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1.1 Open-Shell Species 

Open-shell species such as radicals, diradicals, and multi-radicals have 
unpaired electron(s) on the outer atom/molecular orbital(s) (Figure 1.1b). 
The open-shell species are generally more active than the closed-shell 
species, in which all orbitals are fully occupied by the paired two electrons 
(Figure 1.1a). The open-shell species are important intermediate during 
bond-formation and bond-breaking processes. Investigation of their 
chemistry will provide a deeper understanding of the chemical reactions and 
develop new synthetic methods using radical species.1–9 

 
Figure 1.1 Electronic configuration of (a) closed-shell species and (b) open-shell radicals. 
HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular 
orbital; SOMO: singly occupied molecular orbital. 
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1.2 Bond Cleavage 

The bond cleavage process of a single covalent bond includes 
heterolysis and homolysis (Figure 1.2a). The charged species (i.e., cation, 
anion, or zwitterion) are generated during heterolysis of a neutral molecule, 
where the generated anion takes both original bonding electrons. On the 
other hand, the homolytic bond-breaking separates two bonding electrons 
equally and generates neutral radical species from a neutral molecule. 
Radicals with one unpaired electron have a doublet state of spin multiplicity, 
and they could be observed by electron paramagnetic resonance (EPR) 
measurements (Figure 1.2b).3 

 
Figure 1.2 (a) Heterolysis and homolysis of C–C single bond. (b) Chemical structure of 
TEMPO radical and its EPR pattern. 

If the homolytic bond-breaking happens in cyclic molecules, the 
generated species have two unpaired electrons in the same fragment (Figure 
1.3a). If a long spacer separates two electrons with sufficient distance, so-
called “biradicals”, the distance-dependent electron exchange interaction (J) 
close to 0, the EPR spectra of biradicals are similar to those of a pair of 
radicals (Figure 1.3b).3 On the other hand, when the electron exchange 
interaction is large enough (J > 0), a significant interaction between two 
electrons gives singlet (↿⇂) and triplet (↿↾) spin multiplicity of “diradicals” 
according to the spin directions of two electrons. The triplet diradicals are 
usually stable and long-lived. Due to the ferromagnetic coupling of two 
electrons, they show great potential in application to magnetic materials, and 
they could be recorded by EPR spectrometer (Figure 1.3c).3 On the other 
hand, singlet diradicals are EPR-silence because the magnetic quantum 
number (ms) is zero. 

C CC C C C
heterolysis homolysis

N
O

TEMPO

(a)

(b)

cation anion radical × 2
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Figure 1.3 (a) Heterolysis and homolysis of C–C single bond in cyclic molecules. 
Chemical structures and EPR pattern of (b) bis(nitroxide) biradical (J ≈ 0) and (c) triplet 
bis(nitroxide) diradical (J > 0). 

The bond-cleavage process is described as the decrease in the HOMO–
LUMO energy gap. In the stable bonding region in Figure 1.4, the HOMO–
LUMO gap is significant for the closed-shell species, and the diradical 
character (y0) equals zero. The diradical character y0 is defined by the 

 
Figure 1.4 Bond dissociation process of a C–C bond, where the variations of the HOMO 
and LUMO level are shown as a function of atom distance. 
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occupation number of LUMO (nLUMO). Thus, the value ‘1 – y0’ indicates an 
effective bond order.10 When the atom distance is long enough, a pure open-
shell diradical is assigned by the diradical character y0 = 1. The term 
“diradicaloids” is defined in the 0 < y0 < 1 region, indicating the singlet 
diradicals with closed-shell characters. 
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2.1 Chapter Introduction 

2.1.1 Carbon–Carbon π-Single Bond (C–π–C) 

Chemical reactivity is always associated with the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).1 The σ-
bond and π-bond are very fundamental concepts in organic chemistry. 
Generally, σ-bonding systems display a large energy gap between bonding 
and anti-bonding molecular orbital (Figure 2.1a), while a π-bond provides a 
smaller energy gap due to the weaker coupling of two atomic orbitals than 
that in σ-bonding systems (Figure 2.1b). Therefore, as in ethylene molecule, 
a π-bond usually conjugates with a lower lying σ-bond in multi-bonding 
systems. 

 
Figure 2.1 Bonding and anti-bonding energy gaps (ΔE) of (a) σ-bonding, (b) π-bonding 
with a low-lying σ-bonding and (c) π-single bonding systems. 

Several singlet diradicaloids containing heteroatoms or metallic atoms 
with bonding character in the HOMO were reported in the past two 
decades.2–4 Although some of these species show considerable diradical 
reactivity, the π-single bonding character is possessed in these species 

 
Scheme 2.1 Reported species with π-single bonding. 
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(Scheme 2.1). If carbon–carbon π-single bond (C–π–C without low lying σ-
bond) is possible, they are expected to show an extremely small HOMO–
LUMO gap, providing high redox activity and new optical properties from 
the unique electronic character (Figure 2.1c).1 
 

2.1.2 Spin-Control of Cyclopentane-1,3-Diyl Diradicals 

The cyclopentane-1,3-diyl diradicals are considered excellent 
candidates for carbon-based π-single bonding species due to the increased 
strain energy during the formation of σ-bonded bicyclic products 
bicyclo[2.1.0]pentane. Thus, the stabilization energy of cyclopentane-1,3-
diyl diradicals decreased by the formation of σ-bond, compared with that of 
propane-1,3-diyl diradicals (Figure 2.2).5,6 

 
Figure 2.2 Energy profile for the σ-bond-formation processes of singlet propane-1,3-diyl 
diradical (left) and singlet cyclopentane-1,3-diyl diradical (right), calculated at 
CASSCF(2,2)/6-31G(d) level of theory. 

Although singlet ground states are necessary for creating π-single 
bonded species, the ground state spin preferences of propane/cyclopentane-
1,3-diyl diradicals are triplet. In the period of 1998–2000, the ground state 
spin-control of cyclopentane-1,3-diyl diradicals was reported by the 
substituents effect at the C2 carbon atom.7–9 The ground state spin preference 
is determined by the balance between through-space (TS) interaction and 
through-bond (TB) interaction. The through-space interactions between two 
p orbitals at C1 and C3 carbon generate two non-bonding molecular orbitals, 
symmetric ψTS+, and asymmetric ψTS– (Figure 2.3). 

If electron donating groups (EDG) are attached at the C2 position, the 
through-bond interaction between ψTS+ and σCX destabilizes the LUMO 

–53.42

–26.49

ΔΔE = 26.93 kcal mol–1

0.00

ΔE (kcal mol–1)
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Figure 2.3 Through-space interaction between two p orbitals. 

(ψTB–) but makes no change to the energy of ψTS–. Thus, the most stable 
electronic configuration depends on the energy gap between ψTB– and ψTS–: 
if X is hydrogen or alkyl groups, the HOMO–LUMO gap is small, resulting 
in a triplet ground state; if X is silyl groups, the singlet is more stable, but 
this kind of singlet diradicals do not process π-single bonding due to the 
antibonding character in the ψTS–, which is the HOMO of these type-II singlet 
diradicals (Figure 2.4). 

On the other hand, if X is an electron withdrawing group (EWG) like 
fluoro or alkoxyl, the through-bond interaction between ψTS+ and σCX* 
stabilize the HOMO (ψTB+) and make a singlet ground state (Figure 2.4). 
Since the HOMO orbitals show bonding character, these diradicaloids should 
have π-single bonding character in the singlet ground states. 

 
Figure 2.4 Effect of through-bond interaction on the relative energy level of non-bonding 
molecular orbitals. 
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2.1.3 Stabilization of Singlet Cyclopentane-1,3-Diyl Diradicaloids 

Several approaches were conducted to make longer-lived singlet 
diradicaloids. Two methods are widely used to stabilize highly reactive 
species: thermodynamic stabilization and kinetic stabilization. 

Thermodynamic stabilization decreases the energy levels of reactive 
species but makes negligible changes in the energies of transition states and 
degradation products (Figure 2.5a). The thermodynamic stabilization of 
cyclopentane-1,3-diyl diradicaloids was reported by introducing phenyl 
rings to the radical carbon atoms, and the unpaired electrons were stabilized 
by delocalization (Figure 2.5b).10,11 Introducing nitrogen atoms at 4,5 
positions of the cyclopentane ring also thermodynamically stabilized the 
singlet diradicaloids by increasing the resonance strcuture (Figure 2.5c).12–14

 

Figure 2.5 (a) Concept of thermodynamic stabilization of reactive species. Reported 
thermodynamically stabilized singlet diradicaloids by (b) electronic delocalization and 
(c) nitrogen atom effect. 

On the other hand, the kinetic stabilization of reactive species does not 
affect the electronic configuration but destabilizes the transition states and 
degradation products (Figure 2.6a). As a result, the degradation reaction is 
inhibited due to an enormous energy barrier and smaller stabilization energy. 
By introducing bulky groups at 1,3-diphenyl rings and/or the C2 position, 
the transition states and σ-bonded products were destabilized due to the steric 
hindrance between the bulky groups (Figure 2.6b). A long-lived singlet 
diradicaloids using steric effect was investigated, and its lifetime increased 
to 23.8 μs at 293 K in benzene solution.15 

In 2012, the stretch effect was proposed as a kinetic stabilization 
approach by our laboratory.16 Normally, the singlet diradicaloids have high 
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Figure 2.6 (a) Concept of kinetic stabilization. (b) Reported kinetically stabilized singlet 
diradicaloid using steric effect. 

reactivity due to the small energy barrier and considerable stabilization 
energy in the formation of σ-bond. However, the stretch effect using a 
macrocyclic skeleton could suppress the σ-bond-formation process by 
pulling two radical carbon atoms in the opposite direction against σ-bond-
formation (Figure 2.7). Therefore, the transition states (TS) and ring-closed 
products (CP, i.e., σ-bonded products) are destabilized, and singlet 
diradicaloids (S-DR) could get kinetic stabilization. 

 
Figure 2.7 (a) Ring-closing process of singlet diradicaloids S-DR to ring-closed products 
CP. (b) Stretch effect induced by macrocyclic skeleton. 

The first case study of stretch effect was reported in 2018 by our 
laboratory.17 A macrocyclic skeleton with alteration of phenyl rings and triple 
bonds was designed. The lifetimes of singlet diradicaloids S-DR2a and S-
DR2b embedded in macrocyclic skeleton increased to 14.0 and 14.2 μs at 
293 K in benzene, which was 70 times longer than that of a non-cyclic parent 
singlet diradicaloid S-DR1 (Scheme 2.2). In S-DR2b, octyl chains were 
attached to ensure sufficient solubility. The identical lifetimes of the two 
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species indicate that the long alkyl chains at macrocyclic skeleton do not 
affect the reactivity of singlet diradicals. 

 
Scheme 2.2 Chemical structures of S-DR1, S-DR2a and S-DR2b and their lifetimes at 
293 K in benzene solution at 293 K. 
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2.2 Results and Discussion 

2.2.1 Molecular Design 

As discussed in Section 2.1, the stretch effect of singlet diradicaloids S-
DR2a/b were fully investigated by computational and experimental 
studies.17 This finding inspired us to design a new singlet diradicaloid with a 
fine-tuned macrocyclic skeleton which shows a more substantial stretch 
effect by reducing the ring size of macrocycle. Thus, we replaced the 1,3-
diethynylphenyl moiety with a naphthyl unit, and the ring size was reduced 
to 24 atoms of the inner ring of S-DR2c/d from 26 atoms of S-DR2a/b 
(Scheme 2.3). 

 
Scheme 2.3 Chemical structures of (a) S-DR2a/b and (b) S-DR2c/d. 

The stretch effect in the newly designed macrocyclic structure was 
confirmed by theoretical computations at the (R/U)ωB97X-D/6-31G(d)18–20 
level of theory conducted with Gaussian 16 program package21. All real 
vibrational frequencies confirmed all the geometries at local minimum points. 
For singlet diradicaloids, broken-symmetry22 (BS) approach was applied, 
and <S2> values were used to confirm the spin contamination for the open-
shell spin-polarized singlet states, whereas the triplet states of diradicals 
were accessed with unrestricted (U) method. 

The singlet ground state of diradicaloid S-DR2c was confirmed by 
computing the singlet-triplet energy gap (ΔES–T = –7.49 kJ mol–1), which was 
identical to those of S-DR1 and S-DR2a (ΔES–T = –7.68 and –7.58 kJ mol–1, 
Table 2.1), indicating that the macrocyclic skeletons do not affect the singlet-
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triplet energy gaps and ground state spin multiplicities. To evaluate the 
kinetic stabilizations by stretch effect, the thermodynamic stabilizations of 
singlet cyclopentane-1,3-diyl diradicaloids S-DR1 and S-DR2c derived 
from delocalization of radical electrons to adjacent phenyl units should be 
the same. The reaction enthalpy (ΔrH) of an isodesmotic reaction was 
calculated to be 1.45 kJ mol–1 at the (R/U)ωB97X-D/6-31G(d) level of theory, 
indicating that the macrocyclic skeleton in S-DR2c with the meta-connection 
of the phenyl rings has a negligible influence compared with non-cyclic S-
DR1 (Scheme 2.4). A similar conclusion was also confirmed by the 
molecular orbital distributions of HOMO and LUMO and the spin densities 
in S-DR1 and S-DR2c (Figure 2.8). In both cases, the delocalization of 
radical electrons were limited to the 1,3-diphenyl unit without further 
delocalization to the macrocyclic skeleton. 

 
Scheme 2.4 Isodesmotic reaction for estimating thermodynamic stabilization. The trans 
isomers of H2c and H1 are more stable than those cis isomers. “Ar––Ar” indicates the 
macrocyclic skeleton. 

 
Figure 2.8 HOMO and LUMO distributions and spin density maps for (a) S-DR1 and (b) 
S-DR2c calculated at (U)ωB97X-D/6-31G(d) level of theory. 
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The π-single bonding character (i.e., the diradical character y0) of S-
DR2c was compared to that of S-DR1 by calculating the occupation numbers 
(n) of HOMO and LUMO orbitals at the CASSCF(2,2)/6-31G(d)23 level of 
theory. The moderate occupation numbers in S-DR1 (nHOMO = 1.37, nLUMO = 
0.63) and S-DR2c (nHOMO = 1.24, nLUMO = 0.76) indicated that both two 
singlet diradicaloids show moderate π-single bonding character in their 
singlet ground state.10 

The transition states TS for the ring-closing processes were assessed by 
computing the imaginary vibrational frequency and intrinsic reaction 
coordinate (IRC) path. The IRC paths of transition states showed that the 
bond formation process of singlet diradicaloid towards a metastable ring-
closed conformer par-CP with a face-to-face orientation of the two phenyl 
rings at 1,3-position (Figure 2.9a). Then, the par-CP affords the more stable 
conformer twi-CP with a nearly perpendicular orientation of two phenyl 
rings through a barrierless isomerization (Figure 2.9b). On the other hand, 
the relative position of cyclopentene ring and cyclopropane ring generates 
cis- and trans- isomers of CP. Thus, 4 conformers of ring-closed products, 
cis-par-CP, cis-twi-CP, trans-par-CP, and trans-twi-CP were identified by 
computations. According to the computational results, the cis-CP formation 
was kinetically favored due to a smaller energy barrier, while the trans-CP 
was the thermodynamically favored σ-bonded product. Ring-closed products 
CP were calculated with the restricted method, and frequency analyses of 
optimized geometries showed no imaginary vibrational frequency at these 
minimal points. 

 
Figure 2.9 Top view and side view of (a) trans-par-CP2c and (b) trans-twi-CP2c. 
Geometries were optimized at (R)ωB97X-D/6-31G(d) level of theory. 

The stretch effect in S-DR2c was well proved by computations (Figure 
2.10). The strained structures of macrocyclic skeleton destabilized the cis-
twi-CP2c and trans-twi-CP2c (ΔΔHDR–CP) by 35.15 and 37.00 kJ mol–1, 
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respectively, compared with those of non-cyclic cis-twi-CP1 and trans-twi-
CP1. Surprisingly, the energy difference between S-DR2c and cis-twi-CP2c 
decreased to 3.99 kJ mol–1, suggesting that the significant kinetic 
stabilization by macrocyclic skeleton of S-DR2c. The energy barriers of cis- 
and trans-configured ring-closing reactions also increased by 5.91 and 8.60 
kJ mol–1, respectively. The kinetic stabilization of S-DR2c was strongly 
enhanced compared with S-DR2a by a smaller macrocyclic ring since the 
TS2c and CP2c were more labile than the corresponding TS2a and CP2a. 
Furthermore, the C1–C3 bond lengths in CP2c were slightly elongated 
compared with those in CP1. These effects were most significant in the par-
CP2c (Table 2.1, entries 1–3). The computational results indicated that the 
macrocyclic skeleton of S-DR2c could provide a longer-lived singlet 
diradicaloid than S-DR2a/b. 

 
Figure 2.10 Computed energy profiles of the ring-closing reaction of S-DR1, S-DR2a 
and S-DR2c at (R/U)ωB97X-D/6-31G(d) level of theory. 

Similar computations were conducted using different density 
functionals, including B3LYP,24 CAM-B3LYP,25 M06-2X,26 ωB9727, and 
APF-D28 with 6-31G(d) basis set to check the DFT functionals dependency 
(Table 2.1). Although the absolute energy values were different, the stretch 
effect in S-DR2c was confirmed by all functionals. The optimized structure 
of azoalkane AZ2c, which is the precursor for singlet diradicaloid S-DR2c, 
was also computed. The computed geometric parameters at (R)ωB97X-D/6-
31G(d) level of theory showed the best reproduction of experimental values 
obtained from X-ray single crystal analysis, so the ωB97X-D functional was 
used for further computational studies. 
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Table 2.1 Computational ΔHrel (in kJ mol–1) and [C1-C3 distance (in Å)] of the ring-closing reaction of S-DR1, S-DR2a and S-DR2c. 
Entry Functions S-DR T-DR cis-TS cis-par-CP cis-twi-CP trans-TS trans-par-CP trans-twi-CP 
1 

ωB97X-D 
1 0.00 7.68 51.37 1.66 [1.594] −39.14 [1.585] 68.92 −26.74 [1.576] −63.66 [1.566] 

2 2a 0.00 7.58 54.08 7.67 [1.600] −23.98 [1.584] 69.81 −24.53 [1.574] −47.95 [1.565] 
3 2c 0.00 7.49 57.28 24.67 [1.622] −3.99 [1.590] 77.52 1.86 [1.587] −26.66 [1.567] 
4 

B3LYP 
1 0.00 9.43 44.23 24.99 [1.612] −16.66 [1.608] 65.41 1.48 [1.589] −37.88 [1.582] 

5 2a 0.00 9.10 50.35 29.48 [1.630] −0.30 [1.610] 66.58 1.82 [1.592] −20.06 [1.583] 
6 2c 0.00 9.08 55.29 53.25 [1.681] 17.56 [1.623] 76.21 36.81 [1.614] 8.83 [1.585] 
7 

CAM-B3LYP 
1 0.00 7.22 56.88 17.51 [1.592] −25.96 [1.586] 76.37 −7.62 [1.572] −48.20 [1.566] 

8 2a 0.00 7.00 61.82 20.99 [1.601] −9.47 [1.587] 77.38 −8.72 [1.574] −30.93 [1.566] 
9 2c 0.00 6.98 66.45 46.07 [1.631] 9.49 [1.596] 84.55 26.08 [1.591] −10.52 [1.570] 
10 

M06-2X 
1 0.00 7.93 40.22 −14.71 [1.590] −59.63 [1.582] 56.30 −42.02 [1.576] −81.38 [1.563] 

11 2a 0.00 7.70 42.08 −8.75 [1.597] −43.69 [1.581] 58.27 −40.17 [1.572] −65.51 [1.562] 
12 2c 0.00 7.72 45.00 6.95 [1.620] −23.53 [1.588] 68.41 −14.36 [1.583] −30.43 [1.564] 
13 

ωB97 
1 0.00 6.25 62.27 −6.21 [1.576] −49.45 [1.569] 80.40 −33.52 [1.560] −73.87 [1.555] 

14 2a 0.00 6.20 67.11 −1.36 [1.581] −33.51 [1.570] 81.94 −33.54 [1.562] −56.65 [1.554] 
15 2c 0.00 6.13 71.62 21.30 [1.598] −13.57 [1.575] 87.36 −2.49 [1.572] −36.07 [1.557] 
16 

APF-D 
1 0.00 8.95 40.57 5.00 [1.593] −37.86 [1.588] 60.70 −20.17 [1.576] −59.76 [1.568] 

17 2a 0.00 8.67 42.66 11.92 [1.601] −23.08 [1.586] 60.33 −19.09 [1.575] −45.06 [1.566] 
18 2c 0.00 8.70 45.19 26.61 [1.627] −3.09 [1.591] 69.16 7.02 [1.587] −24.57 [1.567] 
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The stretch effect derived from the molecular strain of the bent structure 
of macrocyclic skeleton. To get a deeper understanding of the molecular 
strain, the optimized geometries of S-DR2c and CP2c were compared. The 
triple bonds in S-DR2c were slightly bent to 173.8–177.9°, while in the 
trans-twi-CP2c, the most bent triple bond had a bond angle of 161.1° (Figure 
2.11). Also, the naphthyl moiety deviated from the planar structure by 2.42° 
in S-DR2c and up to 5.55° in trans-twi-CP2c. A similar bent structure was 
also confirmed in cis-twi-CP2c. According to the previous report, the 
bending of a triple bond by 5, 10, 15, and 20° produce 2, 8, 18, and 33 kJ 
mol–1 of strain energy, respectively.17 Thus, bending the triple bonds and 
naphthyl moiety provide greater destabilization on CP2c than S-DR2c. 

 
Figure 2.11 Bending angles of triple bonds and naphthyl moieties in (a) S-DR2c, (b) cis-
twi-CP2c and (c) trans-twi-CP2c. 

 
Figure 2.12 Strain energy calculation of (a) SEM and (b) SE. 
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To understand the relationship between molecular strain and stretch 
effect, the strain energy of macrocyclic skeleton (SEM) was estimated by 
computing the energy difference between the bent macrocyclic skeleton and 
strain-released macrocyclic skeleton at (R)ωB97X-D/6-31G(d) level of 
theory (Figure 2.12a). The SEM values were calculated by subtracting the 
total electronic energy of the strain-released (i.e., non-strained) macrocyclic 
skeleton, 2,7-bis(3-(phenylethynyl)phenyl)naphthalene, from the electronic 
energy of strained macrocyclic skeletons in AZ2c, S-DR2c, and CP2c. The 
latter were obtained by replacing the azo, diradical, and ring-closing units 
with two hydrogen atoms, and their electronic energies were accessed by 
partial optimization of two C–H bonds without any adjustment of other parts. 
The SEM were relatively smaller in AZ2c and S-DR2c than those in CP2c, 
which have more bent triple bonds and naphthyl moieties (Table 2.2 and 
Figure 2.11). 

Table 2.2 Strain energies of the macrocycle (SEM) and molecular strain energies (SE) 
calculated at (R/U)ωB97X-D/6-31G(d) level of theory. Energy values in kJ mol–1. 

Entry  SEM SE ΔΔHDR–CP 
1 AZ2c 11.24 17.45 (–) – 
2 S-DR2c 16.38 8.92 (0.00)a – 
3 cis-par-CP2c 29.13 32.18 (23.26)a 23.01 
4 cis-twi-CP2c 36.26 43.66 (34.74)a 35.15 
5 trans-par-CP2c 34.85 36.18 (27.26)a 28.60 
6 trans-twi-CP2c 38.56 45.08 (36.16)a 37.00 

a Values relative to S-DR2c. 
The molecular strain energies (SE) of AZ2c, S-DR2c, and CP2c were 

estimated by computing the electronic energy difference of isodesmotic 
reactions at (R/U)ωB97X-D/6-31G(d) level of theory (Figure 2.12b). The SE 
were larger than the corresponding SEM due to the ignorance of torsional 
strain in the computations of SEM, except S-DR2c, since the diradical could 
be stabilized by delocalization (Table 2.2). The strain energies relative to S-
DR2c were very similar to the differences between the corresponding ΔHDR–
CP of CP1 and CP2c (ΔΔHDR–CP), which were calculated from the energy 
profiles (Figure 2.10). This phenomenon indicates that the molecular strains 
made a significant contribution to the destabilization of macrocyclic CP2c 
and provided the kinetic stabilization of S-DR2c. 
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2.2.2 Synthesis and Characterization 

Since the stretch effect in the newly designed macrocyclic diradical was 
proved by computational studies, the synthesis of the precursor of singlet 
diradicaloids S-DR1 and S-DR2d, azoalkanes AZ1 and AZ2d, has been 
conducted according to Scheme 2.5. It was reported that the quantum yield 
of this clean photoreaction is nearly 100% to generate singlet diradicaloids.10 
To ensure sufficient solubility of AZ2c, octyl chains were attached to the 
side-phenyl rings. According to a previous study, the alkyl chains have 
negligible influence on the reactivity of singlet diradicaloids, so S-DR2d was 
expected to show a longer lifetime than S-DR1.17 

 
Scheme 2.5 Synthetic routes toward azoalkane AZ1 and AZ2d. (i) NaH, THF, 0°C, 20 h, 
87%; (ii) Ph2Se2, (NH4)2S2O8, MeOH, 75°C, 3.5 h; (iii) N2H4･H2O, CHCl3, 70°C, 16 h, 
29% of 2 steps; (iv) cyclopentadiene, TFA, DCM, 0°C, 1.5 h, 73%; (v) 1: 
trimethylsilylacetylene, Pd(PPh3)4, CuI, TEA, THF, 60°C, 43.5 h; 2: K2CO3, THF, MeOH, 
r.t., 16.5 h, 82% of 2 steps; (vi) Pd(PPh3)4, CuI, TEA, THF, 60°C, 39.5 h, 79%; (vii) 
Pd(OAc)2, SPhos, K3PO4, THF, H2O, 80°C, 21 h, 2.8%. 
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The synthesis started from Claisen condensation of 3-
bromoacetophenone 1 and methyl 3-bromobenzoate 2 in tetrahydrofuran 
solution with the presence of sodium hydride to give diketone compound 3 
in 87% of yield. Then, methoxylation of diketone 3 was conducted in 
methanol solution by the oxidation with diphenyl diselenide and ammonium 
peroxodisulfate, leading to compound 4. Compound 4 was directly used 
without any purification for the synthesis of pyrazole compound 5, with the 
presence of hydrazine monohydride in chloroform solution. Diels-Alder 
reaction of pyrazole 5 and cyclopentadiene in dichloromethane solution 
catalyzed by trifluoroacetate acid led to azoalkane 6. Then, Sonogashira 
coupling reaction between compound 6 and trimethylsilylacetylene 
catalyzed by tetrakis(triphenylphosphine)palladium(0) and following with 
deprotection with potassium carbonate was able to give compound 7. The 
Suzuki-Miyaura cross-coupling reaction between compound 7 and 1-bromo-
3-iodo-5-octylbenzene 8, which was synthesized from 4-octylaniline, gave 
compound 9 in 79% of yield. Then, cyclization by intermolecular Suzuki-
Miyaura coupling reaction between compounds 9 and 10 in the presence of 
palladium(II) acetate and ligand SPhos lead to the target compound AZ2d in 
2.8% of yield. The compound 10 was synthesized by Miyaura-Ishiyama 
borylation of 2,7-dibromonaphthalene. The synthesis of AZ1 followed a 
similar route, started from acetophenone 1’ and methyl benzoate 2’.10 

AZ2d was assigned by 1H, 13C NMR spectra, and mass spectroscopy. 
The correlation between a methoxy group and the bridgehead protons of 
cyclopentene-ring was observed by the two-dimensional nuclear Overhauser 
effect (NOESY) spectrum, confirmed its endo configuration (Scheme 2.6). 
After several attempts, the single crystal suitable for X-ray crystallographic 
analysis was prepared using chloroform and hexane by the vapor diffusion 
method. Although atomic disorder was observed for the octyl chains, the 
macrocyclic structure and endo configuration of azoalkane were confirmed 
(Figure 2.13). 

The absorption spectrum of azoalkanes AZ1 and AZ2d were recorded 
in benzene at 298 K (Figure 2.14). The maximum absorption derived from 
the n-π* electronic transitions of the azo chromophore (–N=N–) were 
observed at 358 and 356 nm for AZ1 and AZ2d, respectively. The molar 
extinction coefficient of AZ2d at 356 nm was 517 dm3 mol–1 cm–1, which 
was 4.6 times larger than that of AZ1 at 358 nm (ε358 = 112 dm3 mol–1 cm–1).  
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Figure 2.13 ORTEP diagrams of AZ2d in (a) top view and (b) front view. Thermal 
ellipsoids at 50% probability, all hydrogen atoms and octyl chains are omitted for clarity. 

Furthermore, a broad absorption band derived from the π-π* electronic 
transition was recorded up to 450 nm, overlapping with the n-π* electronic 
transition of the azo unit, resulting in a large molar extinction coefficient of 
AZ2d compared with AZ1 at ~360 nm. To this end, the photolysis of AZ2d 
with 350~360 nm light not only excites the azo chromophore to generate the 
singlet diradicaloids but also generates the photo-excited state of the π-
conjugation system. 

 
Figure 2.14 UV-vis absorption spectra of AZ1 (2.87 mM) and AZ2d (2.13 mM) in 
benzene at 298 K. 

2.2.3 Product Analyses of Photoreaction 

To gain insight into the ring-closing processes of singlet diradicaloids, 
in situ photoreactions of azoalkane AZ1 and AZ2d were carried out in 
deuterated benzene at 298 K under nitrogen atmosphere with a 365 nm LED 
lamp. The reaction processes were directly monitored by the 1H NMR 
spectrum and NOESY measurement. 

Photolysis of AZ1 under nitrogen atmosphere quantitively generated 
trans-CP1 (Figure 2.15b). The resulted solution was exposed to air 
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Figure 2.15 In situ 1H NMR (400 MHz) analysis of the photoreaction of AZ1 (6.35 mM 
in degassed C6D6). 1H NMR spectrum of (a) AZ1 before irradiation; (b) trans-CP1 after 
irradiation with a 365 nm LED lamp for 180 s at 298 K under nitrogen atmosphere; (c) 
trans-CP1 decomposition upon heating to 60°C under air atmosphere for 1 h. 

 
Figure 2.16 In situ 1H NMR (400 MHz) analysis of the photoreaction of AZ2d (4.47 mM 
in degassed C6D6). 1H NMR spectrum of (a) AZ2d before irradiation; (b) trans-CP2d 
after irradiation with a 365 nm LED lamp for 90 s at 298 K under nitrogen atmosphere; 
(c) trans-CP2d decomposition upon exposure to air for 3 min. 
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atmosphere for one day, and no change was observed in the 1H NMR 
spectrum, indicating the air stability of trans-CP1. 

On the other hand, trans-CP2d was quantitively formed during  

photolysis of AZ2d under nitrogen atmosphere (Figure 2.16b). This sensitive 
product decomposed immediately after exposure to air by removing NMR 
tube cap within second (Figure 2.16c). The fast decomposition of 
macrocyclic ring-closed product is likely due to the stretch effect, which 
destabilized the ring-closed product (i.e., trans-CP2d). According to 
previous studies, the similar decomposition was confirmed for trans-CP2b 
at room temperature under air, and trans-CP1 under air at 60°C (Figure 
2.15c). The proposed mechanism for decomposition involved the 
endoperoxide, which is generated from the reaction between oxygen and 
triplet diradicals (Scheme 2.6).9 

 
Scheme 2.6 Proposed mechanism for decomposition of ring-closed products. 

The exclusive formation of trans-CP2d was confirmed during the 
photoreaction of AZ2d at room temperature, although the calculated energy 
barrier for the formation of cis-CP2d was smaller than that for the trans-
CP2d. Thus, the isomerization from cis-CP2d to trans-CP2d occurred at 
room temperature, and it might be inhibited at low temperature by larger 
activation energy (>70 kJ mol–1 from S-DR2d to trans-CP2d at 199 K). To 
identify the primary product of the photoreaction at 199K, the photolysis 
with a 355 nm Nd:YAG laser (30 mJ/pulse) of AZ2d in deuterated toluene 
was conducted under argon atmosphere. The vinylic protons on the double 
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bond of cyclopentene ring were monitored during in situ 1H NMR 
experiments. After irradiation of 20 minutes, new signals c and d derived 
from trans-CP2d were observed alongside unreacted AZ2d (signals a and b, 
Figure 2.17). The exclusive formation of trans-CP2d could be explained by 
the existence of puckered singlet diradicaloid puc-1DR2d, which is 
generated from denitrogenation. The puc-1DR2d could give the trans-CP2d 
directly by bond formation through a negligible energy barrier (Scheme 2.7). 

 
Figure 2.17 In situ 1H NMR (400 MHz) analysis of the direct irradiation of AZ2d (6.49 
mM) in degassed d8-toluene at 199 K with Nd:YAG 355 nm (30 mJ) laser. 

 
Scheme 2.7 Proposed mechanism of exclusive formation of trans-CP2d at 199 K. 

Using the same experimental setup, a degassed deuterated toluene 
solution of AZ2d with 15 equivalent of triplet sensitizer benzophenone was 
irradiated with 355 nm laser under argon atmosphere at 199 K. Interestingly, 
after 15 minutes of irradiation, new signals e and f were observed beside 
trans-CP2d (signals c and d) and AZ2d (signals a and b, Figure 2.18). The 
signals e and f gradually converted to trans-CP2d under dark condition. Thus, 
the new signals should be derived from an intermediate between AZ2d and 
trans-CP2d, and its lifetime should be long enough to be recorded by NMR 
spectrometer at 199 K (about 6 minutes for one measurement). Hence, the 
new signals e and f corresponded to cis-CP2d, which subsequently 
isomerized to the more stable trans-CP2d. The formation of cis-CP2d 

N
N

Ar

Ar

OMeMeO

AZ2d

hv
1[AZ2d]*

N2

Ar

Ar

OMeMeO

puc-1DR2d

Ar

Ar

OMeMeO

trans-CP2d



 30 

included the triplet diradical with a planar structure pl-3DR2d, which is 
generated from the energy transfer from triplet excited state of benzophenone 
(Scheme 2.8). Then, intersystem crossing occurred to form the planar singlet 
diradicaloids pl-1DR2d (i.e., S-DR2d), making it possible to go to cis-CP2d. 

 
Figure 2.18 In situ 1H NMR (400 MHz) analysis of the irradiation of AZ2d (0.60 mM) 
in the presence of benzophenone (9.32 mM) in degassed d8-toluene at 199 K with 
Nd:YAG 355 nm (30 mJ) laser. 

 
Scheme 2.8 Proposed mechanism of formation of cis-CP2d at 199 K. ISC: intersystem 
crossing. 

2.2.4 Direct Observation of Singlet Diradicaloid 

Sub-microsecond transient absorption spectroscopy was conducted to 
monitor the laser flash photolysis of AZ2d in degassed benzene at 293 K 
using a Nd:YAG 355 nm laser (7 mJ, 5 ns/pulse). Two strong transient 
absorption bands were detected at 460 and 580 nm (Figure 2.19a). For the 
460 nm absorption band, it had a lifetime τ293 of 3.08 ± 0.02 μs under nitrogen, 
while it was quenched to τ293 = 426 ± 4 ns under air atmosphere by molecular  
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Figure 2.19 Transient absorption spectra during the laser flash photolysis of AZ2d (λexc 
= 355 nm) at 293 K in benzene. (a) Sub-microsecond transient absorption spectra of AZ2d 
(2.68 mM, Abs355 = 0.72) under nitrogen atmosphere; (b) Sub-nanosecond transient 
absorption spectra of AZ2d (7.19 mM, Abs355 = 0.77) under argon atmosphere; time 
profile monitored at (c) 460 nm under nitrogen and air atmosphere; inset: time delay from 
–15 to 140 ns under argon; and at (d) 580 nm under nitrogen and air atmosphere; inset: 
time delay from –10 to 75 ns under argon. 

oxygen with a quenching rate constant kq(O2) = 1.10 × 109 M–1 s–1 (Figure 
2.19c). Thus, the 460 nm absorption derived from a triplet specie. On the 
other hand, the transient specie with 580 nm absorption showed a dual decay 
process (Figure 2.19d). Sub-nanosecond transient absorption spectroscopy 
using a randomly interleaved pulse train (RIPT)29 method was conducted to 
monitor the fast decay process at 580 nm under argon atmosphere (Figure 
2.19b). The fast decay process was attributed to the depletion of singlet 
excited state of AZ2d since the fall rate constant of fast decay at 580 nm (kf 
= 5.24 × 107 s–1) was consistent with the rise rate constant (kr = 5.41 × 107 s–
1) of the triplet specie at 460 nm (inset of Figure 2.19c,d). The slow decay 

0 5 10 15

0.00

0.05

0.10

Time (μs)

ΔA
bs

. (
a.

u.
)

under N2: τ293 = 3.1 μs
under air: τ293 = 0.4 μs

0.0 0.2 0.4 0.6 0.8

0.00

0.02

0.04

Time (ms)

ΔA
bs

. (
a.

u.
)

under N2: τ293 = 155.9 μs
under air: τ293 = 155.3 μs

0 25 50 75

τfast = 19.1 ns

/ ns

450 500 550 600 650
0.00

0.01

0.02

0.03

Wavelength (nm)

ΔA
bs

. (
a.

u.
)

50 ns

0 ns

4300 ns

under Ar

400 450 500 550 600
0.00

0.02

0.04

0.06

Wavelength (nm)

ΔA
bs

. (
a.

u.
)

0 μs
10 μs
100 μs
300 μs

under N2
(a) (b)

(c) (d)460 nm 580 nm

0 50 100

τrise = 18.5 ns

/ ns



 32 

process at 580 nm was long-lived to τ293 = 155.9 ± 3.3 μs under nitrogen 
atmosphere, and it showed an identical lifetime (τ293 = 155.3 ± 2.7 μs) under 
air atmosphere. According to the previous report, the π-π* (HOMO–LUMO) 
electronic transitions of π-single bonding systems have maximum absorption 
in the range of 500–600 nm.1 Hence, the slow decay process at 580 nm 
corresponds to the ring-closing reaction from S-DR2d to cis-CP2d. As 
predicted by computations, the stretch effect elongated the lifetime of S-
DR2d to 155.9 μs in benzene at 293 K, which was approximately 750- and 
11-fold longer than that of S-DR1 and S-DR2a/b, respectively.10,17 

 
Figure 2.20 Arrhenius plot (blue) and Eyring plot (red) of ring-closing process of S-
DR2d recorded in benzene under nitrogen atmosphere. 

Table 2.3 Lifetime τ293 of singlet diradicaloids S-DR at 293 K and activation parameters 
(Ea, log A, ΔH‡, ΔS‡ and ΔG‡293) of the ring-closing process in benzene. 

S-DR 1 2b 2d 
τ293 / μs 0.21 ± 0.01 14.2 ± 0.8 155.9 ± 3.3 
Ea / kJ mol–1 30.5 ± 0.4 52.3 ± 0.4 58.4 ± 1.1 
log (A / s–1) 12.1 ± 0.1 14.1 ± 0.1 14.2 ± 0.2 
ΔH‡ / kJ mol–1 28.0 ± 0.4 49.7 ± 0.4 56.0 ± 1.1 
ΔS‡ / J K–1 mol–1 –21.5 ± 0.8 17.1 ± 1.2 18.1 ± 2.3 
ΔG‡293 / kJ mol–1 34.2 ± 0.8 44.7 ± 0.4 50.7 ± 1.1 

 
Variable temperature laser flash photolysis (VT-LFP) measurements 

were conducted for AZ2d under nitrogen atmosphere at five temperatures in 
the range of 273–303 K. The activation parameters Ea, log A, ΔH‡, ΔS‡, and 
ΔG‡293 of the ring-closing process of S-DR1 and S-DR2d in benzene were 
determined from Arrhenius and Eyring plots (Figure 2.20 and Table 2.3). The 
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activation energy and activation enthalpy of the ring-closing reaction of S-
DR2d were increased by 28 kJ mol–1 compared with corresponding values 
for S-DR1. Different from the negative activation entropy of the ring-closing 
process of S-DR1, a positive value was associated with S-DR2d. Although 
the decay processes of S-DR1 and S-DR2d are the same, the transition states 
of these reactions should be similar. Indeed, the computed activation entropy 
at ωB97X-D/6-31G(d) level of theory was –22.04 J mol–1 K–1. 

To directly observe the singlet diradicaloid S-DR2d, low-temperature 
UV absorption measurements were conducted for AZ2d in a 2-
methyltetrahydrafuran (MTHF) matrix at 90 K under argon atmosphere. 
AZ2d in MTHF matrix was irradiated using a xenon lamp (λexc = 360 ± 10 
nm). During irradiation, two strong absorption bands showed up at 460 and 
580 nm, which were similar to those observed in transient absorption 
measurements (Figure 2.21a). However, once irradiation stopped, the 460 
nm absorption band decayed within second, while the 580 nm absorption 
band persisted for more than 3 hours under dark condition (Figure 2.21b). 
Thus, the 460 nm absorption band derived from a photo-excited state, and 
the 580 nm absorption band derived from a long-lived intermediate. 

 
Figure 2.21 Low-temperature UV-vis absorption spectra (a) during photolysis of AZ2d 
(2.46 mM) and (b) under dark for 6 min after photolysis in a degassed 2-
methyltetrahydrofuran (MTHF) matrix at 90 K. 

To confirm the spin multiplicities of transient species associated with 
the absorption bands at 460 and 580 nm, electron paramagnetic resonance 
(EPR) measurements were carried out at 80 K in MTHF matrix under  
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Figure 2.22 Experimental EPR spectra of AZ2d (4.92 mM in a MTHF matrix at 80 K) 
(a) during photolysis and (c) under dark condition after irradiation; inset: enhanced view 
from 1000–2670 G. (b) EPR spectrum simulated using |D/hc| = 0.096 cm–1 and |E/hc| = 
0.019 cm–1. The asterisk indicates signals that correspond to doublet impurities in MTHF. 

vacuum condition. During the photolysis of AZ2d in MTHF matrix with a 
Hg lamp (λexc > 250 nm), EPR signals of typical triplet species were observed 
at 2331 (z1), 2507 (y1), 3097 (x1), 3509 (x2), 4154 (y2), and 4375 Gauss (G) 
(z2) corresponding to the allowed transition (|Δms| = 1) at 9.4 GHz resonance 
frequency. In addition, the half-field signal (|Δms| = 2) was detected at 1571 
G (Figure 2.22a). Signals from doublet impurities in MTHF solvent were 
detected at approximately 3400 G, which were also observed in a control 
experiment by MTHF irradiation under the same conditions. The zero-field 
parameters (zfs) of observed triplet species were determined to be |D/hc| = 
0.096 cm–1 and |E/hc| = 0.019 cm–1, and the simulated spectrum using |D/hc| 
= 0.096 cm–1 and |E/hc| = 0.019 cm–1 confirmed the obtained zfs (Figure 
2.22b). The experimental zfs were very similar to those of the triplet excited 
state of 2-phenylnaphthalene molecule (|D/hc| = 0.0963 cm–1 and |E/hc| = 
0.0274 cm–1),30 and different from those of reported triplet 1,3-
diphenylcyclopentane-1,3-diyl diradicals, which were |D/hc| = 0.045 cm–1 
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and |E/hc| = 0.0010 cm–1.5,31 When the irradiation was cased at 80 K, the EPR 
signals for triplet species disappeared, indicating that the diradical DR2d has 
singlet ground state, and singlet diradicaloid S-DR2d is associated with the 
absorption band at 580 nm (Figure 2.22c). The EPR signals for triplet species 
lived for 2 s at 80 K by monitoring the decay profile at 1562 G, and the 
lifetimes were nearly the same in the temperature range of 5–80 K. The 
temperature-independency of the decay process support that the EPR signals 
were assigned to the triplet excited state of naphthyl moiety. The absorption 
band at 460 nm in low-temperature UV absorption measurements and 
transient absorption measurements were derived from T–T absorption of 
naphthyl moiety. Indeed, computation of a model molecule with TD-DFT 
method at the ωB97X-D/6-31G(d) level of theory predict the maximum 
absorption of T–T absorption appear at 460 nm, which well reproduced the 
experimental results (Figure 2.23). 

 

Figure 2.23 Model molecule used for TD-DFT calculation and calculated absorption 
spectrum at ωB97X-D/6-31G(d) level of theory. 

Theoretical computation of zfs parameters for triplet diradicals T-DR1 
and T-DR2c were conducted with ORCA 5.0.3 program package32,33 at the 
(RO)BP86/EPR-II34,35 level of theory (Table 2.4). The reliability of 
computational results was confirmed by computing the zfs parameters of 
reported triplet 1,3-diyl diradicals 14–16.31 Although the |E/hc| values differ 
greatly, the calculated |D/hc| values showed great agreements with the 
experimental values of triplet diradicals 14–16. The |D/hc| value of T-DR2d 
predict by computation was 0.057 cm–1, rather than the observed |D/hc| of 
0.096 cm–1 during the photolysis of AZ2d at 80 K. 



 36 

Table 2.4 Experimental and computed zfs parameters, |D/hc| and |E/hc| of triplet state of 
DR1, DR2c, 14, 15 and 16. 

 

 Experimental (computed) zfs parameters / cm–1 
Entry  |D/hc| |E/hc| 
1 DR1 N.D. (0.0593) N.D. (0.0076) 
2 DR2c N.D. (0.0576) N.D. (0.0098) 
3 14 0.084 (0.0853) 0.0020 (0.0030) 
4 15 0.112 (0.1069) 0.0050 (0.0035) 
5 16 0.045 (0.0421) 0.0010 (0.0011) 

 

2.2.5 Solvent Effect on the Reactivity of Singlet Diradicaloids 

Singlet diradicaloids with electron withdrawing groups at the C2 
position have zwitterion character in their resonance form (Scheme 2.9).9 
Thus, the intramolecular radical–radical coupling reaction is supposed to be 
inhibited in the polar solvent. To investigate this relationship and the 
influence of the stretch effect on the stability of singlet diradicaloids in 
solution, laser flash photolysis measurements of AZ1 and AZ2d were carried 
out in 13 solvents, including carbon tetrachloride, diethyl ether, ethyl acetate, 
toluene, benzene, 1,4-dioxane, acetone, glycerin triacetate (GTA), 
chloroform, dichloromethane, 1,2-dichloroethane, hexane, and dimethyl 
sulfoxide, with a broad range of solvent polarity and viscosity. The Kamlet-
Abboud-Taft π* scale for solvent polarity was used in this study since it was 
found to more suitably describe the solvent polarity effect on the lifetime of 
singlet diradicaloid S-DR1 than the other parameters such as ET(30) and 
dielectric constant εr (Figure 2.24). 36–39 

 
Scheme 2.9 Resonance structures of singlet diradicaloids with EWG at the C2 position. 

The lifetimes of S-DR1 and S-DR2d in these solvents at 293 K were 
determined by monitoring the time profile of laser flash photolysis at 580 nm 
(Table 2.5). A good correlation was found between lifetimes of S-DR1 and 

Ph Ph

14 15 16

EWG EWG EWG EWG

π

EWG EWG–

+



 37 

 

Figure 2.24 Correlations between the rate constant log kCP and solvent polarity 
parameters: (a) Kamlet-Abboud-Taft π* scale; (b) ET(30); (c) dielectric constant εr. 

solvent polarity π*, although no correlation was observed for S-DR2d. In 
low viscous solvents, the most extended lifetime of S-DR2d was determined 
in benzene, which was 5-fold than that in acetone, although acetone is a polar 
solvent than benzene (Table 2.5, entries 7,8). Among these solvents, acetone 
(Ac) and GTA have identical polarities (π*Ac = 0.62, π*GTA = 0.63), but the 
lifetime of S-DR2d in GTA was 2.5 and 13 times longer than that in acetone 
and benzene, respectively (Table 2.5, entry 9). The variable temperature laser 
flash photolysis measurements were conducted in these solvents, and 
activation parameters were determined from Arrhenius and Eyring plots. The 
activation energy in GTA was larger than those in other solvents, and the 
activation entropy significantly increased to 57.5 J mol–1 K–1. On the other 
hand, the smallest activation entropy was determined for diethyl ether (η = 
0.24 cP, ΔS‡ = 8.5 J mol–1 K–1), which is the lowest viscous solvent among 
these 13 solvents. These observations indicated that the solvent polarity was 
not the only factor that affects the reactivity of singlet diradicaloids, the 
solvent viscosity also influenced their lifetimes. 

As the intramolecular radical–radical coupling reaction in S-DR2d 
strongly depends on the solvent viscosity, the dynamic solvent effect should 
be included in the ring-closing reactions of S-DR to CP.40–44 Dynamic 
solvent effect was reported in the isomerization of azobenzene in viscous 
solvents, it is described using a two-dimensional reaction coordinate model. 
In this model, the reaction system and solvent are described by two 
independent steps using equation (1): 
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Table 2.5 Lifetime τ293 of singlet diradicaloids S-DR1 and S-DR2d at 293 K in different 
solvents encompassing a wide range of polarity (π*) and viscosity (η). The numbers in 
parentheses indicate the ascending order of the values in each column. 
    τ293 / μs 

Entry Solvent π* / kcal mol–1 η (20°C) / cP S-DR1 S-DR2d 
1 n-hexane −0.11 (1) 0.31 (2) 90.1 (1) N.D. 
2 Tetrachloride carbon 0.21 (2) 0.97 (10) 187.1 (5) 17.2 (1) 
3 Diethyl ether 0.24 (3) 0.24 (1) 136.3 (2) 46.8 (5) 
4 Ethyl acetate 0.45 (4) 0.46 (5) 182.6 (4) 73.1 (8) 
5 Toluene 0.49 (5) 0.59 (7) 170.4 (3) 116.5 (10) 
6 1,4-Dioxane 0.49 (5) 1.18 (11) 250.6 (8) 61.4 (6) 
7 Benzene 0.55 (7) 0.65 (8) 210.0 (6) 155.9 (11) 
8 Acetone 0.62 (8) 0.32 (3) 231.4 (7) 27.9 (3) 
9 Glycerin triacetate 0.63 (9) 23.00 (13) 517.1 (13) 400.2 (12) 
10 Chloroform 0.69 (10) 0.58 (6) 404.8 (12) 65.4 (7) 
11 Dichloromethane 0.73 (11) 0.44 (4) 294.0 (9) 46.6 (4) 
12 1,2-Dichloroethane 0.73 (11) 0.79 (9) 307.6 (10) 22.8 (2) 
13 Dimethyl sulfoxide 1.00 (13) 2.24 (12) 393.5 (11) 95.1 (9) 

 
The solvent thermal fluctuation determines the first step from initial state Z 
to intermediate state M, and the fluctuation-limited rate constant kf depends 
on the solvent viscosity. The chemical change from intermediate state M to 
final state E follows transition state theory (TST). Thus, the observed rate 
constant kobs is examined by equation (2): 

1/kobs = 1/kf + 1/kTST (2) 
According to equation (2), in high viscous solvents, the kf becomes the rate-
determining step (kf << kTST), the dynamic solvent effect presents and TST is 
no longer valid. On the other hand, in low viscous solvents, the conversion 
from M to E is the rate-determining step (kf >> kTST) following TST, and the 
observed kobs is nearly equal to kTST. 

Since acetone (Ac) and GTA have identical polarities and significant 
differences in viscosities, we assumed that the dynamic solvent effect was 
invalid in acetone and solvent thermal fluctuation in acetone was sufficiently 
fast due to its low viscosity. Thus, in GTA, kobs = kGTA and kTST = kAc, and kf 
could be estimated by kf = (1/kGTA – 1/kAc)–1. The strong correlation between 
estimated kf and viscosity of GTA proved the validity of dynamic solvent 
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effect in the ring-closing process of S-DR1 and S-DR2d in GTA (Figure 
2.25).45 

 
Figure 2.25 Dependence of the solvent fluctuation rate constant log kf calculated by 
equation (1) on the viscosity of GTA. kAc and kGTA were calculated from the Eyring plots. 

The effect of solvent polarity and viscosity on the rate constant for ring-
closing reaction of singlet diradicaloids S-DR1 and S-DR2d were examined 
using equation (3) by performing regression analyses: 

τ293 = Aπ* + Bη + C (3) 
where A and B were coefficients for solvent polarity and viscosity, 
respectively, and C was a compound-dependent constant. The constant term 
C indicated a predicted lifetime of singlet diradicaloids in the gas phase when 
both solvent polarity and viscosity are equal to 0. 

Table 2.6 Regression analyses for fitting the observed lifetime τ293 to equation (3). 
 S-DR1 S-DR2d 

A / μs mol kcal–1 0.278 15.99 
B / μs cP–1 0.011 14.94 
C / μs 0.089 45.79 
τ293 in hexane / μs 0.090 N.D. 

 
According to the results of regression analyses, the solvent polarity was 

the dominant factor for determining the lifetime of S-DR1, as the polarity 
coefficient was much larger than the corresponding viscosity coefficient 
(ration A/B = 25.27). In contrast, both polarity and viscosity coefficients 
showed similar magnitude for S-DR2d, indicating that both solvent polarity 
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and viscosity were essential factors in the ring-closing process of S-DR2d 
(ration A/B = 1.07, Table 2.6). To check the validity of regression analyses, 
the experimental lifetime values τ293 were plotted against the predicted 
lifetime using equation (3). Good linear correlations were observed in both 
cases (R2 = 0.86), despite the slight deviations of the data points 
corresponding to benzene, toluene for S-DR2d and chloroform for S-DR1 
(Figure 2.26). 

 
Figure 2.26 Correlation between the experimental and predicted lifetimes τ293 for (a) S-
DR1 and (b) S-DR2d. 

The molecular volumes of singlet diradicaloids S-DR1 and S-DR2d 
were computed at the (U)ωB97X-D/6-31G(d) level of theory. The obtained 
volumes were 303.44 and 497.04 cm3 mol–1, respectively, indicating that the 
S-DR2d with a larger molecular volume was more sensitive to the solvent 
viscosity during the ring-closing process. 
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2.3 Chapter Summary 

Localized singlet diradicaloids are usually highly reactive and short-lived at 
ambient temperature due to a fast radical–radical coupling reaction. In this 
study, we applied the stretch effect, first proposed by our group in 2012, to a 
newly designed singlet diradicaloid with macrocyclic skeleton. 

The photochemical denitrogenation of azoalkane AZ2d generated the 
kinetically stabilized diradicaloid S-DR2d. It exhibited a small carbon–
carbon coupling reaction rate of 6.4 × 103 s–1 (155.9 μs), approximately 1000 
times slower than that of the parent system without the macrocycle S-DR1 
(5 × 106 s–1, 209 ns) at 293 K in benzene. Furthermore, the σ-bonded product 
CP2d was highly destabilized by the stretch effect, it decomposed 
immediately after exposure to air atmosphere, although the σ-bonded 
product with no-macrocyclic structure CP1 was stable under air at room 
temperature. In addition, a significant dynamic solvent effect was observed 
in the intramolecular radical–radical coupling reactions. The lifetime of 
singlet diradicaloid S-DR2d showed the longest lifetime up to 400.2 μs in 
viscous glycerin triacetate (η = 23.00 cP) at 293 K. The theoretical and 
experimental studies demonstrated that the stretch effect and solvent 
viscosity play essential roles in retarding the σ-bond formation process, thus 
enabling a thorough examination of the nature of the singlet diradical and 
paving the way toward a deeper understanding of reactive intermediates. 
 
 



 42 

2.4 Supplementary Materials 

2.4.1 Experimental Section 

All commercially available reagents were purchased from TCI, Wako, Sigma 
Aldrich or Oakwood Chemical and were used without further purification. 
Dry solvents for spectroscopy analysis were purchased from commercial 
suppliers. NMR spectra were recorded on a Bruker Ascend 400 (1H NMR: 
400 MHz, 13C NMR: 100 MHz) spectrometer at 298 K and referenced to the 
residual solvent peak. Coupling constants (J) are denoted in Hz and chemical 
shifts (δ) in ppm. The abbreviations s, d, t, dd, dt, td and m stand for the 
resonance multiplicities singlet, doublet, triplet, doublet of doublets, doublet 
of triplets, triplet of doublets and multiplet, respectively. Mass spectrometric 
data were measured with Thermo Fisher Scientific LTQ Orbitrap XL. UV-
vis spectra were recorded on a SHIMADZU UV-3600 Plus spectrometer. The 
spectra were collected at room temperature using a slit width of 1 nm with 
middle scan rate. The excitation source for sub-microsecond laser flash 
photolysis was a tunable Nd:YAG minilite laser at 355 nm. The monitoring 
system consisted of a 150 W xenon arc lamp as light source, a Unisoku 
MD200 monochromator detection and a photomultiplier. The temperature 
was controlled by Unisoku CoolSpek USP-203-B. Sub-nanosecond transient 
absorption measurements were conducted with Unisoku PicoTAS system in 
2 mm cuvette. The excitation source was a passive Q-SWITCH microchip 
laser at 355 nm. Recycling chromatographic separation in GPC were 
performed by LC-9210, Japan Analytical Industry Co., Ltd. with chloroform 
as mobile phase. 

Ea and log A of ring-closing processes of singlet diradicaloids were 
determined from Arrhenius plots, ΔH‡, ΔS‡ and ΔG‡293 were determined from 
Eyring plots, respectively, with lifetime of singlet diradicaloids at five 
temperatures, errors are standard errors obtained from regression analysis. 

2.4.2 Synthetic Procedure 

The synthetic procedure of azoalkane AZ2d from 3-
bromoacetophenone 1 and methyl 3-bromobenzoate 2 is described below. 
Azoalkane AZ1 was synthesized by same procedure of synthesis for 
compound 6 but started from acetophenone 1’ and methyl benzoate 2’. 
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(i) A suspension of sodium hydride (4.97 g, 60%, 124.17 mmol, 2 equiv.) in 
dry THF (100 mL) was stirred at room temperature for 30 minutes in a side-
arm round flask under nitrogen atmosphere. After cooling to 0°C, 3-
bromoacetophenone (1, 8.00 mL, 60.29 mmol, 1 equiv.) and a solution of 
methyl 3-bromobenzoate (2, 12.71 g, 59.10 mmol, 1 equiv.) in THF (20 mL) 
were added to the stirred solution. The reaction mixture was stirred at 0°C 
for 5 h and at room temperature for additional 14.5 h. The reaction was 
quenched by pouring into a mixture of crashed ice and 1 mol L–1 
hydrochloric acid solution. The suspension was filtered through Büchner 
funnel, and the organic product was washed with hexane to give 3 (19.58 g, 
51.25 mmol, 87%) as white solid. 1H NMR (400 MHz, CDCl3): δ = 8.12 (s, 
2H), 7.91 (d, J = 7.83 Hz, 2H), 7.69 (d, J = 8.01 Hz, 2H), 7.38 (dd, J = 7.95, 
7.89 Hz, 2H), 6.76 (s, 1H). 13C NMR (100 MHz, CDCl3): δ = 184.41, 137.26, 
135.49, 130.29, 130.25, 125.78, 123.02, 93.44. HRMS (ESI) calculated for 
C15H10O2Br2Na [M+Na]+ = 404.89193, found 404.89203. 
 

 
(ii) A two-neck flask equipped with a condenser was charged with 3 (22.23 
g, 58.19 mmol, 1 equiv.), diphenyl diselenide (9.08 g, 29.09 mmol, 0.5 
equiv.) and ammonium persulfate (26.55 g, 116.35 mmol, 2 equiv.) under 
nitrogen atmosphere. And the solids were mixed with methanol (220 mL). 
The reaction mixture was refluxed at 75°C for 3.5 h and then allowed to cool 
down to room temperature. Water was added to quench the reaction until all 
of the ammonium persulfate had dissolved, and the organic product was 
extracted with CHCl3. The combined organic layers were dried over Na2SO4 
and filtered. Removal of solvent under reduced pressure afforded 4 in a 
mixture as a dark orange oil, which was used for the next step without further 
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purification since 4 is labile in silica gel. 
 

 
(iii) Hydrazine monohydrate (3.20 mL) was slowly added to the solution of 
4 (10.49 g, crude) in CHCl3 (100 mL) while stirring under nitrogen 
atmosphere. The reaction mixture was refluxed at 70°C for 16 h and 
saturated NaHCO3 aqueous solution was added to quench the reaction at 
room temperature. After stirring at room temperature for 30 minutes, the 
resulting mixture was extracted with CHCl3. The combined organic layers 
were washed with brine, dried over MgSO4 and filtered. The solvent was 
removed in vacuo. The residue was purified by silica gel column 
chromatography (hexane/dichloromethane = 2:1) to give 5 (2.85 g, 6.01 
mmol, 29% of 2 steps) as yellow solid. 1H NMR (400 MHz, CDCl3): δ = 
8.41 (s, 2H), 8.19 (d, J = 7.91 Hz, 2H), 7.70 (d, J = 8.09 Hz, 2H), 7.40 (dd, 
J = 8.00, 7.92 Hz, 2H), 3.07 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 
166.06, 135.48, 130.64, 130.50, 129.34, 126.32, 123.26, 117.08, 52.12. 
HRMS (ESI) calculated for C17H14N2O2Br2Na [M+Na]+ = 460.92938, found 
460.92923. 
 

 
(iv) Under exclusion of light, a side-arm round flask was charged with the 
solution of 5 (3.01 g, 6.85 mmol, 1 equiv.) in CH2Cl2 (100 mL) and 
cyclopentadiene (11.53 mL, 137.80 mmol, 20 equiv.) under nitrogen 
atmosphere. The reaction mixture was cooled to 0°C and trifluoroacetic acid 
(0.10 mL, 1.34 mmol, 0.2 eq.) was added to the reaction mixture while 
stirring. After stirring at 0°C for additional 1.5 h, saturated NaHCO3 aqueous 
solution was added for neutralization. The organic product was extracted by 
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CH2Cl2 and the combined organic layers were washed with brine, dried over 
MgSO4 and filtered. The solvent was removed in vacuo. The residue was 
washed with hexane to give 6 (2.52 g, 5.01 mmol, 73%) as white solid. 1H 
NMR (400 MHz, CDCl3): δ = 8.13 (s, 1H), 8.04 (s, 1H), 7.92 (d, J = 7.72 
Hz, 1H), 7.82 (d, J = 7.72 Hz, 1H), 7.54 (t, J = 7.38 Hz, 2H), 7.34 (td, J = 
7.96, 2.67 Hz, 2H), 5.61–5.56 (m, 1H), 5.51–5.46 (m, 1H), 4.15–4.09 (m, 
1H), 3.70–3.62 (m, 1H), 3.00 (s, 3H), 2.71 (s, 3H), 2.41–2.38 (m, 1H), 2.34–
2.15 (m, 1H). 13C NMR (100 MHz, CDCl3): δ = 138.43, 138.25, 134.60, 
131.79, 131.33, 131.18, 131.04, 130.07, 130.02, 127.27, 126.55, 126.12, 
122.80, 122.73, 118.39, 94.00, 92.24, 57.26, 52.34, 51.99, 42.40, 32.16. 
HRMS (ESI) calculated for C22H20N2O2Br2Na [M+Na]+ = 524.97837, found 
524.97839. 
 

 
(v) Under exclusion of light, a side-arm round flask with a condenser was 
charged with 6 (0.76 g, 1.51 mmol, 1 equiv.), tetrakis(triphenyl-
phosphine)palladium(0) (0.18 g, 0.16 mmol, 0.1 equiv.) and copper(I) iodide 
(0.04 g, 0.21 mmol, 0.1 equiv.) under nitrogen atmosphere. Anhydrous THF 
(20 mL), anhydrous triethylamine (5 mL) and trimethylsilylacetylene (2.25 
mL, 16.26 mmol, 10 equiv.) were added into flask via a syringe. The reaction 
mixture was refluxed at 60°C for 43.5 h in the absence of light. After cooling 
to room temperature, the reaction mixture was filtered through a pad of celite 
and concentrated. The residue was redissolved in CHCl3, organic layers were 
washed with saturated NH4Cl aqueous solution and dried over Na2SO4. After 
filtering, the solvent was removed under reduced pressure. The residue was 
purified through a short silica gel column (hexane/ethyl acetate = 5:1) to 
afford 6-TMS in mixture, hence 6-TMS was directly used for the next step 
reaction. 
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(vi) Under exclusion of light, the solution of 6-TMS (4.23 g, mixture) in 
THF (50 mL), potassium carbonate (0.32 g) and methanol (90 mL) were 
charged into a round-bottom flask. The reaction mixture was stirred at room 
temperature for 16.5 h. After filtering through a pad of celite, the solvent was 
removed in vacuo. Water was added to the resulting crude and the organic 
product was extracted with ethyl acetate. The combined organic layers were 
washed with brine, dried over Na2SO4, filtered and concentrated. The residue 
was purified by silica gel column chromatography (hexane/ethyl acetate = 
10:1) to give 7 (1.98 g, 5.01 mmol, 82% of 2 steps) as a white solid. 1H NMR 
(400 MHz, CDCl3): δ = 8.10 (s, 1H), 8.02–7.97 (m, 2H), 7.91 (d, J = 7.58 
Hz, 1H), 7.53 (dd, J = 6.89, 7.35 Hz, 2H), 7.43 (td, J = 7.81, 2.99 Hz, 2H), 
5.61–5.55 (m, 1H), 5.51–5.46 (m, 1H), 4.18–4.12 (m, 1H), 3.74–3.65 (m, 
1H), 3.11 (s, 2H), 2.98 (s, 3H), 2.69 (s, 3H), 2.41–2.30 (m, 1H), 2.25–2.14 
(m, 1H). 13C NMR (100 MHz, CDCl3): δ = 136.53, 136.35, 134.49, 132.23, 
131.87, 131.71, 131.52, 129.42, 128.64, 128.53, 128.49, 126.27, 122.35, 
122.30, 118.33, 94.08, 92.35, 83.71, 83.69, 57.12, 52.29, 52.24, 51.93, 51.90, 
42.28, 32.18. HRMS (ESI) calculated for C26H22N2O2Na [M+Na]+ = 
417.15735, found 417.15695. 
 

 
(vii) Under exclusion of light, a side-arm round flask with a condenser was 
charged with 7 (1.41 g, 3.57 mmol, 1 equiv.), tetrakis(triphenyl-
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phosphine)palladium(0) (0.22 g, 0.19 mmol, 5% equiv.) and copper(I) iodide 
(0.06 g, 0.31 mmol, 0.1 equiv.) under nitrogen atmosphere. Anhydrous THF 
(36 mL), anhydrous triethylamine (13 mL) and 1-bromo-3-iodo-5-n-
octylbenzene (8, 2.50 mL, 9.49 mmol, 2.5 equiv.) were added into flask via 
a syringe. The reaction mixture was refluxed at 60°C for 39.5 h in the 
absence of light. After cooling to room temperature, the reaction mixture was 
filtered through a pad of celite and concentrated. The residue was redissolved 
in CHCl3, organic layers were sequentially washed with saturated NH4Cl 
aqueous solution and water before dried over Na2SO4. After filtering, the 
solvent was removed under reduced pressure. The residue was purified by 
silica gel column chromatography (hexane/ethyl acetate = 10:1) to afford 9 
(2.61 g, 2.82 mmol, 79%) as an orange oil. 1H NMR (400 MHz, CDCl3): δ 
= 8.14 (s, 1H), 8.05 (s, 1H), 7.99 (d, J = 7.73 Hz, 1H), 7.91 (d, J = 8.19 Hz, 
1H), 7.58–7.44 (m, 6H), 7.34–7.24 (m, 4H), 5.63–5.57 (m, 1H), 5.55–5.49 
(m, 1H), 4.23–4.16 (m, 1H), 3.78–3.69 (m, 1H), 3.03 (s, 3H), 2.73 (s, 3H), 
2.58 (t, J = 8.24 Hz, 4H), 2.45–2.33 (m, 1H), 2.29–2.18 (m, 1H), 1.68–1.55 
(m, 4H), 1.40–1.20 (m, 20H), 0.89 (t, J = 7.37 Hz, 6H). 13C NMR (100 MHz, 
CDCl3): δ = 145.19, 136.57, 136.39, 134.54, 131.84, 131.63, 131.57, 131.37, 
131.20, 131.12, 130.33, 129.10, 128.65, 128.61, 128.35, 126.34, 124.83, 
123.12, 123.08, 122.00, 118.37, 94.21, 92.47, 90.27, 90.25, 88.35, 88.32, 
57.12, 52.28, 51.98, 42.28, 35.58, 32.25, 31.87, 31.10, 29.41, 29.21, 29.19, 
22.67, 14.11. HRMS (ESI) calculated for C54H60N2O2Br2Na [M+Na]+ = 
951.28888, found 951.28933. 
 

 
(viii) Under exclusion of light, 9 (660.0 mg, 0.71 mmol, 1 equiv.), 
palladium(II) acetate (34.2 mg, 0.15 mmol, 0.2 equiv.), 10 (269.1 mg, 0.71 
mmol, 1 equiv.), potassium phosphate (603.4 mg, 2.84 mmol, 4 equiv.), 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl (SPhos, 117.2 mg, 0.29 
mmol, 0.4 equiv.) were charged into a side-arm flask with a condenser. 
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Degassed THF (100 mL) and water (15 mL) were added into the flask under 
nitrogen atmosphere. The reaction mixture was refluxed at 80°C for 21 h in 
the absence of light. After cooling to room temperature, the reaction mixture 
was filtered through a pad of celite and concentrated. The residue was 
redissolved in CHCl3, organic layers were washed with brine before and over 
Na2SO4. After filtering, the solvent was removed in vacuo. The residue was 
purified by silica gel column chromatography (hexane/dichloromethane = 
1:2) to afford AZ2d (17.0 mg, 0.02 mmol, 2.8%) as a white solid. 1H NMR 
(400 MHz, C6D6): δ = 9.08 (d, J = 7.40 Hz, 2H), 8.27 (d, J = 5.16 Hz, 2H), 
7.75 (d, J = 8.46 Hz, 2H), 7.72–7.65 (m, 4H), 7.63 (d, J = 8.17 Hz, 2H), 7.55 
(s, 2H), 7.51 (s, 2H), 7.40 (d, J = 7.80 Hz, 1H), 7.31 (d, J = 8.08 Hz, 1H), 
7.21–7.17 (m, 2H), 5.53–5.46 (m, 1H), 5.36–5.31 (m, 1H), 4.18–4.10 (m, 
1H), 3.58–3.48 (m, 1H), 2.58 (s, 3H), 2.57 (t, J = 8.40 Hz, 4H), 2.32–2.21 
(m, 1H), 2.14 (s, 3H), 2.14–2.05 (m, 1H), 1.66–1.53 (m, 4H), 1.36–1.20 (m, 
20H), 0.96–0.85 (m, 6H). 13C NMR (400 MHz, CDCl3): δ = 144.08, 141.21, 
137.80, 137.34, 136.98, 136.92, 134.87, 134.61, 132.58, 132.35, 129.99, 
129.93, 129.15, 128.65, 128.59, 128.54, 128.50, 126.90, 126.70, 120.50, 
124.91, 124.80, 124.31, 119.52, 95.20, 93.70, 91.80, 90.88, 54.81, 52.15, 
51.04, 41.13, 36.46, 32.35, 31.87, 29.95, 29.80, 29.71, 23.13, 14.40. HRMS 
(ESI) calculated for C64H66N2O2Na [M+Na]+ = 917.50165, found 917.50177. 
 

 
(ix) In a round-bottom flask, 4-n-octylaniline (5.00 mL, 21.87 mmol, 1 
equiv.) was dissolved in N,N-dimethylformamide (20 mL) and iced at 0°C. 
The solution of N-bromosuccinimide (10.00 g, 56.19 mmol, 2.5 equiv.) in 
N,N-dimethyl-formamide (30 mL) was added into flask dropwise. The 
reaction mixture was stirred at 0°C for 30 minutes and at room temperature 
for additional 3 h. Then, water was added into the resulting mixture and the 
organic product was extracted with ethyl acetate. The combined organic 
layers were washed with saturated Na2S2O3 aqueous solution, dried over 
MgSO4 and filtered. Removal of solvent under reduced pressure gave 2,6-
dibromo-4-n-octylaniline as a red solid in mixture (11.62 g), which was used 
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for next step without further purification. 
 

 
(x) A solution of 2,6-dibromo-4-n-octylaniline (11.62 g, crude) in ethanol 
(250 mL), concentrated sulfuric acid (30 mL) were charged into a side-arm 
flask with a condenser. Sodium nitrite (6.62 g) was slowly added into the 
mixture little by little while stirring. After refluxing at 70°C for 2 h, ice water 
was added to quench the reaction. The organic product was extracted by 
dichloromethane, and the organic layers were dried over Na2SO4, filtered and 
removed solvent under reduced pressure. The residue was purified by silica 
gel column chromatography (hexane only) to afford 1,3-dibromo-5-n-
octylbenzene (4.80 g, 13.78 mmol, 63% of 2 steps) as a colorless liquid. 1H 
NMR (400 MHz, CDCl3): δ = 7.48 (s, 1H), 7.25 (s, 2H), 2.54 (t, J = 7.63 Hz, 
2H), 1.63–1.53 (m, 2H), 1.36–1.20 (m, 10H), 0.88 (t, J = 7.09 Hz, 3H). 
HRMS (GC-EI) calculated for C14H20Br2 [M]+ = 347.99118, found 
347.99081. 
 

 
(xi) At –78°C, a 2.3 M solution of n-BuLi in hexane (17.00 mL, 39.1 mmol, 
1.1 equiv.) was added slowly to a solution of 1,3-dibromo-5-n-octylbenzene 
(12.14 g, 34.9 mmol, 1 equiv.) in THF (250 mL) via a syringe under nitrogen 
atmosphere. The reaction mixture was stirred at –78°C for 40 minutes, then 
a solution of 1,2-diiodoethane (11.83 g, 41.97 mmol, 1.2 equiv.) in THF (60 
mL) was slowly added and the reaction mixture was allowed to warm to 
room temperature and stirred for additional 4 h. Then, solvent was removed 
in vacuo, and the residue was redissolved in diethyl ether. The solution was 
sequentially washed with saturated Na2SO3 aqueous solution, saturated 
NaHCO3 aqueous solution and water before dried over Na2SO4 and 
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concentrated in vacuo. The crude was purified by silica gel column 
chromatography (hexane only) to provide 8 (11.72 g, 29.67 mmol, 85%) as 
a colorless liquid. 1H NMR (400 MHz, CDCl3): δ = 7.66 (s, 1H), 7.45 (s, 
1H), 7.28 (s, 1H), 2.51 (t, J = 8.09 Hz, 2H), 1.62–1.51 (m, 2H), 1.34–1.19 
(m, 10H), 0.88 (t, J = 6.86 Hz, 3H). HRMS (GC-EI) calculated for 
C14H20BrI [M]+ = 393.97931, found 393.97853. 
 

 
(xii) A side-arm round flask with a condenser was charged with 2,7-
dibromonaphthalene (1.23 g, 4.30 mmol, 1 equiv.), [1,1′-
bis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.16 g, 0.22 mmol, 
5% equiv.), bis(pinacola-to)diboron (3.27g, 12.88 mmol, 3 equiv.), 
potassium acetate (2.54 g, 25.91 mmol, 6 equiv.) and 1,4-dioxane (10 mL) 
under nitrogen atmosphere. The reaction mixture was stirred at 75°C for 20 
h. After cooling to room temperature, the mixture was filtered through a pad 
of celite and removed solvent in vacuo. The residue was purified by silica 
gel column chromatography (hexane/dichloromethane = 2:1) and gel 
permeation chromatography (chloroform only) to give 10 (1.44 g, 3.78 mmol, 
88%) as a white solid. 1H NMR (400 MHz, CDCl3): δ = 8.41 (s, 2H), 7.86 
(d, J = 8.14 Hz, 2H), 7.80 (d, J = 8.14 Hz, 2H), 1.38 (s, 24H). 13C NMR (100 
MHz, CDCl3): δ = 137.11, 131.53, 126.78, 83.87, 25.02, 24.92. HRMS 
(APCI) calculated for C22H31O4B2 [M+H]+ = 381.24030, found 381.24133. 
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2.4.3 Spectral Data 

 
Figure S2.1 1H NMR spectrum of AZ2d (C6D6, 400 MHz). 

 
Figure S2.2 13C NMR spectrum of AZ2d (C6D6, 100 MHz). 
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Figure S2.3 2D NOESY NMR spectrum of AZ2d (C6D6, 400 MHz). 

 
Figure S2.4 2D NOESY NMR spectrum of trans-CP2d (C6D6, 400 MHz). 
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Figure S2.5 High resolution mass spectrum (ESI) of AZ2d. 

 
Figure S2.6 High resolution mass spectra of (a) 11 (ESI, found [M–OCH3]+ and 
[M+Na]+), (b) 12 (ESI, found [M+Na]+) and (c) 13 (APCI, found [M+H]+). 
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Figure S2.7 EPR time profile monitored at 1562 G at 5–80 K. 

2.4.4 Time-Resolved Transient Absorption Spectroscopy 

Table S2.1 Activation parameters (Ea, log A, ΔH‡, ΔS‡, ΔG‡293) of ring-closing processes 
for S-DR1 determined by Arrhenius and Eyring plots. 

Solvent Ea / kJ mol−1 log (A / s−1) 
ΔH‡ 

/ kJ mol−1 
ΔS‡ 

/ J mol−1 K−1 
ΔG‡293 
/ kJ mol−1 

Triacetin 51.9 ± 1.5 15.5 ± 0.4 49.3 ± 1.5 42.4 ± 4.9 37.0 ± 1.5 
CHCl3 34.1 ± 1.1 12.5 ± 0.2 31.7 ± 1.1 –13.7 ± 3.1 35.8 ± 1.1 
DMSO 40.2 ± 1.2 13.5 ± 0.2 37.6 ± 1.2 4.7 ± 2.8 36.2 ± 1.2 

CH2ClCH2Cl 28.8 ± 1.2 11.7 ± 0.2 26.4 ± 1.2 –29.9 ± 4.0 35.2 ± 1.2 
CH2Cl2 32.9 ± 0.2 12.4 ± 0.1 30.7 ± 0.2 –15.3 ± 0.8 35.1 ± 0.2 

1,4-Dioxane 34.5 ± 1.0 12.7 ± 0.2 31.9 ± 1.0 –10.0 ± 3.3 34.8 ± 1.0 
Acetone 37.8 ± 0.5 13.4 ± 0.1 35.4 ± 0.5 2.8 ± 1.9 34.6 ± 0.5 
Benzene 30.5 ± 0.4 12.1 ± 0.1 28.0 ± 0.4 −21.5 ± 0.8 34.2 ± 0.8 
CCl4 33.1 ± 0.6 12.7 ± 0.1 30.7 ± 0.6 −11.2 ± 2.1 34.0 ± 0.6 
EtOAc 32.7 ± 0.9 12.5 ± 0.2 30.3 ± 0.9 −14.0 ± 3.1 34.4 ± 0.9 
Toluene 33.5 ± 1.0 12.7 ± 0.2 31.0 ± 1.1 −11.1 ± 3.6 34.3 ± 1.1 
Ether 29.6 ± 0.5 12.1 ± 0.1 27.3 ± 0.5 −21.0 ± 1.8 33.4 ± 0.5 
Hexane 29.3 ± 0.8 12.2 ± 0.2 26.9 ± 0.8 −18.7 ± 3.0 32.4 ± 0.8 
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Table S2.2 Activation parameters (Ea, log A, ΔH‡, ΔS‡, ΔG‡293) of ring-closing processes 
for S-DR2d determined by Arrhenius and Eyring plots. 

Solvent Ea / kJ mol−1 log (A / s−1) 
ΔH‡ 

/ kJ mol−1 
ΔS‡ 

/ J mol−1 K−1 
ΔG‡293 
/ kJ mol−1 

Triacetin 72.0 ± 0.9 16.2 ± 0.2 69.6 ± 0.9 57.5 ± 0.8 52.7 ± 0.9 
Benzene 58.4 ± 1.1 14.2 ± 0.2 56.0 ± 1.1 18.1 ± 2.3 50.7 ± 1.1 
Toluene 59.9 ± 2.0 14.6 ± 0.4 57.4 ± 2.0 26.5 ± 2.7 49.7 ± 2.0 
EtOAc 54.8 ± 1.7 13.9 ± 0.3 52.4 ± 1.7 13.9 ± 2.9 48.3 ± 1.7 

1,4-Dioxane 59.0 ± 1.1 14.7 ± 0.2 56.5 ± 1.1 28.4 ± 1.8 48.2 ± 1.1 
Ether 52.3 ± 2.1 13.7 ± 0.4 49.9 ± 2.1 8.5 ± 3.2 47.5 ± 2.1 
Acetone 57.2 ± 2.7 14.7 ± 0.5 54.8 ± 2.7 29.0 ± 4.3 46.3 ± 2.7 

 
Figure S2.8 Decay profile monitored at 570−580 nm of S-DR1 at 293 K in triacetin, 
chloroform, DMSO, 1,2-dichloroethane, dichloromethane, 1,4-dioxane, acetone, benzene, 
carbon tetrachloride, ethyl acetate, toluene, diethyl ether and n-hexane. Lifetime were 
calculated by fitting with single-exponential decay model. 
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Figure S2.9 Arrhenius plots (left y axis, blue line) and Eyring plots (right y axis, red line) 
for the decay processes of S-DR1 in triacetin, chloroform, DMSO, 1,2-dichloroethane, 
dichloromethane, 1,4-dioxane, acetone, benzene, carbon tetrachloride, ethyl acetate, 
toluene, diethyl ether and n-hexane. 

 
Figure S2.10 Arrhenius plots (left y axis, blue line) and Eyring plots (right y axis, red 
line) for the decay processes of S-DR2d in triacetin, benzene, toluene, ethyl acetate, 1,4-
dioxane, diethyl ether and acetone. 
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Figure S2.11 Decay profile monitored at 580 nm of S-DR2d at 293 K in triacetin, 
benzene, toluene, DMSO, ethyl acetate, chloroform, 1,4-dioxane, diethyl ether, 
dichloromethane, acetone, 1,2-dichloroethane and carbon tetrachloride. Lifetime were 
calculated by fitting with single-exponential decay model. 

2.4.5 Computational Details 

Quantum chemical computations in gas phase have been performed 
with the Gaussian 16 (Revision. B.01) suite of programs. GaussView 6.0.1646 
was used for visualization. 

Zero-filed splitting (zfs) parameters (D tensor and E/D ratio) calculation 
were performed with ORCA 5.0.3 program at B3LYP/EPR-II level of theory. 
In all zfs calculations, the resolution of identity and chain of spheres 
approximation47,48 (RIJCOSX) and the automatic auxiliary basis sets49 
(AutoAux) were used. Demo calculations with B3LYP/EPR-III, BP86/EPR-
II, BP86/EPR-III and CASSCF(2,2)/def2-SVP50 level let to comparable 
results. The D tensor calculation included the spin-spin and the spin-orbit 
components (SSANDSO). 

Energy profiles (Figure 2.10 and Figure 3.5, vide infra) were plotted 
with self-made program EnePro.51 Computed UV-vis spectrum (Figure 2.23) 
was exported by self-made program uv.Plotter.52 Absorption peaks assume 
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a Gaussian-type band shape, broadened using oscillator strength of the 
computed excited states (equation S1). 

 
(S1) 

where, 
ε is molar extinction coefficient in L mol–1 cm–1; 
e = 4.803204 × 10–10 esu, is the charge on the electron; 
N = 6.02214199 × 1023 mol–1, is the Avogadro’s number; 
c = 29979245800.0 cm s–1, is the speed of light; 
me = 9.10938 × 10–31 kg, is the electron mass; 
fi is the oscillator strength from TD-DFT output; 
σ is the standard deviation in wavenumbers, which related to the width 
of the simulated band. In this study, σ = 0.4 eV = 10–7/3099.6 cm–1. 

ṽi is the excitation energy (in wavenumber) corresponding to the 
electronic excitation of interest. 

 
 

ε(ν̃) =
n

∑
i=1

εi(ν̃) =
n

∑
i=1

π ⋅ e2 ⋅ N
1000 ⋅ ln 10 ⋅ c2 ⋅ me

⋅ fi
σ
exp[−( ν̃ − ν̃i

σ )
2

]
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3.1 Chapter Introduction 

The ground state electronic configuration depends on the Pauli exclusion 
principle, Hund’s rule and Aufbau principle. According to the Aufbau 
principle, in the ground state of a molecule (or atom), electrons fill the 
electronic shell of the lowest available energy, then fill the shell of higher 
energy. So, the singly occupied molecular orbitals (SOMO) are energetically 
higher than the doubly occupied molecular orbitals (DOMO). For example, 
in a triphenylmethyl radical (TPM, Ph3C⋅), which was reported by Gomberg 
in 19001, the SOMO contains one unpaired electron has higher orbital energy 
than the highest occupied molecular orbital (HOMO) (Figure 3.1a). Other 
derivatives like tris(2,4,6-trichlorophenyl)-methyl radicals (TTM) also 
follow the Aufbau principle, although its SOMO energy decreased due to the 
electron withdrawing chloro-substituents (Figure 3.1b). 

 
Figure 3.1 Chemical structures, spin density distributions and molecular orbitals 
diagrams of (a) TPM and (b) TTM, calculated at (U)B3LYP/6-31G(d) level of theory. 

Triphenylamine (TPA, Ph3N) has high HOMO energy as an electron 
donor. If TPA is introduced to one of the phenyl rings of TTM, where TTM 
act as an electron acceptor, the HOMO energy of TPA (donor) is higher than 
that of TTM (acceptor). Thus, the HOMO of TPA becomes the new HOMO 
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of the new molecule TTM-TPA. The HOMO energy of TPA is even higher 
than the SOMO energy of TTM. Since the SOMO and HOMO are at 
separate positions, there is no interaction between these two orbitals, and the 
change of HOMO does not affect the distribution and energy level of SOMO. 
Thus, a SOMO–HOMO converted-radical species could be generated 
(Figure 3.2). 

 
Figure 3.2 Chemical structure, spin density distribution and molecular orbitals diagram 
of TTM-TPA, calculated at (U)B3LYP/6-31G(d) level of theory. 

 
Scheme 3.1 Reported radical species with SOMO–HOMO conversion: (a) Aminoxyl 
radicals with spin-polarized donor, (b) organometallic complexes, (c) distonic radical 
anions, (d) Helicene-based radicals, (5) chiral bicarbazole-based radicals and (f) triplet 
carbenes. 
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The SOMO–HOMO-converted species have attracted significant 
concentration due to their unique electronic characteristics. They are 
expected to switch bond dissociation energy, generate high-spin oxidized 
species and emit light in the near-infrared region.2 Recent years, SOMO–
HOMO conversion has been reported in aminoxyl radicals, organometallic 
complexes, distonic radical anions, helicene-based radicals, etc (Scheme 
3.1).3–8 But there is no report on the SOMO–HOMO conversion in carbon-
based (multi-)radicals. In this chapter, we provide an approach for molecular 
design of SOMO–HOMO converted carbon-based triplet diradicals by 
theoretical computations. 
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3.2 Results and Discussion 

3.2.1 Molecular Orbitals of Triplet Cyclopentane-1,3-Diyl Diradicals 

In chapter 2, we discussed the singlet diradicaloids S-DR1 and S-DR2c. The 
triplet excited states of S-DR1 and S-DR2c followed Aufbau principle. 
SOMO and SOMO–1 were higher in energies than those of HOMO (Figure 
3.3). For T-DR1, the HOMO was located on the 1,3-diphenyl groups, which 
also significantly contribute to the SOMOs. On the other hand, the HOMO 
of T-DR2c was mainly located on the naphthyl moiety, and it did not show a 
contribution from diradical unit. As SOMOs and HOMO were separated in 
T-DR2c, the change of HOMO should have a negligible influence on SOMO 
(Figure 3.3b). Thus, SOMO–HOMO conversion could be achieved by 
modifying the energy level of SOMO (SOMO–1) or/and HOMO. 

 
Figure 3.3 Molecular orbital diagrams of (a) T-DR1 and (b) T-DR2c calculated at 
(U)B3LYP/6-31G(d) level of theory. 

3.2.2 Molecular Design of SOMO–HOMO-Converted Triplet Diradicals 

As discussed in Section 3.2.1, the molecular design of SOMO–HOMO-
converted cyclopentane-1,3-diyl diradicals has two possible approaches: (1) 
decreasing SOMO (SOMO–1) energy or/and (2) increasing HOMO energy. 
The through-bond interaction between ψTS+ and σCX* could stabilize the 
SOMO–1 by introducing electron withdrawing groups like fluoro, alkoxyl, 
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etc. According to computations at (U)B3LYP/6-31G(d) level of theory using 
model molecules, the energy level of ψTB+ was stabilized to –5.36 eV, which 
was 0.28 eV lower than the ψTS+ without through-bond interaction (Figure 
3.4). The ψTB– was generated by the through-bond interaction between ψTS+ 
with σCX (X = H or CH3) in type-II diradicals, and the energy of ψTB– was 
destabilized to –4.45 eV, about 0.63 eV higher than the ψTS+. On the other 
hand, the ψTS– has no through-bond interaction with σCX/σCX* orbital, and its 
energy (~–4.60 eV) was almost the same in both type-I and type-II cases. 

 
Figure 3.4 Effect of through-bond interaction on the orbital energy of ψTS+. left: X = F; 
right: X = H. Orbital energies were computed from triplet 1,3-diphenylcyclopentane-1,3-
diyl diradical, triplet 2,2-difluoro-1,3-diphenylcyclopentane-1,3-diyl diradical and triplet 
1,4-diphenylbutane-1,4-diyl diradical at (U)B3LYP/6-31G(d) level of theory. 

The lowest SOMO–1 energy that could be achieved by through-bond 
interaction was about –5.36 eV. Thus, a HOMO energy higher than –5.36 eV 
is necessary, and the HOMO should have little change on the SOMO. It is 
well-known that the HOMO energies increase with increasing π-conjugation. 
Thus, acenes could be introduced at the remote position to increase the 
HOMO energy (Figure 3.5). As we concluded from T-DR2c, the SOMOs 
and HOMO located at separated positions. Thus, introducing acene moiety 
should have no change on the SOMO energies. 

The HOMO and LUMO energies of [n]acenes (n = 1–10) were 
computed at (R)B3LYP/6-31G(d) level of theory. As shown in Figure 3.5, 
the HOMO energies are higher than –5.36 eV when n is greater than 3 
(anthracene). Based on the computational results, triplet cyclopentane-1,3-
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diyl diradicals DR3X (X = H, F, Scheme 3.2) with anthracyl moiety at 
remote position were designed to investigate the SOMO–HOMO conversion. 

 
Figure 3.5 HOMO (red) and LUMO (blue) energies of [n]acenes (n = 1~10), calculated 
at (R)B3LYP/6-31G(d) level of theory. 

 
Scheme 3.2 Chemical structures of DR3X. 

3.2.3 SOMO–HOMO Conversion in Macrocyclic Triplet Diradical 

The dihydro- and difluoro-substituted DR2X (X = H, F) were computed 
to understand the substituent effect of fluoro groups. Intriguingly, the 
SOMO–HOMO conversion was not observed in both DR2H and DR2F, 
both triplet diradicals displayed conventional electronic configurations that 
followed the Aufbau principle (Figure 3.6). The HOMO energy was lower 
than the SOMOs by 1.03 and 0.94 eV in DR2H, and the energy differences 
decreased to 0.83 and 0.12 eV in DR2F due to the through-bond interaction 
stabilized SOMO–1 by fluoro-substituents. 
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Figure 3.6 Molecular orbital diagrams of (a) DR2H and (b) DR2F. Molecular orbital 
energies were calculated at the unrestricted (U) B3LYP (ωB97X-D) [M06-2X] density 
functionals with 6-31G(d) basis set. 

To confirm the through-bond interaction in DR3X, triplet 2,2-dihydro-
cyclopentane-1,3-diyl diradical DR3H was computed at (U)B3LYP/6-
31G(d) level of theory. The SOMO and SOMO–1 located at diradical unit, 
which showed similar orbital energy and distribution to those obtained in 
DR2H (Figure 3.7). As expected, DR3H followed Aufbau principle, and two 
SOMOs were higher in energy than the HOMO by 0.47 and 0.54 eV. The 
HOMO located at anthracyl moiety with minor extension to the adjacent 
phenyl rings, had no interaction with diradical unit. In the dihydro-
substituted 1,3-diyls, the SOMO is destabilized by the through-bond 
interaction. The HOMO energy of DR3H increased to –5.21 eV, which was 
higher than the HOMO energy of DR2H by 0.47 eV, and even higher than 
the HOMO of a typical anthracene molecule (EHOMO = –5.23 eV), probably 
due to the bent structure of anthracyl moiety in macrocyclic skeleton, the 
bending angle is 163.25°. Although the HOMO energy provided by anthracyl 
moiety was high, it was not enough to cross over the SOMO–1. Thus, 
SOMO–HOMO conversion was not confirmed in DR3H. 

The triplet 2,2-difluoro-cyclopentane-1,3-diyl diradical DR3F showed 
similar molecular orbitals with DR3H: SOMOs at diradical unit and HOMO 
at anthracyl moiety (Figure 3.8). The SOMO–1 was stabilized by through-
bond interaction of fluoro-substituents, which showed similar energies as 
those in DR2F (Figure 3.6b), while the HOMO is destabilized to –5.17 eV 
by the bent anthracyl moiety, which is higher than SOMO–1 by 0.37 eV, and 
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higher than the HOMO of DR2F by 0.45 eV. Thus, SOMO–HOMO 
conversion was achieved in DR3F. 

 
Figure 3.7 Molecular orbital diagram of DR3H. Molecular orbital energies were 
calculated at the unrestricted (U) B3LYP (ωB97X-D) [M06-2X] density functionals with 
6-31G(d) basis set. 

 
Figure 3.8 Molecular orbital diagram of DR3F. Molecular orbital energies were 
calculated at the unrestricted (U) B3LYP (ωB97X-D) [M06-2X] density functionals with 
6-31G(d) basis set. 

To confirm the density functional dependency on the SOMO–HOMO 
conversion, similar computations were conducted using different long-range 
correlated density functional theory (LC-DFT) functional, ωB97X-D and 
M06-2X with 6-31G(d) basis set. Although the absolute values for orbital 
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energy were different, the SOMO–HOMO conversion in DR3F was 
reproducible (Figure 3.8). The HOMO energy of DR3F was found to be 
higher than SOMO–1 by 0.37, 0.55, and 0.42 eV at the (U)B3LYP, 
(U)ωB97X-D, and (U)M06-2X functionals with 6-31G(d) basis set. 

All computations of triplet diradicals were conducted with unrestricted 
(U) method, and the restricted open-shell (RO) method was also tested for 
the computation of the triplet state of DR3F. As a result, all the DOMOs 
were found to be lower in energy than SOMOs at (RO)B3LYP/6-31G(d) 
level of theory, and the total electronic energy was higher than that at 
(U)B3LYP/6-31G(d) level of theory by 14.2 kJ mol–1. 

 
3.2.4 Charged Species of SOMO–HOMO-Converted Triplet Diradical 

The charged species (radical anion, radical cation, and dication) of 
SOMO–HOMO-converted DR3F were investigated to get a further 
understanding of the electronic configuration. The one-electron reduced 
anion DR3F–, was optimized to a conventional radical anion at (U)B3LYP/6-
31G+(d) level of theory. It is reported that the diffuse functions are important 
in predicting the properties of anionic species since the negative charge 
occupies the outer shell with broad orbitals. Upon one-electron reduction, 
the SOMO–1 of DR3F was doubly occupied by two electrons and became 
the HOMO of DR3F–, while the SOMO of DR3F was still the SOMO of 
DR3F– (Figure 3.9). 

 
Figure 3.9 (a) Spin density map and (b) molecular orbital diagram of DR3F–. Molecular 
orbital energies were calculated at the (U)B3LYP/6-31G+(d) level of theory. 

The one-electron oxidized radical cation DR3F+ was optimized to a 
SOMO–HOMO-converted radical cation (Figure 3.10). One electron in 
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SOMO of DR3F was removed, and the other electrons kept their original 
configuration, including the low-lying SOMO–1 of DR3F. Both diradical 
unit and anthracyl moiety contributed to the HOMO and LUMO. Spin 
density distribution of DR3F+ indicated the unpaired electron localized at 
the diradical unit. 

 
Figure 3.10 (a) Spin density map and (b) molecular orbital diagram of DR3F+. Molecular 
orbital energies were calculated at the (U)B3LYP/6-31G(d) level of theory. 

The two-electron oxidized dication, DR3F2+ was found to be a triplet 
ground state diradical (Figure 3.11). A wavefunction instability was found in 
the computation at the spin-polarized open-shell singlet state with broken 
symmetry (BS) approach at unrestricted (U)B3LYP/6-31G(d) level of theory. 
In contrast, the closed-shell singlet state of DR3F2+ was energetic highly 
liable than the triplet state (ΔES–T = 52.57 kJ mol–1). The two SOMOs were 
located at diradical unit and anthracyl moiety separately, both of which were 
higher lying than the doubly occupied HOMO, which was located at the 
diphenylethynyl moiety. As indicated by two SOMOs, spin density map of 
DR3F2+ clearly showed two separated parallel spins. The SOMOs in DR3F2+ 
showed the same distribution as HOMO and SOMO–1 in DR3F, and the 
SOMO in DR3F became the LUMO of DR3F2+. 

 
3.2.5 SOMO–HOMO Conversion in Non-Cyclic Triplet Diradicals 

HOMO energy of DR3F was increased to –5.17 eV, which was 0.06 eV 
higher than the HOMO of a typical anthracene molecule. The increased 
HOMO energy resulted in SOMO–HOMO conversion. As we found in  
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Figure 3.11 (a) Spin density map and (b) molecular orbital diagram of DR3F2+. 
Molecular orbital energies were calculated at the (U)B3LYP/6-31G(d) level of theory. 

DR3H, the anthracyl moiety was highly bent in macrocyclic skeleton, and 
the bending angle was 162.94° in DR3F. To investigate the effect of curved 
anthracyl moiety on SOMO–HOMO conversion, non-cyclic triplet 2,2-
difluoro-cyclopentane-1,3-diyl diradical DR4a was computed. 

 
Figure 3.12 Chemical structure and molecular orbital diagram of DR4a. Molecular 
orbital energies were calculated at the unrestricted (U) B3LYP (ωB97X-D) [M06-2X] 
density functionals with 6-31G(d) basis set. 

The anthracyl moiety in DR4a was nearly planar (θ = 179.78°), and the 
HOMO energy was very close to that of a typical anthracene molecule, 
indicating the HOMO was mainly located at anthracyl moiety. The SOMO–
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HOMO conversion was confirmed in DR4a since the HOMO energy was 
lower than SOMO by 0.40 eV but higher than SOMO–1 by 0.29 eV (Figure 
3.12). Thus, the HOMO energy of anthracene is high enough to cross over 
the SOMO–1 of triplet 2,2-difluoro-cyclopentane-1,3-diyl diradicals, 
although the curved anthracyl did increase the HOMO energy in DR3F. 

Since the triple bonds in DR3F did not contribute to the SOMOs and 
HOMO, they should have no influence on the SOMO–HOMO conversion. 
Triplet diradical DR4b was computed to prove our prediction. As expected, 
SOMO–HOMO conversion was confirmed in DR4b, and the HOMO energy 
was 0.22 eV higher than that of SOMO–1 (Figure 3.13). The anthracyl 
moiety adapted a planar structure, similar to that in DR4a. 

 
Figure 3.13 Chemical structure and molecular orbital diagram of DR4b. Molecular 
orbital energies were calculated at the unrestricted (U) B3LYP (ωB97X-D) [M06-2X] 
density functionals with 6-31G(d) basis set. 

 
Scheme 3.3 Chemical structures of DR5a–c. 
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The linkage type that decouples the π-conjugation between diradical 
unit and anthracyl moiety should influence the SOMO–HOMO conversion. 
To understand the effect of meta-linkage, triplet diradicals DR5a–c were 
computed at (U)B3LYP/6-31G(d) level of theory (Scheme 3.3). 

For DR5a, the anthracyl moiety was connected at the para-position of 
the phenyl ring. The HOMO was confirmed in the phenylanthracyl moiety, 
with small delocalization to the triple bond, so the HOMO energy slightly 
increased compared with that of DR4a by 0.03 eV (Figure 3.14). On the 
other hand, changing of linkage pattern did not affect the SOMO and 
SOMO–1 distribution, and SOMO–HOMO conversion was observed in 
DR5a. 

 
Figure 3.14 Molecular orbital diagram of DR5a. Molecular orbital energies were 
calculated at the (U)B3LYP/6-31G(d) level of theory. 

In DR5b, the 2-(3-anthracylphenyl)-ethynyl unit is connected with 1,3-
diphenyl rings at the para-position. The SOMO and SOMO–1 were highly 
destabilized by 0.22 and 0.40 eV, respectively, compared with those in DR5a 
(Figure 3.15). The destabilization is due to the increased π-conjugation to the 
ethynylphenyl unit. On the other hand, the HOMO was not changed 
compared with the typical anthracene molecule. Thus, the HOMO energy 
was lower than SOMO–1 by 0.14 eV, and DR5b adapted a conventional 
electronic configuration. 
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Figure 3.15 Molecular orbital diagram of DR5b. Molecular orbital energies were 
calculated at the (U)B3LYP/6-31G(d) level of theory. 

A similar conclusion was confirmed in DR5c by removing the triple 
bonds in DR5b, in which the anthracyl moiety was directly connected at the 
para-position of 1,3-diphenyl rings. As the discussion about DR4b, the triple 
bonds had no influence on the SOMOs and HOMO. Thus, DR5c showed the 
same behavior as DR5b. The electronic configuration followed Aufbau 
principle (Figure 3.16). 

 
Figure 3.16 Molecular orbital diagram of DR5c. Molecular orbital energies were 
calculated at the (U)B3LYP/6-31G(d) level of theory. 



 81 

The SOMO–HOMO-converted triplet diradicals discussed above have 
fluoro-substituents on the C2 position of cyclopentane ring. As we 
introduced in chapter 2, these type-I diradicals have singlet ground states, 
and the SOMO–HOMO conversion which observed by computational 
studies exists in their excited triplet states. Electron donating groups like 
hydrogen atom, alkyl groups at the C2 position are necessary for making 
triplet ground state diradicals. In that case, to achieve SOMO–HOMO 
conversion, we need to increase the HOMO energy higher than that of ψTS– 
(E = –4.60 eV). Thus, triplet diradical DR6 with hexacyl moiety (n = 6) at 
remote position were computed (Figure 3.17). The HOMO energy of hexacyl 
moiety increased to –4.41 eV, which was higher than SOMO and SOMO–1 
by 0.09 and 0.20 eV, respectively. As expected, the diradical DR6 has a 
triplet ground state (ΔES–T = 0.98 kJ mol–1) due to the through-bond 
interaction by hydrogen atoms at the C2 position of cyclopentane ring. 

 
Figure 3.17 Chemical structure and molecular orbital diagram of DR6. Molecular orbital 
energies were calculated at the (U)B3LYP/6-31G(d) level of theory. 
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3.3 Chapter Summary 

In this chapter, we provided an approach for the molecular design of SOMO–
HOMO-converted triplet cyclopentane-1,3-diyl diradicals. Two factors were 
important for generating such non-Aufbau configured species: (1) 
decreasing the SOMO–1 energy by introducing difluoro-substituents at the 
C2 position; (2) increasing HOMO energy by introducing acene with high 
HOMO energy at remote position. 

According to computations, singlet ground state diradicals DR 
displayed SOMO–HOMO conversion in their triplet excited states, with high 
HOMO energy in the anthracyl moiety and low-lying SOMO–1 due to 
stabilization through-bond interaction of fluoro-substituents. Such SOMO–
HOMO-converted triplet diradicals showed different behavior on the 
charged species compared with conventional triplet diradicals: the one-
electron oxidized cation, DR3F+, also displayed SOMO–HOMO conversion, 
while the two-electron oxidized dication DR3F2+ and one-electron reduced 
anion DR3F– followed Aufbau principle. 

On the other hand, the dihydro- or naphthyl-substituted DR did not 
show SOMO–HOMO conversion due to the lower HOMO energies and/or 
higher SOMO–1 energies. SOMO–HOMO conversion vanished in para-
linked derivatives DR5b and DR5c resulting from alteration in the 
conjugation pattern. 

The triplet ground state diradicals DR6 with higher HOMO energies by 
introducing hexacyl moieties were investigated. Although the through-bond 
interaction did not stabilize the SOMO–1 in DR6, the high-lying HOMO 
provided SOMO–HOMO conversion in its triplet ground state. The 
computational studies described in this chapter aim to provide a new method 
for creating carbon-based SOMO–HOMO-converted triplet diradicals. 
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3.4 Computational Details 

Quantum chemical computations in gas phase have been performed with the 
Gaussian 16 (Revision B.01) suite of programs. Molecular orbitals and spin 
density maps were visualized with an iso-surface value of 0.02 and 0.0015 
a.u., respectively, using GaussView 6.0.16 program. 

The overlap integral S between α and β orbitals is used to evaluate the 
matching degree of corresponding spin orbital pairs, significant deviation 
from 1 indicates remarkable spin polarization. The overlap integral matrixes 
were computed with equation (S1) by Multiwfn 3.7 package10 on Red Hat 
Enterprise Linux 8.3 platform. 

 
(S1) 

 
 
 

Sαβ
i, j = ∫ φα

i (r)φβ
j (r)dr
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Localized diradicals having two unpaired electrons are well-known chemical 
species in the denitrogenation of azoalkanes or bond homolysis reactions. 
Diradicals have two spin states, a singlet and a triplet. Due to the two 
electrons are ferromagnetically coupled, triplet diradicals show great 
potential for application to molecular magnetic materials. On the other hand, 
singlet diradicals are critical intermediates in the bond homolysis processes. 
Thus, elucidating their chemistry will provide a deeper understanding of the 
fundamental processes of bond-formation and bond-breaking processes. 
Recently, the non-linear optical properties and singlet-fission phenomenon 
were found in open-shell singlet species. So, singlet diradicals have attracted 
attention not only in fundamental chemical research but also in the field of 
materials science. 

Singlet cyclopentane-1,3-diyl diradicaloids with bonding orbital in the 
highest occupied molecular orbital (HOMO) are promising candidates for 
carbon–carbon π-single bonding species. Such species possess an extremely 
small HOMO–LUMO gap, showing unique chemical properties such as high 
redox activity and non-linear optical properties. Generally, the localized 
singlet diradicaloids having π-single bonding character are highly reactive 
species that give the corresponding σ-bonding compounds. The short-lived 
character hampers experimental investigations of their nature. In the past two 
decades, continued efforts have been devoted to stabilizing such highly 
reactive species. By introducing phenyl rings to the radical carbon atoms, 
singlet diradicaloids could be thermodynamically stabilized by electron 
delocalization. On the other hand, the kinetic stabilization of singlet 
diradicaloids has been achieved by introducing bulky groups to destabilize 
the transition states and products of intramolecular radical–radical coupling 
reactions. 

In chapter 2, we implemented the approach of “stretch effect” for 
cyclopentane-1,3-diyl diradicaloids to access kinetically stabilized singlet 
diradicaloids. The stretch effect induced by macrocyclic skeleton can 
suppress the bond-formation process by pulling the two radical carbon atoms 
into the opposite direction against the bond-formation. Thus, the transition 
states TS and σ-bonded products CP are supposed to be destabilized, and 
singlet diradicaloid S-DR could be kinetically stabilized. To this end, a 
macrocyclic structure was designed to generate the long-lived singlet 
diradicaloid, enabling the experimental investigation of the singlet 
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diradicaloid with π-single bonding character. 
Quantum chemical computations were conducted for the molecular 

design of long-lived singlet diradicaloid with “stretch effect”. The kinetically 
stabilized diradicaloid S-DR2d was generated by the photochemical 
denitrogenation of azoalkane AZ2d to exhibit a small carbon–carbon 
coupling reaction rate of 6.4 × 103 s–1 (155.9 μs), approximately 1000 times 
slower than that of the parent system without the macrocycle S-DR1 (5 × 106 
s–1, 209 ns) at 293 K in benzene. In addition, a significant dynamic solvent 
effect was observed in the intramolecular radical–radical coupling reactions. 
The lifetime of singlet diradicaloid S-DR2d showed the longest lifetime up 
to 400.2 μs in viscous glycerin triacetate (η = 23.00 cP) at 293 K. 
Furthermore, the stretch effect highly destabilized the σ-bonded product 
trans-CP2, it decomposed immediately after exposure to air atmosphere, 
although the σ-bonded product with no-macrocyclic structure trans-CP1 was 
stable under air at room temperature. The theoretical and experimental 
studies demonstrated that the stretch effect and solvent viscosity play 
important roles in retarding the σ-bond formation process, thus enabling a 
thorough examination of the nature of the singlet diradical and paving the 
way toward a deeper understanding of reactive intermediates. 

The research results in chapter 2 encourage further experiments on S-
DR2d. Since the solvent viscosity strongly affects the lifetime of S-DR2d, 
it is expected that S-DR2d may have a longer lifetime in the solvent with 
higher viscosity, such as ionic liquids. And, it is considered that the atomic 
movement of S-DR2d could be inhibited in the solid state, so it is worth to 
check the lifetime of S-DR2d in solid polymer like PMMA. Furthermore, 
the molecular design of longer-lived singlet diradicaloids than S-DR2d is 
important to create π-single bonded species since the lifetime of S-DR2d is 
still in microsecond order. 

In chapter 3, we focused on the triplet diradicals. According to the 
Aufbau principle, singly occupied molecular orbitals (SOMOs) are 
energetically higher lying than the highest doubly occupied molecular orbital 
(HOMO) in the electronic ground state of radicals. However, in the last 
decade, SOMO–HOMO energy-converted species have been reported in a 
limited group of radicals, such as distonic anion radicals and nitroxides. This 
unusual electronic configuration plays an important role in switch bond 
dissociation energy, generation of high-spin species in the low oxidation state, 
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and light emission in the near-infrared region. 
The singlet cyclopentane-1,3-diyl diradicaloids were discussed in 

chapter 2, the HOMO and SOMOs of these diradicaloids located at separated 
positions. Thus, it is possible to generate SOMO–HOMO-converted 
diradicals by increasing HOMO energy and/or decreasing SOMO/SOMO–1 
energies. In this study, SOMO–HOMO conversion was found in triplet 2,2-
difluorocyclopentane-1,3-diyl diradical DR3F by theoretical computations 
containing the anthracyl unit at the remote position. The SOMO–HOMO 
conversion vanished in dihydro-substituted DR3H or naphthyl-substituted 
DR2F triplet diradicals, indicating that the high HOMO energy in the 
anthracyl moiety and the low-lying SOMO–1 due to the fluoro-substituent 
effect were the keys to the SOMO–HOMO conversion phenomenon. 
Furthermore, the cation radical which was generated through the one-
electron oxidation of neutral diradical was found to be a SOMO–HOMO-
converted monoradical, and the dication was a diradical with triplet ground 
state according to computations. These theoretical studies provided an 
approach for the molecular design of SOMO–HOMO-converted species. 
The exciting computational results about SOMO–HOMO-converted triplet 
diradical DR6 request further experimental research. 
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