts to convert3c to 1c were unsuccessful due to the
cleavage of the three-membered ring. The structures of the new
compounds were determined on the basis of spectral data and
elemental analysis (see Supporting Information).
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Scheme 1

Scheme 2
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Structure. To get information on the precise structure of the
spacers in1 and2, 1H NMR analysis and theoretical calculations
were carried out for the simplified model compounds of1 and
2. Figure 2 illustrates a small portion of1H NMR spectra of
17. The assignments of the peaks were done on the basis of
NOE and decoupling technique. The peaks of HasHd in 17
constitute a higher-order pattern, while those of HesHh exhibit
first-order splitting. The difference seems to originate from the
difference in the magnetic environment of these protons. AM1
calculations of simplified model19with a three-membered ring
revealed the existence of three stable conformers with similar
lowest energies (Figure 3).33 The conformer20-1 (heat of
formation) 11.8 kcal mol-1) has an extended geometry, while
in conformers20-2 (12.1 kcal mol-1) and20-3 (12.5 kcal mol-1)
either of the two six-membered rings of the tricyclo[4.4.1]-
undecane framework is folded. Hayashi and Kato carried out
ab initio calculations using the Hartree-Fock (HF) wave

function with split valence 3-21G basis set to optimize the
geometry of19.34 They found two equilibrium geometries,20-
1′ and 20-3′, which are quite similar to20-1 and20-3. The
energy calculated for the structure of20-1′ is slightly lower (1.1
kcal mol-1) than that of20-3′. To evaluate the effect of basis
set on the relative stability of20-1′ and 20-3′, they repeated
the HF calculations with the 6-31G* basis set at the 3-21G-
optimized geometries. The resultant energy of20-1′ was slightly
higher (3.3 kcal mol-1) than that of20-3′. Considering the small
barrier to inversion about two methylene carbons in the
cyclohexene ring of20-1′ and20-3′, it was concluded that both
conformations20-1′ and20-3′ exist in solution. Accordingly,
the two conformations of the spacers20-1 and20-3 were used
to examine the molecular structures of compound1 in the
following paragraph. On the other hand, in the1H NMR
spectrum of21, which was a synthetic intermediate of2,17c the
vicinal coupling constant between Hc and Hd was deduced to
be 14 Hz with the aid of theJ-resolved spectrum (Figure 4).17a

Therefore, the configuration of the decalin junction is concluded
to be trans. MM2 calculation of simplified model22 gave one
stable conformer23 (Figure 3). The dihedral angle of the two
π rings in 23 is 176°, indicating that the whole molecular
structure is approximately planar. The geometry of23 is quite
similar to that of23′, which was optimized by Hayashi and Kato
using similar ab initio calculations.34

Since the separation distance between donor and acceptor has
been reported to play an important role in ET,2 whole structures
of compounds24 and25 were constructed using the optimized
geometries of20-1, 20-3, and 23 and a porphyrin unit to
determine the distances between the chromophores.17 In Figure
5, models26-1 and26-3 correspond to compound1 with the
extended (20-1) and folded (20-3) spacer frameworks, respec-
tively. Besides, model27corresponds to2 with thetrans-decalin
spacer (23). The dihedral angles between porphyrin andmeso-
phenyl rings were set to be 90° which has so far been determined
experimentally.17c As summarized in Table 1, on the whole,

Figure 2. Enlarged1H NMR spectra (360 MHz) of17 in CDCl3.

Figure 3. AM1- and MM2-minimized conformers (and their heats of formation) of19 and22.
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the separation distances between the redox pair in26-1 and27
(Rcc ) 13.3 Å) were found to be nearly the same irrespective
of both the structures and conformations of the spacers, while
26-3 with the folded geometry has a slightly short distance (Rcc

) 12.2 Å). The structures of26-1, 26-3, and 27 are quite
consistent with those of26-1′, 26-3′, and 27′, calculated by
Hayashi and Kato, using single-point HF/3-21G calculations.34

Photophysical and Redox Properties.The electronic ab-
sorption spectra of1 and2 in THF are almost superimposable
to those of the reference compounds3 and4 except forπ f
π* transition of the quinone moiety at around 240 nm. A typical
example is shown in Figure 6. The figure indicates that there is
no special interaction between the porphyrin and quinone rings
in 1 and2 in the ground state and, hence, the ET rates can be
obtained on the basis of the fluorescence lifetimes.

Steady-state fluorescence spectra of1 and 2 in THF have
the same band shape and peak positions (λem ) 629, 696 nm)
as those of3 and4. However, the fluorescence quantum yields
are sharply reduced due to photoinduced intramolecular ET. The
fluorescence lifetimes (τ) of 1 and2 were measured by a time-
correlated single-photon-counting apparatus excited at 400 nm
and monitored at 628 nm in THF and DMF. The decay curves
of 1 and2 could be fitted by two components. A typical example
is shown for1b in THF in Figure 7. The major components
(around 90%) are short and the minor ones (around 10%) have
values quite close to those of the references without the quinone
unit. Therefore, it seemed likely that the major components
(Table 2) are related to intramolecular ET from the excited
singlet state of the porphyrin to the quinone. The existence of
halogen atoms causes in some cases the decrease of fluorescence
lifetimes. For instance, the introduction of Cl or Br into a
naphthalene moiety leads to the significant reduction of the
fluorescence lifetimes,35 i.e., 3.5 ns for 2-chloronaphthalene and
0.15 ns for 2-bromonaphthalene, with respect to 9.5 ns for
naphthalene itself. However, such heavy atom effect can be
discounted in1a and 1b becauseτ values of3a and 3b are
quite similar to that of4 as shown in Table 2.

As an example of the picosecond time-resolved transient
absorption spectra, results of1a in THF are shown in Figure 8.
Immediately after excitation with the 590 nm laser pulse, the
Sn r S1 difference spectrum, characterized by the bleaching of
the ground state porphyrin absorption at 500, 530, 575, and 630
nm of the Q-bands and strongly positive absorption at around

(33) Theoretical calculations were performed by using an ANCHOR2
molecular modeling system, Fujitsu Limited.

(34) Hayashi, S.; Kato, S.J. Phys. Chem. A1998, 102, 2878.
(35) Suppan, P.Chemistry and Light; The Royal Society of Chemistry:

Cambrigde, 1994; pp 69.

Figure 4. Enlarged1H NMR spectra (360 MHz) of21 in CDCl3.

Figure 5. AM1-minimized conformers of24 and25.

Table 1. Separation Distances between Porphyrin and Quinone
Moieties

model Rcc/Åa Ree/Åb

26-1 13.3 8.7
26-3 12.2 7.4
27 13.3 8.8

a Center-to-center distance.b Edge-to-edge distance.

Figure 6. Electronic absorption spectra of1a and3a in THF (5.0×
10-6 M).
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400-500 nm, and the stimulating emission at 700 nm were seen.
However, along with the decay of the strong band at around
400-500 nm as well as the recovery of the bleaching, no
appreciable transient absorption due to the porphyrin cation
radical (∼700 nm) and the quinone anion radical were ob-
served,17 indicating that the recombination rate of the ion pair
is much faster than the rate of the photoinduced charge
separation under these conditions.36 The fluorescence lifetimes
are in good agreement with the lifetimes of the excited singlet
states (τ ) 340 ps), which were determined by analyzing the
time dependence of the transient Sn r S1 spectra (Figure 8).
Although the presence of either of the radical ions could not be
confirmed using the transient absorption spectroscopy, it is
concluded, based on the related earlier work,17 that the
fluorescence quenching observed is a consequence of photoin-
duced ET from the excited singlet state of the porhyrin to the
quinone. The forward ET rates (ket) of 1 and2 were calculated
by the equation,ket ) 1/τ - 1/τ0, whereτ andτ0 are the lifetimes
of 1 and2 and of the reference compounds3 and4, respectively.
The results are summarized in Table 2. The ET rates of1a and
1b were 58 and 45 times larger than that of2 in THF,
respectively, while in DMF that of1b was larger by a factor of
22 compared with that of2.

Redox potentials of1 and 2 were obtained by differential
pulse voltammetry (DPV) in dichloromethane containing 0.1

M n-Bu4NClO4 (Table 3). The values of the DPV peak potentials
were used to calculate the free energy changes (-∆G°) for the
ET reaction of1 and2 in THF and DMF using

(36) (a) Mataga, N.; Karen, A.; Okada, T.; Nishitani, S.; Sakata, Y.;
Misumi, S. J. Phys. Chem.1988, 88, 4650. (b) Frey, W.; Klann, R.; Laermer,
F.; Elsaesser, T.; Baumann, E.; Futscher, M.; Staab, H. A.Chem. Phys.
Lett. 1992, 190, 567. (c) Heitele, H.; Po¨llinger, F.; Kremer, K.; Michel-
Beyerle, M. E.; Futscher, M.; Voit, G.; Weiser, J.; Staab, H. A. Chem.
Phys. Lett.1992, 188, 270. (d) Hung, S.-C.; Lin, S.; Macpherson, A. N.;
DeGraziano, J. M.; Kerrigan, P. K.; Liddell, P. A.; Moore, A. L.; Moore,
T. A. J. Photochem. Photobiol. A: Chem.1994, 77, 207.

Figure 7. Fluorescence decay profile of1b in THF monitored at 628
nm (λex ) 400 nm). The top graph gives the residual to the biexponetial
fit that is indicated by the solid line.

Table 2. Fluorescence Lifetimes and ET Rate Constants of1-4 in
THF and DMF

THF DMF

compd τ/ns ket/s-1 (rel ratio) τ/ns ket/s-1 (rel ratio)

1a 0.26 3.8× 109 (58) a
1b 0.34 2.9× 109 (45) 0.52 1.9× 109 (22)
2 8.2 6.5× 107 (1) 6.9 8.7× 107 (1)
3a 16.2 a
3b 15.3 16.9
4 17.4 17.3

a Not measured.

Figure 8. Picosecond time-resolved absorption spectra of1a in THF
excited at 590 nm (a) and time dependence of the absorbance at 445
nm (b). The solid line is a simulated curve usingτ ) 340 ps.

Table 3. Redox Potentials in CH2Cl2 and Free Energy Changes for
ET Reaction of1 and2 in THF and DMF at 298 K

-∆G°/eV

compd Eox/V Ered/V THF DMF

1a 0.88 -0.49 0.67a (0.68)b 0.89a (0.90)b

1b 0.88 -0.51 0.69a (0.70)b 0.91a (0.92)b

2 0.87 -0.52 0.66 0.89

a Calculated for the extended conformation.b Calculated for the
folded conformation.

-∆G° ) E0 - (Eox - Ered) - e2/(4πε0){[1/(2R+) +

1/(2R-) - 1/Rcc](1/εs) - [1/(2R+) + 1/(2R-)](1/εs′)} (1)
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where Eox and Ered are the first oxidation potential of the
porphyrin and the first reduction potential of the quinone in
CH2Cl2, respectively,R+ ) 5.5 Å andR- ) 3.75 Å are the
radii of the porphyrin and quinone rings, respectively, andRcc

is the center-to-center distance between the two chromophores
(Table 1). The level of the excited singlet state (E0) in THF
and DMF was estimated from the electronic absorption and
fluorescence spectra to be 1.98 eV. TheEox - Ered values in
THF (εs ) 7.58) and DMF (εs ) 36.7) were calculated using
the redox potentials in CH2Cl2 (εs′ ) 8.93). The calculated
-∆G° values for1 and 2 in THF and DMF at 298 K are
summarized in Table 3. The table shows that the free energy
changes for the intramolecular ET of1 and 2 are almost the
same in both THF and DMF.

Temperature Dependence of ET.To obtain further infor-
mation on the ET process, theket constants of1a and2 were
measured as a function of temperature (200 to 300 K) using a
time-correlated single-photon-counting technique in 2-meth-
yltetrahydrofuran (MTHF). At all temperatures both compounds
showed biexponential fluorescence decay curves, of which short
components were used to estimateket at relevant temperatures
(Table 4) in a manner identical with that mentioned in the
preceding section. For analyzing the ET reaction of1a and2,
various factors controlling ET in the semiclassical Marcus
equation37 were determined:

where

In the eq 2,κel andκn are the electronic and nuclear factors,
νn is the frequency of nuclear motion through the transition state,
h is the Planck constant,|V| is the electronic coupling matrix
element (ECE),λ is the reorganization energy,kB is the
Boltzmann constant,T is absolute temperature,-∆G° is the
Gibbs energy change for the ET reaction, and∆G# is the Gibbs
activation energy in Marcus theory.

First, the free energy changes (-∆G°) of 1a and2 in MTHF
were estimated on the basis of eq 1 (Table 4). Second, total
reorganization energy (λ ) λi + λs) was divided into an internal
term λi involving vibrational energy changes between the
reactant and product states and a solvent termλs involving the

solvent orientation and polarization. The former was assumed
to be 0.2 eV which was reported for similar porphyrin-quinone
dyads as a reasonable value,38a-d whereas the solvent depen-
dence of the latter was calculated by

whereR+, R-, andRcc are the same values as those used for
estimation of-∆G° in THF and DMF, andεop andεs are the
optical and static dielectric constants of the surrounding
medium.38d,39 Inserting these values into eqns 1-3 yielded
almost equal values of-∆G° andλ for 1a and2, whereas the
values of ∆G# for 1a with the folded conformation are
significantly smaller than those of1a with the extended
conformation and2, as summarized in Table 4. Finally, the
Marcus eq 2 was reduced to the linearized form as given in the
eq 4 for the evaluation of ECE|V| in 1a and2.

According to eqs 1-3, photoinduced ET in1a and2 should
have a significant driving force in solvents of medium and high
polarity and fulfilll the “normal” region condition that-∆G°
< λ, while the barrier is relatively small. Figure 9 shows
Arrhenius plots of the ET rates of1aand2 against the reciprocal
of absolute temperature. The plots show no appreciable sys-
tematic deviation from the best fit straight line.|V| andλ, de-
duced from the intercept and the slope, respectively, were calcu-
lated to be 6.2 cm-1 (or 6.3 cm-1 for the bended conformer)
and 1.12 eV (or 1.14 eV for the bended conformer) for1a and
2.1 cm-1 and 1.33 eV for2 (Table 5). The values of|V| for 1a
are larger by a factor of about 3 compared with that of2, while
those ofλ for 1a are smaller by about 0.2 eV than that of2.
These results clearly demonstrate that bothV andλ are different
for 1a and2, despite the-∆G° for the ET and the separation
distance and the number of intervening bonds between the redox
pair being quite similar. In addition, there is a discrepancy

(37) (a) Marcus, R. A.J. Chem. Phys.1965, 43, 679. (b) Marcus, R. A.
J. Chem. Phys.1956, 24, 966.

(38) (a) Archer, M. D.; Gadzekpo, V. P. Y.; Bolton, J. R.; Schmidt, J.
A.; Weedon, A. C.J. Chem. Soc., Faraday Trans. 21986, 82, 2305. (b)
Rempel, U.; Von Maltzan, B.; Von Borczykowski, C.Z. Phys. Chem.1991,
170, 107. (c) Gaines, G. L., III; O’Neil, M. P.; Svec, W. A.; Niemczyk, M.
P.; Wasielewski, M. R.J. Am. Chem. Soc.1991, 113, 719. (d) Liu, J.-y.;
Bolton, J. R.J. Phys. Chem.1992, 96, 1718. (e) Zeng, Y.; Zimmt, M. B.
J. Phys. Chem.1992, 96, 8395. (f) Kroon, J.; Oevering, H.; Verhoeven, J.
W.; Warman, J. M.; Oliver, A. M.; Paddon-Row, M. N.J. Phys. Chem.
1993, 97, 5065.

(39) Furutsuka, T.; Imura, T.; Kojima, T.; Kawabe, K.Technol. Rep.
Osaka UniVersity 1974, 24, 367.

Table 4. Static Dielectric Constants, Optical Dielectric Constants, Free Energy Changes, Reorganization Energies, Activation Energies, and
ET Rate Constants as a Function of Temperature for1a and2 in MTHF

-∆G°/eV λ(theor)/eVd ∆G° (theor)/eV ket/s-1

T/K εs
a εop

a 1ab 1ac 2 1ab 1ac 2 1ab 1ac 2 1a 2

293 7.009 1.9793 0.64 0.66 0.64 0.979 0.944 0.979 0.0286 0.0216 0.0293 1.7× 109 2.8× 107 e

288 7.100 1.9817 0.65 0.66 0.64 0.982 0.946 0.982 0.0283 0.0213 0.0290f 2.5× 107

275 7.357 1.9878 0.66 0.67 0.65 0.989 0.953 0.989 0.0275 0.0207 0.0282 9.2× 108 f
260 7.699 1.9948 0.67 0.68 0.67 0.998 0.962 0.998 0.0266 0.0200 0.0273f 2.1× 107

250 7.959 1.9996 0.68 0.69 0.68 1.00 0.968 1.00 0.0261 0.0195 0.0267 8.1× 108 f
240 8.250 2.0043 0.69 0.70 0.69 1.01 0.975 1.01 0.0255 0.0190 0.0261f 1.5× 107

225 8.758 2.0114 0.71 0.72 0.70 1.02 0.986 1.02 0.0246 0.0183 0.0252 9.3× 108 f
220 8.950 2.0138 0.71 0.72 0.71 1.03 0.989 1.03 0.0243 0.0181 0.0250f 8.5× 106

200 9.872 2.0232 0.73 0.74 0.73 1.04 1.01 1.04 0.0231 0.0172 0.0238 6.2× 108 6.8× 106

a Data from refs 38d and 39.b Calculated for the extended conformation.c Calculated for the folded conformation.d λ ()λs + λi) was obtained
from eq 3 withλi ) 0.2 eV. e Extrapolated using eq 4.f Not measured.

ket) κelνnκn ) 2π3/2/[h(λkBT)1/2]|V|2 exp[-(∆G° + λ)2/

(4λkBT)] ) 2π3/2/[h(λkBT)1/2]|V|2 exp[-∆G#/(kBT)] (2)

κelνn ) 2π3/2/[h(λkBT)1/2]|V|2;
κn ) exp[-∆G#/(kBT)]; ∆G# ) (∆G° + λ)2/(4λ)

λs) e2/(4πε0)[1/(2R+) + 1/(2R-) - 1/Rcc][1/εop - 1/εs]
(3)

ln(ketT
1/2) ) ln{2π3/2|V|2/[h(λkB)1/2]} - (∆G° + λ)2/

(4λkBT) ) ln{2π3/2|V|2/[h(λkB)1/2]} - ∆G#/(kBT) (4)
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between the theoretical and experimetal reorganization energies
as well as∆G# (Tables 4 and 5), which will be discussed later.

Discussion

ET rate constants for1 and2 were measured and analyzed
using the semiclassical Marcus equation. No large solvent
dependence ofket was observed for1 and2 in THF and DMF.
These solvent effects can be qualitatively explained as follows.
In general, as the solvent polarity increases, both the free energy
gap for the photoinduced charge separation and the solvent
reorganization energy increase. Thus, the solvent effect on
-∆G° may be compensated for by the change in the overall
reorganization energy.11,12,40Surprisingly,ket values of1 with
three-membered rings in the spacer are ca. 50 to 60 times (in
THF) or ca. 20 times (in DMF) larger than that of2 (Table 2).
According to the Marcus theory,37 ket is dominated by the
electronic coupling matrix element|V|, reorganization energy
λ, and free energy change-∆G° associated with the ET
reaction. At 293 K the ratio of the ET rates for1a versus2 in
MTHF is estimated to be 61. Considering that the ratio of|V|2-
(1a)/|V|2(2) ) 8.4 for the extended conformation and 8.7 for
the folded one, the different nuclear factor is contributing a
factor of 7.3 and 7.0 to the kinetics, respectively, reaching almost
40% of the overall kinetics. Therefore, the observed large
difference inket for 1 and2 should be attributed to the difference
in both|V| andλ, because-∆G° values were actually the same.
More noteworthy is that the structural factors controlling ET,
that is, separation distance and the number of the intervening
bonds between the redox pair, are the same or almost the same
for 1 and2. Therefore, the observed remarkable differences in
the |V| andλ terms are most probably to due to the geometry
and/or nature of the bonds in the spacer. We will present

plausible explanations for the difference in both the|V| andλ
for 1 and2.

Ab initio calculations on the ECE|V| between the porphyrin
and quinone moieties in the gas phase were carried out
separately by Hayashi and Kato34 for the optimized structures
26-1′, 26-3′, and27′, which are quite similar to26-1, 26-3, and
27 (Figure 5). We will begin by recapitulating the previously
reported results for26-1′, 26-3′, and 27′ (see the Supporting
Information).

The overall ECEsVRP were calculated with the singly excited
configuration interaction (SECI) matrix elements of intermediate
states using the basis 1 and 2 spacer orbitals (Table 6). In
constructing the reactant and product states, all the valence donor
and acceptorπ* orbitals and 11 and 4π* orbitals of porphyrin
and quinone were adopted. The energy levels of the reactant
(1P*-Q) and product (P•+(Au)-Q•- and P•+(B1u)-Q•-) states as
well as the resultant ECEs are summarized in Table 6. Although
the excitation energies are overestimated by about 1 eV, the
respective energies of the reactant and product states are similar
for 26-1′, 26-3′, and27′. In the Au case, the ECEs with basis 1
and 2 were evaluated to be 6.27 and 6.57 cm-1 for 27′. These
ECEs are slightly smaller than those for26-1′, 8.55 and 8.81
cm-1, respectively. Considering that the relative position of the
donor and acceptor parts in26-1′ is similar to that in27′, it
seems likely that the presence of the cyclopropane ring in the
spacer part does not cause the large difference in the magnitude
of ECE. On the other hand, the ECEs for26-3′, 18.86 and 27.29
cm-1 by basis 1 and 2, respectively, are much larger than those
for 26-1′ and27′. Accordingly, the large difference in the ECSs
may be attributed to that in geometry between26-3′ and27′.
For the B1u state, the ECEs for26-1′, 26-3′, and 27′ were
calculated to be 6.45, 10.24, and 4.64 cm-1 with basis 1,
respectively. The relative magnitudes of these ECEs are in
qualitative agreement with those in the Au case. In contrast,
the ECEs for26-1′, 26-3′, and27′ are similar using basis 2.

At the present it is impossible to perform similar ab initio
calculations for1a and 1b to obtain the ECEs for the ET
reaction, because of the extraordinary calculation time. Hayashi
and Kato assumed that theket rate of 1c is much larger than
that of 2, based on the fact that theket rates of1a and1b are
much larger than that of2. Thus, it was concluded tentatively
that the Au type state for26-3′ is responsible for the actual ET
process. Although the experimental|V| values were about 1/3
of the theoretical ones, the relative magnitude (about 3-4-fold)
of the calculated|V| values for models26-3′ and27′ is in good
agreement with those of the experimental|V| values for1a and
2 (Tables 5 and 6). This suggests that the folded geometry such
as26-3′ contributes much to the ET reaction in1a. As a result
of the slightly short edge-to-edge distance between the chro-
mophores in26-3 with the folded conformation (Table 1),
through-space interaction arising from the direct overlap of their
molecular orbitals is supposed to be enhanced in1a. However,
through-space interaction is known to decay exponentially with
respect to the separation distance between the donor and
acceptor.2,7,27a Hence, through-space interaction in2 with
extended conformation would be reduced, so that alternative
through-bond interaction appears to become a main participant
in the ET in 2. To support this hypothesis, the overall ECEs
VRP, defined by the sum of the through-space termVRP

spaceand
the through-bond termVRP

bond, were separated into these terms
using the SECI matrix elements of intermediate states using
the basis 1 and 2 space orbitals.34

The decomposition of overall ECEs revealed that the through-
bond ECEsVRP

bond is dominant in all systems except for26-3′

(40) (a) Kroon, J.; Verhoeven, J. W.; Paddon-Row, M. N.; Oliver, A.
M. Angew. Chem., Int. Ed. Engl.1991, 30, 1358. (b) Macpherson, A. N.;
Liddell, P. A.; Lin, S.; Noss, L.; Seely, G. R.; DeGraziano, J. M.; Moore,
A. L.; Moore, T. A.; Gust, D.J. Am. Chem. Soc.1995, 117, 7202.

Figure 9. Arrhenius analyses of the temperature-dependent ET rate
constants for1a and2 in MTHF.

Table 5. Marcus Analysis of Temperature Dependence ofket for
1a and2 in MTHF According to Eq 4

compd
slope/

K intercept ra
∆G#(expt)/

eVb
λ(expt)/

eVb
|V|(expt)/

cm-1 b

1a -588 25.8 0.862 0.0507 1.12c (1.14)d 6.2c (6.3)d

2 -1049 23.6 0.986 0.0904 1.33 2.1

a Absolute value of the correlation coefficient.b Determined experi-
mentally.c Calculated for the extended conformation.d Calculated for
the bended conformation.
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in the Au case, which is consistent with the hypothesis. Thus,
the through-space contribution is 1/3 to 1/2 ofVRP in 26-3′,
whereas these terms in the other cases are relatively small.
VRP

bond[π*(benzene)] contributes mainly toVRP
bondand is much

larger thanVRP
bond[σ*], showing theπ* orbitals of benzene in

the spacers provide main routes for ET in the present systems.
It was also found that theσ* states of the dimethyl groups at
theâ position of the porphyrin part also give large contributions
to the through-bond ECEs for26-3′ in the Au case, while these
are reduced in the B1u case.

To obtain more detailed information on the mechanism of
the intramolecular ET process, the pathway analyses were
performed only for the case of Au.34 The pathway analyses for
26-3′ revealed that the intermediate state involving the C-H
σ* orbitals (C-H 14 in Figure 5) strongly interacts with the
states involving theσ* orbitals of the benzene part in the spacer
and the C-H σ* orbitals in the methyl groups at theâ positions
of the porphyrin part, respectively. On the other hand, a similar
strong interaction is not seen for26-1′ and 27′. Hayashi and
Kato pointed out that for26-3′ this results from short distance
and matched mutual orientation between theσ* bonds charac-
terizing those intermediate states due to the bended geometry
of the spacer part. Overall, they insisted that the bent geometry
of the spacer enhances the ECE in26-3′. Based on their results,
the acceleration effect of1a and1b against2 may be ascribed
to the bent geometry of the spacer in1a and1b.

There are numerous recent observations of large solvent
dependence of ET rate constants and electronic coupling in
(donor)-(rigid spacer)-(acceptor) molecules where the donor
and acceptor are in reasonably close proximity.29 Zimmt et al.
reported the large and solvent dependent|V| found for their
C-clamp-shaped molecule.29b,f,38eThey proposed that solvent-
mediated superexchange coupling accounts for the observed
solvent dependence. Verhoven and Paddon-Row et al. also
concluded that through-solvent coupling is effective in their
U-shaped (donor)-(spacer)-(acceptor) molecules.29a,e,38fThere-
fore, the effect of the solvent fluctuation is likely to be important
in the present systems. Preliminary ab initio calculation of2
involving acetonitrile as solvent suggested that the character of
the ET pathway in the solvent-induced ECE is different from
the ECE in the gas phase.41 However, further extensive
calculations of both1 and 2 in acetonitrile, including the
intramolecular conformation changes and vibrations of the
dyads, could not be carried out because of the overdemand for
calculation time. For this purpose, efficient methods would be
required to reduce the time, and this will be a subject of future
study.

There is an alternative explanation for the enhancement of
the electronic coupling in1aand1b. Allan reported the presence
of a very low lying antibonding orbital in cyclopropane (2.6
eV) compared to the typical orbitals of unstrained cycloalkanes
(4-6 eVσ*).42 This orbital was assigned to an antibonding one

with C-H character. Since the bond lengths of C-Br in 1a
and of C-Cl in 1b are expected to be much longer than that of
C-H in 1c, the involvement of the weaker C-Cl and C-Br
would induce greater spatial overlap of the C-Cl or C-Br
antibonding orbitals with the antibonds of the benzene rings in
the spacer. Alternatively, the substitution of electron-withdraw-
ing groups such as halogen atoms may lower the energy level
of the lowest unoccupied molecular orbital (LUMO). Therefore,
the increased mixing pathway due to the existence of the
dihalosubstituted cyclopropane ring explains the enhancement
of the electronic coupling in1a and 1b. To demonstrate this
hypothesis, ab initio calculations on molecular orbitals (MP2/
3-21G*) were carried for 1,1-dibromocyclopropane (28a), 1,1-
dichlorocyclopropane (28b), and cyclopropane (28c).43 The
energies of highest occupied molecular orbital (HOMO) and
LUMO are found to be-10.24 eV for28a, -11.03 eV for
28b, and-11.33 eV for28c and 3.583 eV for28a, 4.412 eV
for 28b, and 7.471 eV for28c, respectively. These clearly show
that the introduction of the heavy halogen atoms into the
cyclopropane framework makes the energy of LUMO lower,
which is quite consistent with the above explanation. The
explanation agrees with the fact that the ET rate for1a is larger
than that for1b. Owing to the synthetic reason, theket rate of
1c could not be obtained. Considering that the energy levels of
P•+(Au)-Q•- and P•+(B1u)-Q•- are quite similar, there is an
alternative possibility for Hayashi and Kato’s calculations that
P•+(B1u)-Q•- contributes to the photoinduced ET process greatly
in the present system. They displayed the energies of the valence
unoccupied orbitals for both basis 1 and 2 sets for26-1′. In
basis 1, there are two main peaks at the regions of 4-7 eV and
14-22 eV. The lower and higher energy peaks consist of the
π* and σ* orbitals, respectively. For basis 2, an additional two
peaks appeared at the regions centered at 10 and 13 eV. These
orbitals were identified as theσ* orbitals of the C-H anti-
bonding and C-C antibonding characters. As discussed before,
introduction of halogen atoms would further lower the energies
of the σ* orbitals of the C-H antibonding, resulting in the
enhancement of the ECEs of1a and1b against1c. Assuming
the B1u case with basis 2, the ECEs are quite similar for26-1′,
26-3′, and27′ as shown in Table 6. If this is the case, the order
of ET rates would be1a > 1b . 1c ≈ 2.

Surprisingly, we found that the reorganization energies of
1a are smaller than that of2 by ca. 0.2 eV. The smaller
reorganization energies of1a also contribute to acceleration of
the photoinduced ET in1a compared with2 by a factor of ca.
8. The experimental values are different from the calculated
ones by 0.1-0.3 eV. Using the experimentalλ and calculated
λs at 293 K,λi are estimated to be 0.34 (extended conformation)
and 0.40 (folded confomation) for1a and 0.55 for2, which are
larger than the assumed value (0.2 eV) forλi. Since both the

(41) Hayashi, S.; Kato, S.J. Phys. Chem. A1998, 102, 3333.

(42) Allan, M. J. Am. Chem. Soc.1993, 115, 6418.
(43) Theoretical calculations were performed by using SPARTAN

Version 5.0, Wavefunction, Inc., CA.

Table 6. Excitation Energy of Reactant and Product States and Electronic Coupling ElementsVRP

VRP (VRP
bond+ VRP

space)/cm-1

excitation energy/eV Au B1u

compd 1P*-Q P•+(Au)-Q•- P•+(B1u)-Q•- basis 1 basis 2 basis 1 basis 2

26-1′ 3.059 5.611 6.076 8.55 8.81 6.45 8.88
(6.27+ 2.28) (6.53+ 2.28) (5.98+ 0.47) (8.41+ 0.47)

26-3′ 3.059 5.422 5.887 18.86 27.29 10.24 7.38
(9.24+ 9.62) (17.67+ 9.62) (10.85-0.61) (7.99-0.61)

27′ 3.059 5.634 6.098 6.27 6.57 4.64 8.38
(5.13+ 1.14) (5.43+ 1.14) (3.68+ 0.96) (7.42+ 0.96)

Porphyrin-Quinone Dyads J. Am. Chem. Soc., Vol. 122, No. 10, 20002287



internal and solvent reorganization energies are considered to
be controlled mainly by the porphyrin and quinone moieties,
not the spacer one, the difference is striking. At the present, we
have no reasonable explanation for the results, but it might be
due to the interaction between the donor and/or the acceptor
and the spacer containing the dihalosubstituted cyclopropane
and/or the change in geometry accompanying charge separa-
tion.44

The result of this study demonstrates that the subtle structural
change in the spacer exerts a large influence upon the photo-
induced ET. The rate acceleration can be explained experimen-
tally by the enhancement of the electronic coupling as well as
the decrease of the reorganization energy. The former may be
due to the enhancement of the through-space ET pathway arising
from the bent geometry of the spacer and/or of the mixing
pathway induced by a very low lying antibonding orbital in the
dihalosubstituted cyclopropane, whereas there is no clear
explanation for the latter effect. The present result will provide
basic information for understanding ET in protein, where a redox

pair is not connected completely by chemical bonds. It should
be emphasized here that the elaborated models1 and2 made it
possible to evaluate the contribution of the spacer structure upon
ET accurately.
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