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ABSTRACT: Stretch effects induced by two types of molecular
strain were examined by quantum chemical calculations at the
B3LYP/6-31G(d), B3LYP/cc-PVDZ, CCSD/6-31G(d), and
CASPT2/ANO-RCC-VTZP level of theory, to design persistent
multiradicals such as localized diradicals and oxyallyls. The
cooperative molecular strain (Type-1) induced by the spiro[5.5]-
undecane and bicyclo[2.1.0]cyclopentane structures was found to significantly destabilize in energy the ring-closed compounds of the
diradicals, leading to small energy differences between the diradicals and the σ-bonded compounds. Another stretch effect (Type-2)
induced by macrocyclic systems was also found to energetically destabilize the corresponding ring-closed structures of the 1,3-diradicals.
The computational studies predict that the two types of stretch effects are quite effective in lowering the energy barriers of the bond-
breaking reaction of the ring-closed compounds and in generating long-lived localized diradicals and oxyallyl derivatives.

■ INTRODUCTION

The computational calculations described in this paper were con-
ducted with an eye to finding new methods for generating long-
lived diradicals (biradicals). The concept of a “stretch effect”
induced by two types of molecular strain was proposed and
examined. Thus, the principal goal of this study was to provide
appropriate molecular designs for long-lived multiradical species.
Open-shell molecules with unpaired electrons are typically

highly reactive species, and thus are in general short-lived.1

The isolation of such highly energetic species is a topic of
considerable current research interest. For example, persistent
radicals have attracted much attention in the field of novel
materials chemistry such as organic magnets,2 nonlinear optical
materials,3 and radical batteries.4 The generation and isolation of
such fascinating molecules has been achieved so far using the
concepts of kinetic stabilization and thermodynamic stabiliza-
tion. Kinetic stabilization may be accomplished by the
introduction of sterically demanding substituents around the
reactive sites, in order to prevent intermolecular reactions.
However, kinetic stabilization is not always applicable to

intramolecularly reactive molecules such as diradicals (eq 1).
Nevertheless, the effect of steric hindrance was recently used for

detecting oxyallyl derivatives.5 On the other hand, Berson used a
strain effect induced by the structure of bicyclo[2.1.0]pentane to
generate persistent non-Kekule ́ molecules (delocalized dirad-
icals), e.g., trimethylenemethanes (TMMs) at low temperature
in a rigid matrix.6 Electron delocalization, e.g., using π-conj-
ugation, is the essential element of the thermodynamic
stabilization-based approach to persistent radicals. In addition
to the strategies listed above, which have been successfully
applied for isolating or generating persistent reactive inter-
mediates,4 a “tension effect” imposed bymechanical force such as
ultrasonic irradiation has been recently reported in the field of
polymer chemistry to weaken covalent bonds.7 Boulatov used
cis−trans isomerization of stilbenes to measure force-dependent
kinetics of localized reactions.8 In the present study, “stretch
effects” induced by molecular strain are examined and applied to
the design of long-lived diradicals (Chart 1).
Borden9 and our group10 have so far investigated the

substituent (X) effect at the C(2) position on the ground state
spin-multiplicity of localized 1,3-diradicals DR1 and their
chemistry (Chart 1). Computational predictions made it possible
to experimentally detect singlet cyclopentane-1,3-diyls.11 The
species were found to be persistent under rigid matrix conditions
at low temperatures. The lifetimes were, however, in the
nanosecond (ns) to millisecond (ms) time scale at room
temperature, because the ring-closed compounds, σ-bonded
structures, are much lower in energy than the corresponding
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open-shell diradicals, i.e., K ≫ 1. 1,3-Diradicals in four-membered
heterocycles were reported as stable molecules at room temper-
ature.12 The isolation of carbon-centered diradicals is, however, still
a challenging subject. When the equilibrium constant (K) between
the diradical and the ring-closed compound becomes nearly 1 or less
than 1 (eq 1), in principle, the diradical is persistent even at room
temperature. However, kinetic stabilization should be needed to
prevent intermolecular reactions. There are two strategies to reduce
the energy difference between the diradicals and the σ-bonded
compounds: (1) the thermodynamic stabilization of diradicals and
(2) the energetic destabilization of the σ-bonded compounds.
DiradicalsDR and their ring-closed compoundsCP computed

in this study are listed in Chart 1. In principle, the ring-closed
compounds, i.e., σ-bonded species, should be much lower in
energy than the open-shell diradicals. As such, the main focus of
this work was on examining molecular strain effects on the

destabilization of the σ-bonded compounds. The thermody-
namic stabilization of diradicals should be minimized, because
the original character of the open-shell molecules may be
changed by the π-conjugation. The molecular design was
categorized into systems designated as Type 1 and Type 2. In
the Type 1 molecules, the molecular strain (stretching) in the
ring-closed compounds is induced cooperatively by the spiro-
ring junction and the tricyclic structure. In the Type 2 molecules,
the molecular strain caused by the macrocyclic ring system is
designed to both destabilize the ring-closed compounds and
kinetically stabilize the diradicals. The two types of molecular
strain serve to “stretch” the fused C(1)−C(2) bond (shown in
red) and thus decrease both the energy difference between the
diradical and the ring-closed compound, and the energy barrier
to generating the corresponding localized diradicals.13 The Type
2 molecular design was applied to kinetically stabilize the four-
membered oxyallyl diradical DR9 and thermodynamically
destabilize the corresponding ring-closed compound CP9. By
comparison, the parent four-membered ring-closed compound
CP10 has been reported to be much lower in energy than the
corresponding oxyallyl DR10,14 although the five-membered
oxyallyl is known to be more stable than the corresponding ring-
closed compounds.14a The phenyl-substituted oxyallyl DR11
and the ring-closed compound CP11 were also calculated to
clarify the Type 2 stretch effect on the energetic destabilization of
CP9 (Chart 1). TMM derivatives, which are triplet ground-state
molecules, are known to be lower in energy than the
corresponding ring-closed compounds.14a Thus, the stretch
effect was not examined for non-Kekule ́ type molecules.

■ COMPUTATIONAL METHODS
Geometry optimizations were carried out at the B3LYP15 and/or
CCSD16 level of theory with the 6-31G(d)17 and/or cc-PVDZ18 basis
set. The broken-symmetry (BS) method19 (initial guess <S2> = 1.00)
was used for the singlet diradicals. The ratio (ψS/ψA) of occupation
number of the two nonbonding molecular orbitals (NBMOs),
symmetric ψS and antisymmetric ψA, in the singlet diradicals was
determined using the (6/6)CASSCF20 level of theory, to understand the
diradical character. The triplet state of diradicals was calculated with the
unrestricted method (initial guess <S2> = 2.00). Excitation energies
were computed using time-dependent density functional theory21 (TD-
B3LYP/cc-PVDZ). The geometries of stationary points and transition
states were all located, and vibrational analyses were performed with
the Gaussian 0322 suite of programs. The multiconfigurat-
ional second-order perturbation theory (CASPT2)23 calculations
were employed with atomic natural orbital (ANO) basis set of
VDZP quality,24 after the structural optimization by the DFT
method. The MOLCAS 7.7 package25 was used for the calculations.
The optimized geometries and their electronic energies are available
in the Supporting Information.

■ RESULTS AND DISCUSSION

Type-1 Molecules. The DFT computed values of <S2> for
the diradicals, the energy differences between CP and DR
ΔECP−DR = ECP − ES in kcal mol−1, the spin-corrected singlet−
triplet energy spacings in DR ΔEST = ES − ET in kcal mol−1, the
bond lengths in pm of C(1)−C(2), the excitation energies λcalcd in
nm for the singlet diradicals, and the energy barriers Ea in kcal mol

−1

from S-DR to CP are summarized in Table 1. Calculated values for
DR1−3 andCP1−3 (Type-1molecules) are listed in entries 1−11.
The values of ΔECP‑DR = −32.2 kcal mol−1 and ΔEST = +1.4

kcal mol−1 calculated at the B3LYP/6-31G(d) level for the
parent cyclopentane-1,3-diyl (DR1a) and bicyclo[2.1.0]pentane
(CP1a) were compared with those reported using the ab initio

Chart 1
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CASPT2/6-31G(d) level;26,27 see the values in parentheses in
entry 1. The singlet−triplet energy spacing ΔEST at the DFT
method well reproduced the value obtained by the CASPT2
calculation. However, the energy difference between S-DR1a and
CP1a, ΔECP−DR, at the DFT method was smaller by ca. 2 kcal
mol−1 than that obtained using the CASPT2method. The singlet
2,2-dimethoxycyclopentane-1,3-diyl S-DR1b (X =OMe) with an
open-shell character (S2 = 0.88) was also found to be
energetically less stable than the ring-closed product CP1b
(X = OMe), entries 2 and 3. The energy differences, ΔECP‑DR =
−30.6 kcal mol−1 (entry 2, at the UB3LYP/6-31G(d)) and−30.2
kcal mol−1 (entry 3, at the UB3LYP/cc-PVDZ), were nearly the
same as those obtained for the parent compounds DR1a and
CP1a. As expected, barrierless processes of the radical−radical
coupling reactions were found from DR1 to CP1, Ea = 1.3 kcal
mol−1 forDR1a (entry 1) and 1.4 kcal mol−1 forDR1b (entry 3).
Thus, the strain energy accruing only from the structure of
bicyclo[2.1.0]pentane is not enough to make the energy
difference ΔECP‑DR small. A singlet ground state was found for
DR1b with ΔEST = −5.7 or −5.8 kcal mol−1 (entries 2 and 3),
although DR1a is predicted to be a triplet ground state
molecule (entry 1). The alkoxy-group effect (X = OMe) on
the singlet ground state was reasonably explained by the
hyperconjugative electron delocalization from p−π AOs
to the σ* orbital of the C−O bond in the singlet state.9,10

TD-DFT calculations at the B3LYP/cc-PVDZ level of
theory revealed that S-DR1b was predicted to absorb light at

λcalcd = 552 nm with an oscillator strength of f = 0.049. Thus,
this species may be detectable by conventional spectro-
scopic methods such as UV−vis absorption spectroscopy
(entry 3).11,28

The stretch effect induced by the combination of the
bicyclo[2.1.0]pentane system and the spiro[5.5]undecane
system was examined in the equilibrium between S-DR2a (X =
CH2) and CP2a (X = CH2) (entries 4−6). The diradical was
optimized in C2 symmetry. The ring-closed compound was
calculated in C1 symmetry. The energy difference ΔECP−DR =
−2.2 kcal mol−1 was found to be much smaller (by ∼30 kcal
mol−1) than that calculated forDR1a andCP1a at the UB3LYP/
cc-PVDZ level of theory (entry 4). The (U)B3LYP method
overestimated the stability of the singlet diradical, because the
obtained ΔECP−DR values at the (U)CCSD/6-31G(d) and the
(6/6)CASPT2/ANO-RCC-VTZP were −5.9 and −16.5 kcal
mol−1, respectively (entries 5 and 6). Thus, the combination of
the two strained bonding systems was found to significantly make
the energy difference small in comparison with the parent system
of 1a. A triplet ground state was computed for DR2a with
ΔEST ∼ +0.5 kcal mol−1 (entries 4−6). The triplet diradical
would be detected by conventional spectroscopic analysis such as
EPR. The bond length of C(1)−C(2) in CP2a (∼159 pm), as
expected, was found to be significantly longer than that in CP1a
(153 pm). Indeed, the stretch effect was found to increase the
energy barrier (Ea) from the singlet diradical S-DR2a to the ring-
closed compound CP2a. Thus, for DR2a, the energy barrier was

Table 1. Computational Results on Localized Diradicals DR1−9,11 and Ring-Closed Compounds CP1−9,11

entry DR
<S2>,e singlet/

triplet CP
ΔECP‑DR

f

(kcal mol−1)
ΔESTg = ES − ET
(kcal mol−1)

C(1)−C(2) in CPh

(pm) λcalcd
i (nm)

Ea
j

(kcal mol−1)

1a DR1a (X = H) 1.01/2.01 CP1a (X = H) −32.2k (−34.4)l +1.4k (+1.2)l 153k −m +1.3l

2a DR1b (X = OMe) 0.88/2.01 CP1b (X = OMe) −30.6 −5.7 156 −m −m

3b DR1b 0.87/2.01 CP1b −30.2 −5.8 157 552 (0.049) +1.4
4b DR2a (X = CH2) 1.00/2.01 CP2a (X = CH2) −2.2 +0.59 159 −m +10.6
5c DR2a 1.02/2.02 CP2a −5.9 +0.45 157 −m −m

6d DR2a CP2a −16.5 +0.21 159 −m −m

7b DR2b (X = O) 0.90/2.01 CP2b (X = O) +1.6 −4.5 163 662 (0.076) +9.2
8c DR2b 1.01/2.01 CP2b −2.0 −3.8 161 −m −m

9d DR2b CP2b −9.3 −5.9 163 −m −m

10b DR3 0.99/2.01 CP3 −15.4 +0.55 155 −m −m

11d DR3 CP3 −25.1 −0.68 155
12a DR4a (X = H) 1.05/2.06 CP4a −7.3 +0.25 157 −m +5.7
13a DR5a (X = H) 1.05/2.06 CP5a −7.5 +0.59 158 −m +5.8
14a DR6a (X = H) 1.01/2.06 CP6a −5.4 −0.18 162 −m −m

15a DR7a (X = H) 1.05/2.06 CP7a (X = H) −0.80 +0.55 160 −m +9.2
16a DR7b (X = OMe) 0.89/2.06 CP7b (X = OMe) +7.8 −4.8 166 784 (0.30) −m

17a DR8a (n = 0) 1.01/2.01 CP8a (n = 0) −1.3 +0.68 161 −m −m

18a DR8b (n = 1) 1.00/2.01 CP8a (n = 1) −21.0 +0.26 157 −m −m

19a DR8c (n = 2) 1.01/2.01 CP8a (n = 2) −29.4 +0.50 156 −m −m

20a DR9 0.00/2.06 CP9 −n −12.7 −n −m −m

21a DR11 0.38/2.06 CP11 −3.6 −7.4 179 −m −m
aAt the (U)B3LYP/6-31G(d) level of theory. bAt the (U)B3LYP/cc-PVDZ level of theory. cAt the (U)CCSD/6-31G(d) level of thoery. dAt
the CASPT2(6/6)/ANO-RCC-VTZP//(U)B3LYP/cc-PVDZ level of theory. eSpin contaminations for the unrestricted singlet and triplet.
fΔECP−DR values were calculated as ECP − EDR, where ECP and EDR are the computed electronic energies of the ring-closed compounds CP and the
singlet diradicals S-DR at the optimized geometries. Thus, the negative sign indicates that the ring-closed compounds are energetically more
stable than the singlet state of the diradicals. gΔEST values are the spin-corrected singlet−triplet energy spacing as ES − ET, where ES and ET are the
computed electronic energies at the optimized geometries. A negative sign indicates that the singlet state is the ground state. The corrected
values were obtained by scaling the singlet electronic energies, to account for the effects of spin contamination, ref 19. hAtom distances between
C(1)−C(2) at optimized geometries. iAbsorption wavelengths (oscillator strength) for the singlet diradicals were calculated at the B3LYP/cc-PVDZ
level of theory. jElectronic energy barriers for the ring-closing mode of reactions from the singlet diradical to the corresponding ring-
closed compounds. kSee ref 27a. lSee ref 26. mNot determined. nThe singlet diradical DR9 was obtained from the optimization of the
compound CP9.
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calculated to be 10.6 kcal mol−1 (entry 4 in Table 1, TS2a in
Figure 1), whichwasmuch higher than that forDR1a, 1.3 kcalmol−1

(entry 1). Thus, the equilibration between the two compounds are
expected to be very slow at low-temperature matrix conditions and
be fast at room temperature.
To gain further insight into the strain effects on ΔECP‑DR, the

strain energy (SE) of CP2a was calculated and found to be 81.5
kcal mol−1 at the B3LYP/6-311+G(d) level of theory, which is a
standard level of theory for the calculations of strain energy.29

The strain energy ofCP2awas 24 kcal mol−1 higher than the sum
of the strain energies of bicyclo[2.1.0]pentane (SE = 54 kcal
mol−1) and spiro[5.5]undecane (SE = 3.5 kcal mol−1).29 Thus,
the notable destabilization ofCP2 in energy was explained by the
cooperative molecular strain induced by the structure of the
bicyclo[2.1.0]pentane and the spiro[5.5]undecane systems. The
trans-fused bicyclic ring in CP2a would be the main reason for
the cooperativity.
The combined strain effects, which serve to stretch the fused

bond of the ring-closed compounds, also came into play with
diradical DR2b (X = O) (entries 7−9). In this case, the singlet
diradical S-DR2b in C2 symmetry was computed to be more
stable in energy than the ring-closed compound CP2b and the
triplet state T-DR2b by 1.6 and 4.5 kcal mol−1, respectively, at
the UB3LYP/cc-PVDZ level of theory (entry 7). However,
whereas S-DR2b was found to be lower in energy than CP2b by
1.6 kcal mol−1 at the DFT level, the ring-closed compoundCP2b
was found to be more stable in energy than S-DR2b by 2.0 and
9.3 kcal mol−1 at the CCSD/6-31G(d) and CASPT2/ANO-
RCC-VTZP levels of theory, respectively (entries 8 and 9). A
smaller energy difference in 2b (X = O, ΔECP−DR = −9.3 kcal
mol−1, entry 9) than that in 2a was found (X = CH2, ΔECP−DR =
−16.5 kcal mol−1, entry 6). The energy difference of |ΔΔECP−DR|
= 7.2 kcal mol−1 was nearly the same as the energy difference of
the singlet−triplet energy gap between DR2a and DR2b, i.e.,
|ΔΔEST| = 6.1 kcal mol−1. The singlet ground state was found for
DR2bwithΔEST =−5.9 kcal mol−1 (entry 9), whereas the triplet
state was the ground state forDR2awithΔEST = +0.21 (entry 6).
The singlet−triplet energy spacing calculated by DFT (ΔEST =
−4.5 kcal mol−1) was found to be nearly the same as that
obtained by the ab initio calculations for DR2b. To probe the

character of the singlet diradical S-DR2b, the ratio of the
occupation number in the singlet diradical S-DR2b was

calculated at the (6/6)CASSCF/ANO-RCC-VTZP level of
theory and found to beψS/ψA = 1.33/0.67 = 2.0 (Figure 2). Thus,
the singlet diradical possesses some π single-bonding character
between the two radical sites.10 The bond-order between the two
radical sites for the diradical DR1 (X = OH) was found to be
0.58.10b

The bond length of C(1)−C(2) of CP2b was calculated to be
163 pm at the B3LYP/cc-PVDZ revel of theory (entry 7) and
161 pm at the CCSD/6-31G(d) revel of theory (entry 8), which
are much longer than that inCP1b, 156 pm (entry 2). An energy
barrier of Ea = 9.2 kcal mol−1 was found for the disrotatory ring-
closing mode of reaction from S-DR2b toCP2b at the UB3LYP/
cc-PVDZ level of theory (entry 6, TS2b in Figure 1). An
alternative reaction pathway of S-DR2b,30 which produces the
migration productMG2b, was also found (eq 2). The activation

energy of this process was calculated to be Ea = 9.7 kcal mol−1,
which was slightly larger than that for the ring-closing
reaction of S-DR2b. The TD-DFT calculation at the B3LYP/
cc-PVDZ level of theory revealed that S-DR2b was predicted
to absorb light at λcalcd 662 nm with a high oscillator strength
( f = 0.076). Thus, this species could be detected by
conventional spectroscopic methods such as UV−vis
absorption spectroscopy.
A larger energy difference of |ΔECP‑DR| ∼15 kcal mol−1 was

calculated for the equilibrium reaction of DR3 with CP3 at the
B3LYP/cc-PVDZ revel of theory (entry 10), in which only the
spiro[5.5]undecane structure is involved in the ring-closed
structure, than that forDR2b andCP2b. The energy spacing was
found to be −25.1 kcal mol−1 at the (6/6)CASPT2/ANO-RCC-
VTZP level of theory (entry 11). Thus, the cooperative effect of
the two types of molecular strain is necessary to sufficiently
destabilize the ring-closed compounds. It should be noted that the
triplet ground state was calculated for the 2,2-dialkoxy-1,3-diradiacl
DR3 at the UB3LYP/cc-PVDZ level of theory,ΔEST = +0.55 kcal
mol−1 (entry 10). The singlet preference with a small singlet−
triplet energy spacing of ΔEST = −0.68 kcal mol−1 was found at
the (6/6)CASPT2/ANO-RCC-VTZP level of theory (entry 11),
although a much larger singlet preference was calculated for
2,2-dialkoxycyclopentane-1,3-diys such as DR1b (ΔEST = −5.7
kcal mol−1, entry 3) and DR2b (ΔEST = −5.9 kcal mol−1,
entry 9). This noteworthy difference may be attributed to the
twisted conformation of DR3, which is evident in the structure
obtained from optimization in C2 symmetry (Figure 3). The two

Figure 1. Transition state structures for the ring-closing reaction of the
singlet diradicals DR2a, DR2b, DR4a, DR5a, and DR7a.

Figure 2. The most stable electronic configuration of S-DR2a and its
π-single-bonded character.
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p-orbitals in the singlet state of DR3 form a twist angle (θ)
of 28.5°. In contrast, a nearly parallel orientation of the two
p-orbitals was calculated for DR2b (θ = 2.3°), for which the
optimization was also performed in C2 symmetry. Thus, the
through-space interaction between the two p-orbitals and the
pseudo π interaction in DR3 are smaller than those in
DR2b.9,10 This leads to a smaller energy gap between the two
NBMOs (ψS and ψA) and a smaller energetic preference for
the singlet state in DR3 than those in DR2b. Indeed, the
energy gaps between the two NBMOs were found to be 4.2 ×
10−4 eV for the triplet state of DR3 and 2.2 × 10−2 eV for the
triplet state ofDR2b at the UB3LYP/cc-PVDZ level of theory.
The occupation number of ψS/ψA = 1.3 was calculated for
S-DR3, which was significantly smaller than that of S-DR2b
(Figure 2).
Type-2Molecules.The Type-2 moleculesDR6−8, in which

the radical moiety is embedded in a macrocyclic system, were
designed to be long-lived multiradical species (entries 14−19).
To evaluate the effect of the strain energy induced by the

macrocyclic ring, first of all, the energy difference between the
diradicalsDR4a,5a (R,R =H,H, X = H; R,R = Ph,Ph, X = H) and
the corresponding ring-closed compounds CP4a,5a was
calculated at the (U)B3LYP/6-31G(d) level of theory (entries
12 and 13). The phenyl substitution at the radical sites
thermodynamically stabilizes the diradical compound DR4a.
Thus, the energy difference of ΔECP‑DR = −7.3 kcal mol−1 was
found to be much smaller than that between DR1a and CP1a
(ΔECP‑DR = −32.2 kcal mol−1, entry 1). Indeed, the C(1)−C(2)
bond length of CP4a was found to be 157 pm, which is longer
than that of CP1a (153 pm, entry 1). The energy barrier for the
ring-closing reaction was found to be 5.7 kcal mol−1 at the
(U)B3LYP/6-31G(d) level of theory (TS4a in Figure 1). Thus,
the energy barrier from CP4a to DR4a was calculated to be 13.0
(= Ea + |ΔECP‑DR|) kcal mol−1, which is consistent with
the experimental value determined by Dougherty et al., ΔH‡ =
12.2 ± 0.6 kcal mol−1 and ΔS‡ = −16.4 ± 1.5 eu.31 Thus, the
UB3LYP/6-31G(d) level of theory reproduced the experimental
observation very well.32 Nearly the same values were obtained
for the biphenyl-substituted DR5a and CP5a (entry 13). A
similar transition state structure TS5a was found between
S-DR5a and CP5a (TS5a in Figure 1). Connecting the two
ends of CP5 with an arylene unit results in the formation of a
strained macrocyclic system, in which the strain has the effect
of pulling C(1) and C(2) away from one another and thus
stretching the C(1)−C(2) bond. When a m-phenylene unit
was introduced to form a macrocyclic system, the energy
difference between S-DR6a (X = H) and CP6a (X = H)
decreased to 5.4 kcal mol−1 (entry 14). A substantial increase
in the bond length of the fused C(1)−C(2) bond (162 pm) in
CP6a was also found. When a larger aromatic system, a 2,7-
naphthylene unit, was embedded in the macrocyclic system, it
was expected that the stretch effect on the C(1)−C(2) bond
would increase. Indeed, a long C(1)−C(2) bond distance of
160 pm was also calculated for CP7a (entry 15). The energy
difference of ΔECP‑DR was found to be just −0.8 kcal mol−1. The
triplet was calculated to be the ground state spin-multiplicity with
ΔEST = +0.55 kcal mol−1 for DR7a. The energy barrier for the
ring-closing reaction of the singlet diradical was found to be
9.2 kcal mol−1 (TS7a in Figure 1). Thus, the high-spin diradical
T-DR7a was predicted to be detectable at room temperature.

Figure 3.Optimized structures of the singlet state diradical (a)DR3 and
(b) DR2b.

Figure 4. Optimized structures of (a) the singlet state diradical DR7a and (b) the ring-closed compound CP7a.
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The molecular strain in the ring-closed compound CP7a is
apparent from the bent structure of the naphthalene-2,7-diyl
system (Figure 4b). Thus, the bend angle was calculated to be 2θ′=
2x < CaCbCc = 19.4°. By comparison, this angle was found to be
9.0° for singlet diradical DR7a (Figure 4a). The stretch effect
induced by the macrocyclic system was also applied successfully to
the design of persistent singlet diradicals. For example, the singlet
diradical S-DR7b (X = OMe) was calculated to be considerably
more stable than the ring-closed compound CP7b, ΔECP‑DR =
+7.8 (entry 16). As found for S-DR1b, S-DR7b was calculated
(B3LYP/6-31G(d) level of theory) to absorb light at an easily
detectable wavelength, 784 nm ( f = 0.30).
Relatively simple [n]cyclophane structures are also interesting

to see whether the stretch effect on the kinetic stabilization of the
multiradical species is possible or not. In such systems, the
aromatic system is held in a bent conformation by the bridge.
However, at the same time, the bent aromatic system stretches
the bridge as it attempts to become planar. Among the numerous
conceivable cyclophane structures,33 (2,7)pyrenophane deriva-
tives DR8 and CP8 were chosen for this study (entries 17−19),
because a variety of (2,7)pyrenophanes has been synthesized.34

The energy difference |ΔECP‑DR| between the singlet diradical
S-DR8 and the corresponding ring-closed compoundCP8was
found to increase with increasing the carbon chain length.
Thus, a negligible energy difference, ΔECP‑DR = −1.3 kcal
mol−1, was calculated for the smallest bridge size of the
cyclophane ofDR8a (n = 0) and CP8a (n = 0) (entry 17). The
energy differences for DR8b/CP8b (n = 1) and DR8c/CP8c
(n = 2) were found to be −21.0 and −29.4 kcal mol−1,
respectively (entries 18,19). As expected, the degree of bend
in the pyrene system decreased dramatically as the length of
the bridge became progressively larger. The bend angles
(2θ″)34d calculated at the B3LYP/6-31G(d) level of theory
were 120°, 82°, and 51° for CP8a, CP8b, and CP8c,
respectively. The pyrene system in CP8a is severely distorted
(Figure 5). Indeed, it is predicted to be on the upper end of
what would be synthetically accessible.34c,d

Finally, to test the stretch effect on destabilization of the
ring-closed diradicals derived from delocalized diradicals, the
oxyallyl DR9 and the corresponding CP9 were calculated at
the (U)B3LYP/6-31G(d) level of theory (entry 20). As
reported for the parent four-membered oxyallyl DR10
(Chart 1), the singlet ground state was calculated to be the

ground state spin-multiplicity. It should be noted that during
the optimization of the ring-closed compound CP9 the singlet
diradical structure of S-DR9 was obtained. This strongly
suggests that the ring-opening process from CP9 to S-DR9 is
barrierless. At the UB3LYP/6-31G(d) level of theory, the
<S2> value was found to be 0.00 (entry 20), indicating that the
diradical S-DR9 is not the open-shell molecules, but the
closed-shell compound. To evaluate accurately the diradical
character of S-DR9, the occupation number in the two
nonbonding molecular orbital was calculated at the CASSCF-
(2/2)/6-31G(d) level of theory. Thus, the occupation
number was found to be 1.90/0.10 = 19, suggesting that
S-DR9 has a small diradical character.
To clarify the stretch effect of Type-2, the phenyl-substituted

diradical DR11 (R = H) and its ring-closed counterpart CP11
(R = H) were computed (entry 21). In contrast to the
macrocyclic system of DR9 and CP9, the ring-closed
compound CP11 was found to be more stable by 3.6 kcal
mol−1 at the (U)B3LYP/6-31G(d) level of theory. The energy
difference between the parentDR10 and CP10 was reported to
be 28.914c and 25.014d kcal mol−1 at the CASPT2/6-31G(d)
and UB3LYP/6-31G(d) levels of theory, respectively. Thus,
the diphenyl substitution is responsible for the much smaller
energy difference between DR11 and CP11. The stretch effect
was found to be effective also for the kinetic stabilization of
oxyallyl diradicals.

■ SUMMARY

In the present study, “stretch” effects induced by molecular strain
on weakening σ-bonds were investigated computationally to
design long-lived localized diradicals and oxyallyls. The
molecular strain derived from the combination of the spiro[5.5]-
undecane and bicyclo[2.1.0]cyclopentane systems was found to
energetically destabilize the ring-closed compound, leading to
small, or even negligible, energy differences with the correspond-
ing singlet diradicals. Thus, the stretch effect caused by the Type-
1 molecular strain was found to be useful for the generation of
long-lived localized diradicals with a low energy barrier from the
ring-closed compounds. Another stretch effect derived from the
macrocyclic system, which is the Type-2 molecular strain, was
also found to significantly destabilize the ring-closed structures of
the corresponding 1,3-diradicals. The stretch effect was
successfully applied for other multiradical species such as
oxyallyls. These findings should stimulate further calculations
and experiments on these fascinating molecules. Experimental
studies based on these computational findings are now
underway.
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