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Abstract—A c-irradiation of 2,2-diphenyl-1-methylenecyclopropane (3) in a degassed n-butyl chloride glassy matrix at 77 K pro-
duced an intense UV/vis absorption band with kab at 432 nm. This result and calculations based on density functional theory for
its radical cation 3�+ and the corresponding trimethylenemethane radical cation (2�+) strongly suggest that a single electron oxidation
of 3 followed by ready ring opening affords 2�+, whose molecular geometry is largely twisted (h = 44.0�), and the positive charge and
spin are localized mainly in the diphenyl methyl and allyl moieties, respectively.
� 2006 Elsevier Ltd. All rights reserved.
A single electron reduction and oxidation of organic
substrates induces considerable changes, not only in
the electronic structure, but also in the molecular geo-
metry and chemical reactivity of the substrates or inter-
mediates. For example, lowering of the bond order,
which is caused by injecting an electron into the lowest
unoccupied molecular orbital (LUMO) with antibond-
ing character and by ejecting an electron from the high-
est occupied molecular orbital (HOMO) with bonding
character, makes it easy to cleave a C–C bond.

From this perspective, we recently reported1 on the first
matrix isolation of a trimethylenemethane (TMM, 1�� in
Chart 1)2-type radical anion derivative 2��, generated
via c-irradiation of 2,2-diphenyl-1-methylenecyclopro-
pane (3) at 77 K.3 UV/vis spectroscopic studies in a 2-
methyltetrahydrofuran (MTHF)4 glassy matrix showed
that 2�� has an intense UV/vis absorption band with
kab at 496 nm. Theoretical calculations based on density
functional theory (DFT) strongly suggested that 2�� has
a largely twisted (h = 45.5�) molecular geometry and its
negative charge and spin are considerably localized in
the diphenylmethyl (subunit I) and allyl (subunit II)
moieties (see 2�� in Chart 1), respectively. Furthermore,
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it has been suggested that some 3�� still survived in the
MTHF matrix at 77 K. A combination of matrix isola-
tion followed by UV/vis absorption spectroscopy and
DFT calculations provided valuable new insights into
TMM chemistry and the methylenecyclopropane
rearrangement.

Success in investigating 2�� allowed us to study a variety
of TMM-type intermediates using the same methods,
including a radical cation counterpart5 2�+, a diphenyl
derivative of the parent TMM radical cation (1�+).6

Regarding 2�+, Ikeda and Miyashi5e previously pro-
posed a largely twisted (h = 44.0�) molecular geometry
and the divided electronic structure of the dianisyl deriv-
ative of 2�+ using time-resolved absorption spectroscopy
and electron paramagnetic resonance (EPR) spectro-
scopy on laser flash photolysis under photoinduced
electron-transfer (PET) conditions, and theoretical cal-
culations. This proposal, however, is still tentative from
the perspective of the calculation because they used a
semi-empirical method of AM1. Furthermore, they
focused on a back electron-transfer (BET) process from
the sensitizer radical anion to 2�+ in solution at 298 K,
while we were interested in the ring-opening process
from 3�+ to 2�+ in organic glassy matrix at 77 K. Accord-
ingly, in this work, we studied UV/vis absorption spec-
troscopy on c-irradiation of 3 in an n-butyl chloride
(n-BuCl)4 glassy matrix at 77 K and DFT calculations
of 2�+ at the UB3LYP/cc-pVDZ level of theory. Here,
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2•+: λmax = 432 nm (n-BuCl),  θ  = 44.0° (DFT)

2•–: λmax = 496 nm (MTHF),  θ  = 45.5° (DFT)
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Chart 1. A list of TMM derivatives and structurally related compounds.
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Figure 2. UV/vis absorption spectrum of 6+ generated from 5 in
FSO3H at 196 K.
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we report on the molecular geometry, electronic struc-
ture and generation process of 2�+ in an n-BuCl matrix
at 77 K.

A degassed n-BuCl glassy matrix of 3 (5 mM) was c-irra-
diated with a 60Co source at 77 K.7,8 As shown in Figure
1, intense absorption bands appeared with kab at 344
and 432 nm. Two assignments for these bands are possi-
ble: the precursor radical cation 3�+ and the TMM
radical cation 2�+ generated via 3�+ (Scheme 1). For
comparison, 2,2-diphenylpropane (4, 5 mM) was simi-
larly c-irradiated in degassed n-BuCl glassy matrix at
77 K.7 As a result, 4�+ did not have major absorption
bands in the 300–600 nm region. Conversely, the 1,1-
diphenylethyl cation (6+) generated from 1,1-diphenyl-
ethanol (5) possessed absorption bands with kab at 314
and 424 nm in fluorosulfonic acid (FSO3H) at 196 K
(Fig. 2).9 These findings strongly suggest that the ob-
served absorption bands (kab = 344 and 432 nm,
Fig. 1) are assigned to the TMM radical cation 2�+,
rather than 3�+, and that its positive charge and spin
are considerably localized in the diphenylmethyl (sub-
unit I) and allyl (subunit II) moieties (see 2�+ in Chart
1), respectively (vide infra). This assignment is in line
with a previous findings.5e However, we cannot always
conclude that the lack of an absorption band for 3�+

in the 300–600 nm region indicates the absence of 3�+,
because 3�+ is not expected to have an absorption band
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Figure 1. UV/vis absorption spectrum observed after c-irradiation of 3
(5 mM) in an n-BuCl glassy matrix at 77 K.
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Scheme 1. Possible generation of the TMM radical cation 2�+ via a
c-irradiation of 3 in an n-BuCl glassy matrix at 77 K.
in this region. Remember that the structurally related
radical cation 4�+ lacks clear absorption bands in this
region.

To elucidate the ring opening process from 3�+ to 2�+,
and the molecular geometry and electronic structure,
we performed DFT calculations at the UB3LYP/
cc-pVDZ level.10,11 Figure 3 shows the C-2–C-3 bond
length (dC-2–C-3, 3 in Chart 1)-dependent change in the
relative potential energy (DE) for ring opening. The left-
most and rightmost points with dC-2–C-3 ¼ 1:63 and
2.48 Å are for the optimized 3�+ and 2�+, respectively. The
DE increased to a maximum at dC-2–C-3 � 1:9 Å, and
then decreased monotonically, as dC-2–C-3 increased
from 1.63 to 2.48 Å. Estimating from DE, the ring open-
ing of 3�+ to give 2�+ proceeded readily with a very small
elongation barrier (ca. 0.4 kcal mol�1) and the release of
a large amount of energy (ca. 20 kcal mol�1). These val-
ues are somewhat smaller than those of the ring opening
process from 3�� to 2�� (ca. 2 and 28 kcal mol�1, respec-
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Figure 3. Bond length (dC-2–C-3)-dependent changes in the relative
potential energy (DE) in the course of ring opening from 3�+ to 2�+

calculated using UB3LYP/cc-pVDZ.
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Figure 6. The sum of the partial spin (q) and charge (q) density of
subunits I and II in 2�+, respectively.
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tively).1 Anyway, this finding for the radical cation cor-
roborates our assignment of the spectrum observed in
the c-irradiated n-BuCl glassy matrix of 3 (Fig. 1; vide
supra). Again, note that some 3�+ might still survive
the calculated low elongation barrier at 77 K.

Figure 4 shows the optimized molecular geometry of 2�+.
The dihedral angles, h and h 0, of C-3–C-1–C-2–C-5 and
C-3–C-1–C-2–C-7 (Fig. 4d) were optimized to be
+44.0� (Fig. 4) and �136.0�, respectively, while similar
angles, x and x 0, of C-1–C-2–C-5–C-6 and C-1–C-2–
C-7–C-8 were both calculated to be +30.3�. These values
correspond to those of 2�� optimized using UB3LYP/cc-
pVDZ (h = +45.5�, h 0 = �134.5�, x = x 0 = +25.3�).
These findings, especially h and h 0, suggest that the
ground state of 2�+ is largely twisted. The optimized
C-1–C-2 bond length (dC-1–C-2), 1.48 Å, was slightly
longer than the C–C bond length (dC–C ¼ 1:47 Å) of
the orthogonal ethylene.12 Therefore, the C-1–C-2 bond
of 2�+ possesses a normal C–C single bond character.
Furthermore, judging from the DE of 2�+ along the
h coordinate (Fig. 5), the rotation barrier around the
Figure 4. Molecular geometry of 2�+ optimized using UB3LYP/
cc-pVDZ: (a) top, (b) front and (c) side views. (d) Atom notation
and definition of the dihedral angles (h, h 0, x and x 0) of 2�+.
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Figure 5. Potential energy (DE) curve of 2�+ along the dihedral angle
(h) calculated using UB3LYP/cc-pVDZ.
C-1–C-2 bond was ca. 6 kcal mol�1 at h�0�, which
corresponds to that of a normal C–C single bond
(3–6 kcal mol�1), indicating that the C-1–C-2 bond of
2�+ lacks the typical nature of a double bond.

Finally, we examined the electronic structure using the
sum of the partial spin (q) and charge (q) density, Rq
and Rq, respectively, computed with DFT calculations,
as shown in Figure 6.13 The values, Rq = �0.037 and
Rq = +0.837 for subunit I, and Rq = +1.037 and
Rq = +0.163 for subunit II suggest that the positive
charge and spin are mainly localized in subunits I and
II, respectively. These calculation results are in accord
with the conclusion based on UV/vis absorption
spectroscopy.

In conclusion, we reconfirmed the molecular geometry
and electronic structure of the TMM radical cation
derivative, that is, 2�+, in an n-BuCl glassy matrix at
77 K using UV/vis absorption spectroscopy and the
DFT calculations at the UB3LYP/cc-pVDZ level. The
C-2–C-3 bond cleavage of 3�+ resulted from lowering
the bond order triggered by ejecting an electron from
the HOMO with bonding character. The DFT calcula-
tions suggest that 2�+ has a largely twisted molecular
geometry and a considerably localized electronic struc-
ture, similar to 2��. Subunits I and II of 2�+ are twisted
with each other around the C-1–C-2 bond. The positive
charge and spin are mainly distributed to subunits I and
II, respectively. These phenomena can be ascribed to the
effects of steric interaction between the two phenyl moi-
eties and the allyl radical moiety and those of aryl-in-
duced charge delocalization.2i Although it is hard to
separate them because they work in close operation, it
is likely that the steric interaction is the primary factors.
Another result was evaluation of the elongation barrier
for the ring opening of 3�+. The DFT calculations sug-
gest that 3�+ cleaves to 2�+ (ca. 0.4 kcal mol�1) more
readily than 3�� cleaves to 2�� (ca. 2 kcal mol�1). This
work also provided important insights for a similar c-
irradiation in methylcyclohexane, which is a typical
method for generating radical cations and radical anions
simultaneously.
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