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Abstract—Nanosecond time-resolved UV/vis absorption spectroscopy on laser flash photolysis was conducted for photoinduced
electron-transfer reactions of 7-benzhydrylidenenorbornene (1) and 7-benzhydrylidenenorbornane (5). The differences in the
observed absorption bands and the structures of 1"* and 5 were evaluated successfully using calculations based on (time depen-
dent) density functional theory, confirming the nonclassical nature of 1.

© 2005 Elsevier Ltd. All rights reserved.

Previously, Hirano, Ohashi and co-workers reported!-?
the m-facial selective nucleophilic addition to the radical
cation of 7-benzhydrylidenenorbornene (1, Scheme 1,
anodic peak potential = +1.50 V vs SCE in acetonitrile),
triggered by a photoinduced electron-transfer (PET)
reaction using a sensitizer. The n-facial selectivity was
explained by the possible generation of a nonclassical
radical cation (1"") involved with electronic coupling of
exocyclic (C-7-C-8) and endocyclic (C-2-C-3) double
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bonds. It was suspected that nucleophilic attack of a
methanol or water molecule to 1'* preferentially occurs
from the anti side of the endocyclic double bond. Unfor-
tunately, however, 1"" was not observed directly. If 1'" are
observed using UV/vis absorption spectroscopy, it will be
of value, because such electronic coupling was recognized
as a homoconjugation and has been suggested to play a
crucial role in electron-transfer reactions of 7-methylen-
enorbornadiene (3)* and 7-methylenequadricyclane (4),
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Scheme 1. Top: possible generation of a nonclassical radical cation (1'") in the PET n-facial selective nucleophilic addition reaction of 1. Bottom:

a list of related compounds (3-5 and 6%).
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and has only been detected by CIDNP.# Therefore, we
studied nanosecond time-resolved UV/vis absorption
spectroscopy on laser flash photolysis (LFP) of 1 and
structurally related 7-benzhydrylidenenorbornane? (5,
Scheme 1). Here, we report the direct observation of a
nonclassical radical cation 1'* together with the results
of density functional theory (DFT) and time-dependent
(TD) DFT calculations.

Nanosecond time-resolved UV/vis absorption spectros-
copy on LFP> was performed with N-methylquinolin-
ium tetrafluoroborate (NMQ*BF, ") and toluene as a
sensitizer and a cosensitizer,® respectively, in aerated
acetonitrile at 298 K. As shown in Figure 1a and b, laser
excitation (355nm) of NMQ*BF,~ with 1 in aerated
acetonitrile gave an intense sharp absorption band with
Aap at 391 nm (band A), a broad weak absorption band
at 480-580 nm (band B), and a broad intense absorption
band at 600-850 nm (band C).” The differential optical
densities (AOD) observed at 391, 560, and 750 nm de-
creased synchronously with almost the same rate con-
stant, kq~7x10°s”!, indicating that these bands
originate in the same species, 1'". Similarly, 5 had three
bands: a sharp intense absorption band with 1., at
386 nm (band A’), a broad weak absorption band at
500-650 nm (band B’), and a broad intense absorption
band at >700 nm (band C’) (Fig. 1c and d).” Interest-
ingly, the /., (391 nm) of band A of 1"" was redshifted
slightly, compared with that (386 nm) of band A’ of
57, while a large blueshift was observed for the A,
(600-850 nm) of band C of 1" as compared to that
(>700 nm) of band C’ of 5.

To gain insight into the electronic structure of 1'", we
performed DFT calculations® for 1, 1'%, 5, and 5. As
shown in Figure 2a, the subunit of the exocyclic double
bond in the neutral 1 bends slightly toward the C-5-
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Figure 2. Side views of 1 (a), 1" (b), 1" (c), 5 (d), 5 (e), 5°* (), 6~ (g),
6 (h), and 6" (i) optimized using the (U)B3LYP/(aug-)cc-pVDZ
calculations.

C-6 methylene side at the B3LYP/cc-pVDZ level. Con-
versely, 1" is calculated to bent in the opposite manner,
as shown in Figure 2b. The C-1-C-7-C-4 skeleton and
the exocyclic double bond of 1'* bend to the side of the
endocyclic double bond by 5.2° [=(360.0° — 115.0°)/
2 — 117.3°] and 5.0° (=180.0° — 175.0°), respectively, at
the UB3LYP/cc-pVDZ level. Note that the calculation
suggests a symmetrical structure for 5 and 5, the struc-
turally related species without an endocyclic double
bond (Fig. 2d and e).
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Figure 1. Nanosecond time-resolved UV/vis absorption spectra observed in the LFP of 1 (a and b, 1 mM) and 5 (c and d, 1 mM) under NMQ"*BF,~
(10 mM)-toluene (1 M)-sensitized conditions in aerated acetonitrile. Spectra (i) 100 ns, (ii) 400 ns, (iii) 1 ps, (iv) 2 ps, and (v) 5 ps.
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Figure 3. Conceptual representation showing the orbital interaction
between the exocyclic and endocyclic double bonds in 1.

The bent structure of 1 is owing to a dominant anti-
bonding orbital interaction between the exocyclic and
endocyclic double bonds, as shown in Figure 3: the exis-
tence of two electrons in the HOMO, which is composed
of an antibonding combination of exocyclic and endocy-
clic double bonds, contributes the bent of the exometh-
ylene toward the C-5-C-6 methylene side in 1.!! Judging
from the close resemblance in the MOs of 1 and 1", as
exemplified by the HOMO of 1 and the SOMO (o) of 1°*
(Fig. 4), a similar orbital interaction operates in 1"
Therefore, the loss of an electron from the HOMO of
1 induces a decreasing repulsive interaction, but does
not induce an increasing attractive interaction, between
the two double bonds, resulting in the bent of the exo-
methylene of 1" toward the C-2-C-3 methylene side.
Note that the two orbitals at C-2(3) and C-7 of the
HOMO of 1 are out of phase with each other, as shown
in Figures 3 and 4. In evidence, the hypothetical dication

€

Figure 4. The HOMO of 1 (a) and SOMO () of 1'*
using (U)B3LYP/cc-pVDZ.

(b) calculated

Table 1. The partial spin (p) and charge (g) density in 1-*

12+ bends more significantly, while the corresponding

52" keeps a symmetric structure (Fig. 2¢ and f).

Table 1 shows the partial spin (p) and charge (g) density
for each carbon from C-1 to C-8 of 1'" and 5" together
with the differences between 1" and 5. Note that p at
C-7 (+0.326) and C-2 (+0.081) or C-3 (+0.081) of 1'* de-
crease and increase most significantly, respectively, of all
carbons of 1"", compared with 5 [C-7 (+0.409) and C-2
(+0.017) or C-3 (+0.014)]. Strangely enough, ¢ does not
increase at C-2 (+0.080) and C-3 (+0.065), but increases
at C-1 (—0.057) and C-4 (—0.054) of 1, compared with

T [C-7 (+0.109), C-2 (+0.070), C-3 (+0.057), C-1
(—=0.091), and C-4 (—0.091)], although ¢ at C-7
(+0.090) of 1'* is reduced significantly. This suggests
that the positive charge of 1" is not always delocalized
significantly over the endocyclic double bond subunit,
whereas the spin is delocalized there. Note, however,
that further discussion only using the p or g values of
each carbon is misleading because spin and charge dis-
tribute not only to carbons but also to protons. There-
fore, it is reasonable to compare the sum of the p or ¢
values between any appropriate subunits in 1"" and
5. Figure 5 clearly shows the change in the electronic
structure between 1" and 5. The sum of the p and ¢
values, > p = +0.867 and Zq +0.619, of the benzhy-
dryhdene subunit in 1" decrease, as compared to those
of 5", +0.968 and +0.678. Accordingly, the values of the
residual subunit (+0.133 and +0.381) increase, com-
pared with those of 5 (+0.032 and +0.322). These find-
ings indicate that spin and charge in 1'* are delocalized
not only to the benzhydrylidene subunit, but also to the
residual subunit. Unexpectedly, the changes in p and ¢
are not very significant, as would be expected from the
n-selective nucleophilic addition.!> This may be attrib-
utable to the fact that 1" still possesses one electron in
the SOMO with an antibonding character. From this
perspective, 1'* is compared to the radical 6° (Scheme
1), but not to the nonclassical cation 6, because 6" also
has one electron in the SOMO with an antibonding
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Figure 5. The sum of the partial spin (p) and charge (¢) density of the
benzhydrylidene subunit and residual subunit in 1'* (a) and 5 (b)
calculated using UB3LYP/cc-pVDZ.

and 5 calculated using TD UB3LYP/cc-pVDZ

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8
p (1) —0.015 +0.081 +0.081 —0.012 0.000 —0.001 +0.326 +0.145
p (5% —0.019 +0.017 +0.014 —0.019 +0.017 +0.014 +0.409 +0.090
p (I —p (57 +0.004 +0.064 +0.067 +0.007 —0.017 —0.015 —0.083 +0.055
g @ —0.057 +0.080 +0.065 —0.054 +0.081 +0.070 +0.090 +0.056
g (57) —0.091 +0.070 +0.057 —0.091 +0.070 +0.057 +0.109 +0.034
g —q (Y +0.034 +0.010 +0.008 +0.037 +0.011 +0.013 —0.019 +0.022
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Figure 6. Electronic transitions of 1'* (a) and 5 (b) calculated using
TD UB3LYP/cc-pVDZ.

character. Similar structural changes are found in the
series 1, 1", and 1" and the series 6, 6, and 6" (Fig.
2g-1).

The electronic transition wavelengths (4.) and oscillator
strengths (f) of 1" and 5" in the optimized structures
were calculated using TD UB3LYP/cc-pVDZ and are
shown in Figure 6. The calculated Ay at 362, 506, 724,
751, and 817 nm with f=0.187, 0.009, 0.059, 0.087,
and 0.024 for 1'* are in agreement with the observed
UV/vis absorption spectra (Fig. la and b) of 1" on
LFP. Similarly, the 353, 554, 800, and 878 nm transi-
tions with /= 0.153, 0.027, 0.094, and 0.028 calculated
as the Ao of 5, are in line with the UV/vis absorption
spectra (Fig. 1c and d) of 5*. The red- and blueshift
of A of 1" as compared to that of 5" are reproduced
successfully in the TD DFT calculation, confirming
the electronic coupling between the two double bonds
in+1'Jr and the generation of a nonclassical radical cation,
1"

In conclusion, we observed a nonclassical radical cation
1""1:213 by nanosecond time-resolved UV/vis absorption
spectroscopy on LFP. The electronic coupling!® in 1" is
based on an orbital interaction between exocyclic and
endocyclic double bonds. The DFT and TD DFT calcul-
ations suggest the bent structure of 1'" owing to the
electronic coupling and support the red- and blueshift
of the absorption spectra of 1" as compared to those
of 5" having no electronic coupling. The degree of delo-
calization of spin and charge to the endocyclic double
bond in 1'* is relatively small. Therefore, careful consid-
eration is needed to judge whether the electronic cou-
pling causes the m-selectivity'> observed in the PET
nucleophilic addition reaction of 1. Further studies for

this subject and to characterize the reactivity of 1'* are
now in progress, and will be published elsewhere.
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