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Photoinduced electron transfer reactions across rigid linear
spacer groups of high symmetry
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Abstract—A series of highly symmetrical dienes 1–3 were prepared through [2+2] cyclo-addition of norbornadiene (NBD) in an
exo–trans–exo geometry. These molecules can be utilized as spacer groups in donor(D)–spacer(S)–acceptor(A) types of electronic
dyads possessing strictly linear rigidity. The electronic coupling between D and A was promoted effectively by the �-bonds
through the all-trans spacer groups so that a highly efficient photoinduced electron transfer process takes place. The even–odd
NBD dependent alternation of the D/A orientation is intriguing, which leads to an unusual correlation in the spacer tuning
electron transfer process. © 2002 Elsevier Science Ltd. All rights reserved.

Long range intramolecular electron transfer (ET) reac-
tion has been the subject of intensive study for its direct
relationship with the redox processes in photosynthesis
and certain biological systems.1,2 In recent years, elec-
tron donor (D)–acceptor (A) chromophores linked by
rigid, covalent spacers (S), forming D–S–A dyads, have
attracted considerable attention due to their potential
applications in the design of molecular devices, among
which are molecular rectifiers,3 switches,4 electrochemi-
cal sensors,5 photovoltaic cells,6 and nonlinear optical
materials,7 etc. Spacer groups that have been utilized
are versatile, including small molecules, e.g. cyclohex-
ane,8 adamantane,2 bicycle[2.2.2]octane,9 steroids,10 and
oligomers of various sizes, e.g. polynorbornanes,11 and
ladderanes,12 etc. Among numerous types of spacers,
rigid linear rod-shaped structures, however, are not
commonly observed.13,14 The highly symmetrical struc-
tures reduce the complexity which is due to geometrical
and conformational variations. In this study, we report
the preparation of a series of linear, rigid, rod-shaped
molecules based on an exo–trans–exo configuration of
norbornanes. Both D and A groups are then attached
onto the terminals of these bridging molecules with a
fixed linear conformation. Preliminary spectroscopic
and dynamic studies on ET processes have been per-
formed in various solvents. The intriguing ‘all-trans

rule’ as well as a D/A orientation governed ET process
are reported herein.

Dimerization and trimerization of norbornadiene
(NBD) were accomplished though a prototypical
Co2(CO)6(PPh3)2 catalyzed reaction.15 Compounds 1
and 2 were then purified by column chromatography
(eluent: n-hexane), followed by recrystallization in hex-
anes and distillation under reduced pressure. Syntheses
of 3 using Ni(cod)2 as a catalyst have been reported
with a yield as low as 3%. Alternatively, 3 was prepared
via dimerization of 1 upon UV photolysis in the pres-
ence of cuprous triflate,16 increasing the yield to �30%.
Compounds 1, 2 and 3 represent the first three mem-
bers of NBD oligomers sharing the same characteristic
of all NBD units being connected by an exo–trans–exo
geometry. For the application as spacers, the length of
the structure can be finely tuned via adding different
numbers of NBD units so that upon the elongation of
molecular sizes, the geometry maintains linearity with
two terminal double bonds being parallel and equiva-
lent in symmetry. Electron donor and acceptor groups
were then added to molecules 1–3 to form the respec-
tive dyads. A naphthalene moiety was fused onto the
double bond by placing 1 through a reaction with
tetrabromo-o-xylene according to a known procedure.17

Compound 4 obtained was then subjected to another
[2+2] cycloaddition with dimethyl acetylenedicarboxyl-
ate (DMAD), catalyzed by RuH2(CO)(PhPh3)3, to give
5 in 85% yield.18 The same reaction sequence was
applied onto 2, while 6 and 7 were prepared
subsequently.
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normal (F1) and CT (F2) bands are listed in Table 1. As
shown in Fig. 2 and Table 1, the lifetime of the F1

band, within experimental error, correlates well with
the rise time of the F2 band, unambiguously supporting
the photoinduced ET process. Table 1 also lists kinetic
data for the corresponding non-ET-transfer models 4
and 6. The rate of ET, kET, can thus be calculated by
the equation kET=1/�(D/A)−1/�(D) where �(D/A) and
�(D) denote the lifetime of the F1 (normal) band for
molecules possessing D/A and D functional groups,
respectively. Alternatively, the ET rate constant can be
accessed by a Stern–Volmer equation expressed as
k �ET={[�f(D)/�f(D/A)]−1}(1/�(D) where �f is the
fluorescence yield of the F1 band. The results listed in
Table 1 for kET are k �ET show the same trend: an
increase in the ET rate upon increasing the solvent
polarity. The systematically smaller k �ET values proba-
bly result from traces of naphthalene precursors exist-
ing in the D/A dyads. Due to the very weak F1 intensity
in the studied D/A dyads, any emission caused by
traces of the precursor impurity may interfere with
steady-state analyses.

In comparison to previously reported NBD systems,
two intriguing remarks can be pointed out. Firstly, the
increase in the ET rate was generally observed in these
exo–trans–exo systems. The free-energy change (�G)
for photo-induced ET between an excited donor
molecule (D*) and a ground-state acceptor (A) at a
distance (d) can be expressed as:

�G(d)=Eox(D)−Ered(A)−E00(D)−(e2/�d)−(e2/2)(1/rD
+

+1/rA
− )(1/37−1/�) (1)

where Eox(D) and Ered(A) are the oxidation and reduc-
tion potentials of D and A molecules in acetonitrile,
respectively, E00(D) is the energy of zero–zero transi-
tion, rD

+ and rA
− are effective ionic radii, � is the

dielectric constant of solvent, and d is the center-to-cen-
ter distance between D and A. For example, Eox and
Ered for 6 and 7 were measured to be 1.60 and −1.50 V,

The absorption spectra of 4–7 exhibit a typical charac-
teristic of the naphthalene chromophore. The two
absorption bands at 250–290 and 300–330 nm with
vibronic progressions are ascribed to 1La and 1Lb transi-
tions, respectively, of the naphthalene moiety (Fig. 1).
The absorption of 1,2-dimethoxycarbonylethyl moiety
exhibits an onset at �260 nm, which should cause
negligible interference upon >266 nm excitation. As
shown in Fig. 1, in comparison to 6, the naphthalene-
like fluorescence (�max �335 nm) in THF was substan-
tially reduced in 7 where a D/A pair is incorporated,
indicating that the ET process is operative in the
excited state. Further evidence is given by the resolu-
tion of a charge transfer (CT) band for 7 maximized at
�500 nm in THF. The peak frequency of the CT band
shows strong solvent-polarity dependence (see insert of
Fig. 1), being red shifted by �1800 cm−1 from THF to
CH2Cl2.

The excited-state relaxation dynamics were measured
by a time-correlated photon counting system described
previously,19 rendering a temporal resolution of �15
ps. The dynamics of decay (or rise) of 5 and 7 for both

Figure 1. The absorption and emission spectra of compounds 6 (—) and 7 (----) in THF. The absorption spectra are normalized
at �290 nm, whereas the emission spectra are shown in proportion to their relative intensities. Insert: the appearance of a weak
CT fluorescence in (a) THF, and (b) CH2Cl2.
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Table 1. The relaxation dynamics of the fluorescencea, kET, k �ET and free energies (�G) of the ET reaction for 4–7 in various
solvents

�(5) (ns) �G(5) (eV) kET (s−1)c �(6) (ns) �(7) (ns) kET (k �ET)�(4) (ns) �G(7) (eV) �G(8)d (eV)
(s−1)

F1: 0.18 −0.11 5.53×109 56.5Et2O F1: 13.9440.83 5.41 −0.07 −0.24
(1.86)×107

F2: 0.14 F2: 12.2
(rise) (rise)
3.78 13.2

EtOAc 60.55 F1: 0.12 −0.27 8.32×109 51.16 F1: 8.32 10.08 −0.23 −0.38
(4.34)×107

F2: 0.15 F2: 7.31
(rise)(rise)

3.28 9.78
F1: 0.10 −0.34 9.98×109THF 57.0757.88 F1: 6.78 13.01 −0.30 −0.45

(8.41)×107

F2: 0.09 F2: 6.31
(rise) (rise)
3.04 9.66

CH2Cl2 36.83 F1: 0.085 −0.39 1.2×1010 48.10 F1: 2.25 42.5 −0.35 −0.50
(31.3)×107

F2: 2.31b F2: 1.95
(rise)
3.73

The free energy of ET in compound 8 (�G(8)) is listed for comparison
a All measurements were performed in the degassed solution.
b Rise dynamics could not be resolved due to the weak signal.
c k �ET is not available due to the presence of traces of naphthalene precursor.
d Data from Ref. 21.

Figure 2. The time-dependent fluorescence of F1 and F2 bands for 7 in THF (�ex=266 nm). For F1: �=6.8 ns, F2: �(rise)=6.31
ns, �(decay)=9.66 ns.

respectively in CH3CN. E00 was obtained from the
absorption edge of UV spectrum at 318 nm (3.91 eV).
An approximation was further made on r=rD

+=rA
−=

4.5 A� .20 Consequently, the center-to-center distance
between D (midpoint of the central bond of naphtha-
lene) and A (midpoint of the line connecting the car-
bonyl carbons) of 7 was estimated to be 14.7 A� . With
all of the values substituted into Eq. (1), the free
energies of ET (�G) for 7 (or 5) were calculated and
shown in Table 1.

The kinetic data were compared with an analogous
system published previously. The structure of 8 is simi-
lar to that of 7, yet with only eight �-bonds intervening
between the D and A chromophores. In THF, the rate
of ET measured for 7 was about twice as fast as those
reported for 8 (6.5×107 s−1),21 albeit a more endergonic
reaction was expected for 7 (see Table 1 for compari-
son), and the D–A distance of 7 (14.7 A� )22 is even
longer than that of 8 (11.4 A� due to a bent shape).
Although differences in the inner shell nuclear motion
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cannot be neglected, the results may implicate the dif-
ferentiation in the through �-bond overlap, and hence
the differences in the electron coupling matrix, between
7 and 8. It is well known that electron tunneling can be
effectively accelerated through coupling with the �-
bonds of the spacer group. The highly symmetrical
geometry of 1–3 fits the ‘all-trans rule’ in a nearly
perfect fashion, which may account for the higher
efficiency of ET appearing in 7.23 This phenomenon
was not unprecedented though, since a recent report
showed that photo-induced ET in 10 proceeded with
five orders of magnitude faster than that predicted for
9.24 With the same number of intervening �-bonds (10
for each), the little variation in the geometries of 9 and
10 can result in an enormous difference in the rates of
ET processes.

In another approach, it is interesting to note that under
the same solvent polarity, e.g. in THF, the ET rate
(�1.0×1010 s−1) in 5 is ca. two orders of magnitude as
fast as that in 7 (1.3×108 s−1). Empirically, the electron
coupling matrix Hel can be estimated by Hel=Hel

0 exp[−
�(dcc−d0)]25 where � is a measure of the ability of
orbitals to extend into space and interact with another
orbital, dcc and d0, denote the actual center-to-center
separation distance and van der Waals distance or
separation distance within the encounter complex,
respectively. For D/A dyads with the same configura-
tion of the NBD bridge, the addition of one more NBD
distance generally leads to an increment of ca. one
order in the rate of the ET reaction published by
Paddon-Row and co-workers.26 Certainly, an NBD
unit (2-�-bonds) in Paddon-Row’s is different from an
‘NBD’ unit (3-�-bonds) in the series studied here due to
the way NBD is fused. Nevertheless, except for the
distance of separation, there are also other parameters
that might affect the interaction between two chro-
mophores. Spin changes, symmetry factors, and the
relative orientation of two reactants may influence the
magnitude of Hel. For the exo–trans–exo system
reported in this study, depending on even or odd num-
ber of the NBD unit, the orientation between D and A
is expected to switch alternatively between 0 and �60°.
Accordingly, it is plausible that the unusually large
difference in the ET rate, in part, may result from the
relative difference in the D/A orientation between 5 and
7. However, since derivation of Hel depends sensibly on
the shape, nodal character, and mutual orientation of

the orbitals and is even more complicated in the excited
state, detailed calculations were not performed in this
preliminary study.

In conclusion, a series of highly symmetrical dienes 1–3
were prepared through [2+2] cyclo-addition of NBD in
exo–trans–exo geometry. These molecules can be uti-
lized as spacer groups in the D–S–A type of electronic
dyads possessing a strictly linear rigidity. The electronic
coupling between D and A was promoted effectively by
the �-bonds through the all-trans spacer groups so that
a highly efficient photoinduced ET process takes place.
The linearity of the dyads should also be a key-con-
tributing factor to the ET efficiency in comparison to
previously reported bent structures. This, in combina-
tion with the even–odd NBD dependent alternation of
the D/A orientation, initiates a perspective aiming at
elongating the exo–trans–exo system so that a detailed
insight of the ET dynamics can be examined. Design
and syntheses toward this goal are currently in
progress.
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