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ABSTRACT: According to the Aufbau principle, singly occupied molecular
orbitals (SOMOs) are energetically higher lying than a highest doubly occupied
molecular orbital (HOMO) in the electronically ground state of radicals.
However, in the last decade, SOMO−HOMO-converted species have been
reported in a limited group of radicals, such as distonic anion radicals and
nitroxides. In this study, SOMO−HOMO conversion was observed in triplet
2,2-difluorocyclopentane-1,3-diyl diradicals DR3F1, DR4F1, and 2-fluorocyclo-
pentante-1,3-diyl diradical DR3HF1, which contain the anthracyl unit at the
remote position. The high HOMO energy in the anthracyl moiety and the low-
lying SOMO−1 due to the fluoro-substituent effect are the key to the SOMO−HOMO conversion phenomenon. Furthermore, the
cation radical DR3F1+ generated through the one-electron oxidation of DR3F1 was found to be a SOMO−HOMO-converted
monoradical.

■ INTRODUCTION
According to the Aufbau principle, singly occupied molecular
orbitals (SOMOs) have a higher energy than doubly occupied
molecular orbitals in the most stable electronic configuration of
ground-state molecules. However, SOMO−highest occupied
molecular orbital (HOMO)-converted molecules, in which the
SOMO has a lower energy than the HOMO, have been
reported in radicals such as metal complexes,1,2 distonic anion
radicals,3−9 nitroxides,10−12 and some stable tris(2,4,6-
trichlorophenyl)methyl derivatives.13,14 The generation of
high-spin molecules from monoradicals through oxidation
and the switching of bond dissociation energy are of particular
interest in the chemistry of SOMO−HOMO-converted
molecules. Although the reactivity of SOMO−HOMO-
converted molecules has attracted considerable attention in
radical chemistry, only a limited number of organic molecules
have been reported to date. Recently, SOMO−HOMO-
converted triplet carbenes have been found by this
laboratory.15 The search for molecules that undergo
SOMO−HOMO conversion will advance the field of radical
chemistry.
A long-lived diradical, DR1,16 was reported in a macrocyclic

system that involves the naphthyl moiety at a remote position
from the diradical unit (Figure 1a). In its triplet state, the
HOMO is not located in the benzene rings adjacent to the
diradical unit but mainly in the naphthyl moiety (Figure 1b).
The HOMO is in the benzene ring of the triplet diradical
DR217 without the macrocyclic ring system. Two SOMOs, ψS
and ψA, of T-DR1 were calculated to be higher in energy than
the HOMO of the naphthyl group at the UB3LYP/6-
31G(d)18−20 level of theory, following the Aufbau principle
(Figure 1b). As SOMOs and HOMO parts are in separate

positions, it is possible to generate SOMO−HOMO-converted
triplet diradicals by increasing the energy of the HOMO and/
or decreasing the energy of the SOMOs. In this study, the
effects of substituent X and ring size n of the aromatic moiety
at the remote position on the SOMO−HOMO conversion
phenomenon in the triplet diradical DR3 were investigated. To
understand the macrocyclic effect, the substituent and aromatic
ring effects were also examined in the linearly substituted
diradical DR4.

■ RESULTS AND DISCUSSION

First, the molecular structure of the triplet states of DR3 (X =
H, F; n = 0, 1) was optimized in the CS symmetry at the
UB3LYP/6-31G(d) level of theory within the Gaussian 1621

package. Intriguingly, the SOMO−HOMO conversion, ...
(SOMO−1, ψS)

1(HOMO)2(SOMO, ψA)
1..., was observed for

the difluoro-substituted triplet diradical DR3F1 (X = F, n = 1),
featuring the anthracyl unit (Figure 2d), although DR3H1 (X
= H, n = 1) and naphthyl-substituted diradicals DR3H0 (X =
H, n = 0) and DR3F0 (X = F, n = 0) have a common
electronic configuration that follows the Aufbau principle
(Figure 2a−c). The aromatic moiety in the macrocyclic system
was bent with a bending angle (θ, Figure 1a) of 162.94 and
175.16° in DR3F1 and DR3F0, respectively. As shown in
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Figure 1. (a) Molecular structures of DR1-4 and (b) molecular orbital diagram of triplet T-DR1.

Figure 2. Molecular orbital diagrams of (a) DR3H0, (b) DR3F0, (c) DR3H1, and (d) DR3F1. Molecular orbital energies are calculated at the
UB3LYP (UωB97X-D) [UM06-2X]/6-31G(d) level of theory.
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Figure 2d, the two SOMOs (ψA and ψS) are delocalized over
the 1,3-diphenylcyclopentane-1,3-diyl unit but do not extend

to the anthracyl moiety. The HOMO is mainly localized at the
anthracyl moiety, with minor extension to the adjacent phenyl
rings. The energy level of SOMO−1 (ψS) is approximately
0.37 eV lower than that of the doubly occupied HOMO at the
UB3LYP/6-31G(d) level of theory.
In the triplet state of DR3H1 (X = H, n = 1, Figure 2c), two

SOMOs, ψS and ψA, were higher in energy than the HOMOs
by 0.47 and 0.54 eV, respectively. In DR3H0 and DR3F0, the
HOMOs have large contribution from the naphthyl unit (θ =
175.17/175.16°), which are approximately 0.94 and 0.12 eV
lower in energy than the corresponding SOMO − 1s (ψS). The
HOMO energies located at the naphthyl moiety were −5.68
and −5.66 eV in DR3H0 and DR3F0, respectively, which are
lower by −0.47 and −0.49 eV than those at the anthracyl
moiety in DR3H1 and DR3F1, respectively.
To understand the effect of the curved anthracyl moiety on

the SOMO−HOMO conversion, the non-macrocyclic dirad-
ical DR4F1 (X = F, n = 1) was computed at the same level of
theory (Figure 3). The SOMO−HOMO conversion was also
found to occur in DR4F1, although the planar anthracyl
moiety (θ = 179.92°) gave a lower HOMO energy than that in
DR3F1 by 0.05 eV. Thus, the structure of the anthracyl moiety
with a high HOMO energy level and the fluoro group are key

Figure 3. Molecular orbital diagram of DR4F1. Molecular orbital
energies are calculated at the UB3LYP (UωB97X-D) [UM06-2X]/6-
31G(d) level of theory.

Figure 4. Structure and molecular orbital diagrams of (a) DR5a and (b) DR5b calculated at the UB3LYP/6-31G(d) level of theory.
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for the SOMO−HOMO conversion. The slightly higher
HOMO energy in DR3F1 than that in DR4F1 is explained
by the curved structure of the anthryl unit in DR3F1. A similar
curve effect was reported for cycloparaphenylene com-
pounds.22−24

To understand the effect of the meta-linkage on the
SOMO−HOMO conversion, which decouples the conjugation
between the 1,3-diphenyl unit and the anthracyl part, triplet
diradicals DR5a,b were computed at the same level of theory
(Figure 4). The SOMO−HOMO conversion was also
observed in DR5a having the anthracyl unit connected with
the phenyl ring at the para-position (Figure 4a), indicating that
the linkage pattern of the anthracyl unit does not affect the
SOMO−HOMO conversion phenomenon. On the other hand,
triplet diradical DR5b, in which the 2-(3-anthracylphenyl)-
ethynyl unit is connected at the para-position with the 1,3-
diphenyl part, showed a different behavior. The SOMO−1 was
destabilized by the π-conjugation with the ethynylphenyl unit
to locate the energy to −5.11 eV, resulting in the
disappearance of the SOMO−HOMO conversion in DR5b
(Figure 4b).
To confirm the density function dependency of the

SOMO−HOMO conversion, similar computational studies
were also conducted at the long-range correlated density
functional theory (LC-DFT) using ωB97X-D25 and M06-2X26

functionals with the 6-31G(d) basis set. The orbital energies at
UωB97X-D and UM06-2X are shown in parentheses and
square brackets, respectively, in Figures 2 and 3. Although the
absolute values are different in energies by the DFT methods,
the relative energy differences are nearly the same. For
example, SOMO−1 was computed to be lower in energy than
the HOMO by 0.37, 0.55, and 0.42 eV at the UB3LYP,

UωB97X-D, and UM06-2X functionals with the 6-31G(d)
basis set, respectively. Thus, the SOMO−HOMO conversion
phenomena in DR3F1 and DR4F1 were not dependent on the
DFT method. In addition to checking the density function
dependency, the restricted open-shell (RO) method was tested
in computation of the triplet state of DR3F1. All the doubly
occupied orbitals were found to be lower in energy than the
singly occupied orbitals (SOMOs). The total electronic energy
at the ROB3LYP/6-31G(d) level of theory was higher in
energy by 14.2 kJ mol−1 than that at the UB3LYP/6-31G(d)
level of theory.

Figure 5. (a) Spin density maps of DR3F1 and DR3F12+. Molecular orbital diagrams of (b) DR3F1+ and (c) DR3F12+.

Figure 6. Configurational change of molecular orbitals upon one-
electron reduction of DR3F1 to DR3F1−.

Figure 7. Most stable electronic configuration of the triplet state of
cyclopentane-1,3-diyl diradicals: (a) through-space (TS) interaction
between two p orbitals in cyclopentane-1,3-diyl. (b) Effect of through-
bond (TB) interaction on the relative energy level of ψS and ψA, left:
type-1 (X = F, OR); right: type-2 (X = H, CH3, and SiR3).
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Furthermore, the charged species (radical cation, dication,
and radical anion) of the SOMO−HOMO-converted species
DR3F1 were investigated at the UB3LYP/6-31G(d) level of
theory. First, the one-electron oxidized cation of DR3F1,
DR3F1+, was optimized (Figure 5). The MO analyses showed
that DR3F1+ is also a SOMO−HOMO-converted radical
cation (Figure 5b). The singly occupied SOMO is lower lying
than the doubly occupied HOMO. The antibonding ψA orbital
in the cyclopentane unit and the anthracyl moiety contributed
to the HOMO and LUMO (Figure 5b). The two-electron
oxidation state, the dication DR3F12+, was found to be an
open-shell diradical species (the wave function is stable at
unrestricted calculation, ΔECS‑T = 52.57 kJ mol−1). Two singly
occupied orbitals were located at the bonding ψS orbital in the
cyclopentane unit and the anthracyl moiety, both of which are
higher in energy than the doubly occupied HOMO (Figure
5c). The spin density map of triplet DR3F12+ clearly showed
two parallel spins located at the cyclopentane unit and the
anthracyl moiety (Figure 5a, bottom), in contrast to the
SOMO−HOMO-converted DR3F1 featuring the two spins at
the cyclopentane unit (Figure 5a, up). The radical anion of
DR3F1, DR3F1−, was calculated at the UB3LYP/6-31G
+(d)27 level of theory. The use of diffuse functions is essential
for predicting the property of anionic species.28 The normal
electronic configuration was found for DR3F1−. Upon one-
electron reduction, the SOMO−1 in DR3F1 was doubly
occupied and became the HOMO in DR3F1− (Figure 6).
As mentioned above, the most stable electronic config-

uration of localized triplet cyclopentane-1,3-diyl diradicals is
largely dependent on substituent X and ring size n. The energy
levels of the two SOMOs, ψS and ψA, in diradicals are
determined by the balance between the through-space (TS)
interaction (Figure 7a) of two p orbitals and the through-bond
(TB) interaction (Figure 7b) at the C2 position.29 Because of
the TS interaction, the symmetric orbital ψS has lower energy
than the antisymmetric orbital ψA (Figure 7a). In the type-1
molecules (X = electron-withdrawing groups such as F and
OR), the TB interaction of ψS with the low-lying σCX*
energetically stabilizes ψS, thereby increasing the energy
spacing with ψA (Figure 7b, left). In contrast, the TB
interaction with the high-lying σCX (X = electron-donating
groups such as H, CH3, and SiR3) energetically destabilizes ψS,
thereby switching the energy relationship between ψS and ψA

(type-2, Figure 7b, right). As the diradical DR3F1 belongs to
the type-1 diradical, the SOMO with the symmetric
combination (ψS) is largely stabilized by the TB interaction.
Thus, SOMO−1 in DR3F1 is lower in energy by 0.80 eV than
that in DR3H1, which is one of the reasons why the fluoro-
substituted DR3F1 undergoes the SOMO−HOMO con-
version in the most stable electronic configuration of the
triplet state. The stabilization of ψS has also been confirmed in
mono-fluoro substituted DR3HF1 (X = H, X′ = F, n = 1),
whose ψS was lying below the ψA by 0.52 eV (Figure 8).
Although the energy of SOMO−1 in DR3HF1 increased by
0.26 eV than that in DR3F1 due to the weaker type-1 TB
interaction, DR3HF1 also exhibited SOMO−HOMO con-
version.

■ CONCLUSIONS
In the present study, the SOMO−HOMO conversion was
observed in triplet cyclopentane-1,3-diyl diradicals. The triplet
diradicals DR3F1 (X = F, n = 1) and DR4F1 (X = F, n = 1)
adapted the SOMO−HOMO-converted electronic configu-
ration with a high HOMO energy in the anthracyl moiety and
low-lying SOMO−1 because of the difluoro-substituent effect.
The one-electron oxidation product of DR3F1, DR3F1+, also
imparted SOMO−HOMO-converted properties. In contrast,
aromatic moieties with lower HOMO energies, such as
naphthyl and dihydro-substituted triplet diradicals DR3H0
and DR3F0, follow the Aufbau principle. The para-linked
derivatives DR5b did not show the SOMO−HOMO
conversion resulted from alteration in the conjugation pattern.
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