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Preface 
The studies in this thesis were carried out under the guidance of Prof. Dr. Hiroshi 

Shinokubo and Assistant Prof. Dr. Satoru Hiroto at Department of Molecular and Mac-

romolecular Chemistry, Graduate School of Engineering, Nagoya University during the 

period from April 2013 to February 2018. 

These studies mainly focus on the syntheses and properties of a nitro-

gen-embedded bowl-shaped molecule, that is, penta-peri-pentabenzoazacorannulene. To 

date, various kinds of polycyclic aromatic hydrocarbons have been synthesized, most of 

which consist of planar π-surfaces. Recently, many scientists have attempted the syn-

thesis of bowl-shaped π-conjugated molecules. Among these studies, the introduction of 

heteroatoms to the nonplanar molecular skeleton has remained challenging. The aim of 

the research described in this thesis is to synthesize a bowl-shaped molecule with a ni-

trogen atom in its center and to discover its specific chemical and physical properties as 

well as functionalities derived from the heteroatom and the nonplanar π-system. 
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List of Abbreviations  

Å ångström unit 
Abs absorbance 
Ac acetyl 
APCI atmospheric pressure chemi-

cal ionization 
aq aqueous or water solution 
Ar aryl or heteroaryl 
BAHA tris(4-bromophenyl)aminium 

hexachloroantimonate 
BODIPY 4,4-difluoro-4-bora-3a,4a-dia

za-s-indacene 
Bu butyl 
calcd calculated 
cod 1,5-cyclooctadiene 
COSY correlation spectroscopy 
CT charge transfer 
Cy cyclohexyl 
δ chemical shift (NMR) 
D diffusion coefficient 
dba dibenzylideneaceton 
DBU 1,8-diazabicyclo[5.4.0]undec

-7-ene 
DDQ 2,3-dichloro-5,6-dicyano-1,4 

-benzoquinone 
DFT density functional theory 

DMA N,N-dimethylacetamide 
DMF N,N-dimethylformamide 
DOSY diffusion-ordered 

two-dimensional NMR spec-
troscopy 

dppf 1,1'-bis(diphenylphosphino)f
errocene 

DPV differential pulse voltamme-
try   

equiv equivalent(s) 
ESI electrospray ionization 
ESR electron spin resonance 
Et ethyl 
EXSY exchange spectroscopy 
FE field emission 
FP-TRM
C 

flash-photolysis 
time-resolved micro-
wave conductivity 

FVP flash vacuum pyrolysis 
h hour(s) 
hv irradiation with light 
HOMO highest occupied mo-

lecular orbital 
HR high-resolution(MS) 
Int intensity 
i-Pr 1-methylethyl 
J coupling constant 

(NMR) 
Ka association constant 
LUMO lowest unoccupied mo-

lecular orbital 
M molar 
MALDI matrix assisted laser 

desorption ionization 
Me methyl 
Mes mesityl 
min minute(s) 
MO molecular orbital(s) 
MS mass spectrum 
NBS N-bromosuccinimide 
NIR near infra-red 
NMR nuclear magnetic reso-

nance 
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NOESY nuclear overhauser effect 
spectroscopy 

ox oxidation 
�f fluorescence quantum yield 
Ph phenyl 
PIFA bis(trifluoroacetoxy)iodoben

zene 
POAV π-orbital axis vector 
ppm parts per million 
R an organic group 
r.t. room temperature 
SEM scanning electron microsco-

py 
t-Bu 1,1-dimethyl-1-ethyl 
TD time dependent 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TMEDA N,N,N',N'-Tetramethylethyle

nediamine 
TOF time-of-flight 
UV ultraviolet 
v volume 
Vis visible 
VT variable temperature 
Xantphos 4,5-bis(diphenylphosphino)-

9,9-dimethylxanthene 
XRD X‐ray diffraction 
ZPE zero point energy 
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1-1. Buckybowls 

Buckybowls are bowl-shaped π-conjugated molecules such as corannulene 

and sumanene, which have a partial structure of fullerenes.1,2 These curved π-conjugated 

molecules have attracted many scientists not only for their fascinating chemical and 

physical properties derived from their non-planar structures, but also as key starting 

materials for the bottom-up synthesis of fullerenes and carbon nanotubes. In 1966, Bar-

th and Lawton have succeeded in the first chemical synthesis of corannulene in seven-

teen steps from acenaphthene (Scheme 1-1a).2b Corannulene corresponds to [5]circulene, 

where five benzene rings are fused with each other so as to construct the cyclic structure. 

Due to the bowl structure, the internal carbon atoms of corannulene adopt distorted sp2 

configuration. A few decades later, Hirao, Sakurai, and co-worker have reported the 

beautiful chemical synthesis of sumanene in three steps from norbornadiene (Scheme 

1-1b).2c After the successful synthesis of these representative buckybowls, various kinds 

of bowl-shaped molecules have been reported so far.  

 

 

Scheme 1-1. The first syntheses of (a) corannulene and (b) sumanene. 

 

 

17 steps

3 steps

Corannulene

Sumanene
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(b) Hirao, Sakurai, and co-worker

C60

C60
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A curved π-surface of buckybowls is suitable for the recognition of fullerenes 

because the concave surface of buckybowls can efficiently overlap with the convex 

surface of fullerenes.3,4 For example, corannulene forms a 1:1 inclusion complex with 

C60 through the intermolecular concave–convex π-π interaction in the crystalline state 

(Figure 1-1).4a The introduction of electron-donating groups to buckybowls can enhance 

the binding ability toward C60 due to an attractive intermolecular donor-acceptor inter-

action (Chart 1-1).4c,d In the case of planar aromatic molecules such as porphyrins, a 

dimeric structure is required to achieve a strong association with C60.5 

 

 

Figure 1-1. The X-ray crystal structure of 1:1 complex between corannulene and C60. 

 

 

Chart 1-1. Corannulene derivatives functionalized with electron-donating groups and 

their binding constants in (a) toluene and (b) CS2. 
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Non-planar bowl-shaped molecules are also known for exhibiting a 

bowl-to-bowl inversion behavior (Figure 1-2).6 For example, the π-surface of corannu-

lene inverts rapidly in the solution state around room temperature.6a The bowl-to-bowl 

inversion properties are extensively studied using a variety of functionalized corannu-

lene derivatives. These dynamic characteristics are expected for the application to mo-

lecular machines as well as switching and memory materials.7 

 

 
Figure 1-2. Bowl-to-bowl inversion behavior of buckybowls. 

 

The reactivities of bowl-shaped molecules are also another interesting topic. 

While the chemical reactions of buckybowls usually occur at peripheral positions as in 

the case of planar π-systems, there are a few examples in which the reactions proceed at 

internal positions.8 For example, some of electrophilic addition reactions of corannulene 

proceed at internal sp2 carbon atoms (Scheme 1-2a). The similar reactivities were also 

observed in other bowl-shaped π-systems (Scheme 1-2b and Scheme 1-2c). 

 

Bowl-to-Bowl
Inversion
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Scheme 1-2. The addition reactions to bowl-shaped molecules at internal positions. 

 

1-2. The Synthesis of Bowl-Shaped Molecules 

The synthesis of bowl-shaped molecules is usually difficult because the con-

struction of their highly curved π-surface is energetically unfavorable, for which con-

ventional oxidative fusion reaction does not work well. On the other hand, Scott and 

co-workers have found that flash vacuum pyrolysis (FVP) was effective for the synthe-

sis of bowl-shaped molecules. FVP is a technique where a precursor is intensely heated 

for a short time under dynamic vacuum. The cleavage and recombination of chemical 

bonds in a substrate continuously occur under such harsh reaction conditions, finally 

producing a target product. FVP enables easy access to various bowl-shaped mole-

cules.9 For example, the number of steps for the synthesis of corannulene was shortened 

to six steps from commercially available acenaphthenequinone (Scheme 1-3).9a The 

synthesis of highly strained π-extended buckybowls, which have never been achieved 

by the conventional solution phase methods, were also prepared by employing this 
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technique (Scheme 1-4).9g–i However, there exist some problems in this method. (1) The 

product yield tends to be relatively low because of many side reactions and byproducts. 

(2) Special techniques and equipment are required. (3) A functional group cannot toler-

ate under such very harsh reaction conditions. For these reasons, a mild but facile an-

other synthetic method was strongly needed. 

 

 
Scheme 1-3. The synthesis of corannulene from acenaphthenequinone. 

 

 
Scheme 1-4. The synthesis of π-extended buckybowls. 
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In 1996, Siegel and co-workers have reported a solution-phase synthesis of 

2,5-dimethylcorannulene (Scheme 1-5).10 This methodology utilized 

3,8-dimethylacenaphthylene-1,2-dione as the starting material. The reductive coupling 

reaction with TiCl3/LiAlH4 (or VCl3/LiAlH4) followed by the oxidative aromatization 

with DDQ afforded the target bowl-shaped product in moderate yield. A variety of 

functionalized corannulene derivatives have been synthesized in similar strategies 

(Scheme 1-6).11 Different from FVP, this strategy is also applicable to the large-scale 

synthesis.12 

 

 
Scheme 1-5. The synthesis of 2,5-dimethylcorannulene. 

 

 

Scheme 1-6. The synthesis of highly functionalized corannulene (ref 11c). 

 

Several research groups have developed other intramolecular C–X/C–H (X = 

F, Cl, Br) coupling reactions for the synthesis of bowl-shaped molecules.13 Scott and 

co-workers have achieved the synthesis of dibenzo[a,g]corannulene in good yield 

through an intramolecular double C–H/C–Br coupling reaction using a palladium(Ⅱ) 
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catalyst (Scheme 1-7a).13c Wu and co-workers have also succeeded in obtaining a 

π-extended bowl-shaped molecule with another palladium catalyst (Scheme 1-7b).13d 

Amsharov and co-workers reported the synthesis of buckybowls through elimination of 

HF using activated aluminum oxide (Scheme 1-8).13f,g 

 

 

Scheme 1-7. The synthesis of bowl-shaped molecules through palladium-catalyzed in-

tramolecular coupling reaction. 

 

 

Scheme 1-8. The synthesis of bowl-shaped molecule using activated aluminum oxide. 
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1-3. Heterobuckybowls 

Heterobuckybowl is a buckybowl that contains heteroatoms in its molecular 

framework, which is expected as a model compound to investigate the properties of 

heterofullerenes and heterocarbon nanotubes.14 However, the synthesis of heteroa-

tom-containing bowl-shaped molecules has remained challenging and only a few exam-

ples of heterobuckybowls have been reported to date. Among these studies, many scien-

tists have challenged the synthesis of azacorannulenes. The author explains the history 

of an azacorannulene in this section. 

According to the paper reported by Scott and co-workers,15 the synthesis of 

azacorannulene was first attempted by Bratcher, where FVP reaction was applied to a 

fluoranthene derivative substituted with two nitrile groups on the basis of the reaction in 

Scheme 1-9b16 (Scheme 1-9a). However, the intramolecular double cyclization reaction 

did not proceed, probably due to the endothermic character of this reaction. Rabideau 

also attempted the synthesis of another type of azacorannulene that contains one 

imine-type nitrogen atom in its skeleton (Scheme 1-10a). Rabideau utilized an azafluo-

ranthene derivative with two α-chlorovinyl groups as the precursor. In the synthesis of 

corannulene, the introduction of the α-chlorovinyl groups to the precursor drastically 

improved the product yield.9d On the other hand, the C–N bond cleavage as well as the 

following rearrangement reaction unfortunately occurred in this case. Bodwell, Scott 

and co-workers have also tried the synthesis of diazadibenzocorannulene with one N=N 

unit (Scheme 1-10b).17 However, the FVP reaction of the precursor afforded a undesired 

product without nitrogen atom in its skeleton. In this case, the palladium-catalyzed in-

tramolecular coupling reaction with the same precursor also failed, resulting in the re-

covery of the starting material. 
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Scheme 1-9. (a) The first attempt to the synthesis of an azacorannulene. (b) Referenced 

reaction. 

 

 
Scheme 1-10. The attempts to the synthesis of azacorannulenes. 

 

Many scientists have also challenged the synthesis of heterosumanenes. 

Klemm and co-workers attempted the synthesis of trithiasumanene, where three ben-

zylic carbon atoms of sumanene were replaced with three sulfur atoms (Scheme 1-11).18 

N N
FVP

C C NN

N
H

CH2Cl

O

FVP

C
N + N

15%45%

not obtained

(a) Bratcher

(b) Referenced reaction

N

ClCl

N

1100 °C

FVP

C
N

(a) Rabideau

NN

Br Br

NN

1050 °C

FVP

38%

(b) Scott, Bodwell, and co-workers

but

but

not detected

not detected



Chapter 1 

 13 

The mixture of triphenylene and hydrogen sulfide was heated at 550 °C. While mono- 

and di-bridged species were obtained in low yields, tri-bridged species, that is trithia-

sumanene, was not detected. 

 

 

Scheme 1-11. The attempt to the synthesis of trithiasumanene. 

 

Otsubo and co-workers have reported the first successful synthesis of het-

eroatom-containing bowl-shaped π-conjugated molecule, a trithiasumanene in 1999 

(Scheme 1-12).19 They employed benzo[1,2-b:3,4-b':5,6-b'']trithiophene as the precursor 

instead of triphenylene which was used in previous Klemm’s work. They introduced 

three α-chlorovinyl groups to benzotrithiophene over three steps. The FVP reaction of 

the two regioisomers at 1000 °C provided the target product in 35% yield. The detailed 

structure of the trithiasumanene was elucidated by X-ray crystal diffraction analysis. As 

expected, the trithiasumanene has a bowl-shaped structure as in the case of parent su-

manene. In addition, the bowl depth of the trithiasumanene (0.65 Å) is shallower than 

that of sumanene (1.11 Å).20 The structural change is most probably due to the differ-

ence in bond lengths between carbon–carbon and carbon–sulfur bonds. Another group 

also achieved the synthesis of a triselenasumanene, in which three benzylic carbon at-

oms of sumanene were replaced with three selenium atoms (Scheme 1-13).21 The bowl 

depth of the triselenasumanene is calculated to be 0.47 Å. 
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Scheme 1-12. The first chemical synthesis of a trithiasumanene. 

 

 

Scheme 1-13. The synthesis of a triselenasumanene. 

 

Higashibayashi and Sakurai and co-workers have also succeeded in the syn-

thesis of a nitrogen-doped azabuckybowl, that is, triazasumanene (Scheme 1-14).22 In 

triazasumanene, three sp2 carbon atoms of sumanene were replaced with three 

imine-type nitrogen atoms. They utilized a bowl-shaped intermediate with sp3 carbon 

atoms in its skeleton, at which the pyramidalization strain is effectively relieved. The 
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following oxidative aromatization reaction successfully resulted in the construction of 

three pyridine rings. The triazasumanene has bowl chirality. From X-ray crystal diffrac-

tion analysis, the bowl depth of triazasumanene was measured to be 1.30 Å, while the 

value of parent sumanene is 1.11 Å. The bowl inversion energy was estimated to be ∆E 

= 39.9 kcal mol–1 by DFT calculations, which is much larger than that of sumanene (∆E 

= 19.7–20.4 kcal mol–1 in various solvents).23 The difference of these properties reflects 

the effect of the replacement of carbon atoms with nitrogen atoms. 

 

 
Scheme 1-14. The enantioselective synthesis of a triazasumanene. 

 

 After the author had reported the synthesis of nitrogen-embedded 

bowl-shaped molecules, several research groups succeeded in obtaining other kinds of 

heterobuckybowls. These examples are also summarized below. 

In 2017, Scott and co-workers achieved the synthesis of a π-extended aza-

corannulene, that is, 5-azadibenzo[a,g]corannulene (Scheme 1-15).15 The azacorannu-

lene contains one nitrogen atom at the peripheral position. Because of the basicity of the 

imine-type nitrogen atom, the protonation reaction proceeded at this site reversibly. The 

azacorannulene was decomposed during silica gel chromatography due to the hydrolysis 

PMBN

O

I

N

N

N

SO2Me

SO2Me

MeO2S

1,4-dioxane, 100 °C

Pd(OAc)2, PPh3, Bu4NOAc
Na2CO3, molecular sieves 4 Å

NPMB

O

N
PMB

O

BMPN

O

57%

2 steps
NPMB

N

PMBN

O

O

O
H

H

H

H

H

H

PMB

5steps

X-ray crystal structure
(SO2Me groups are omitted)



Chapter 1 

16 
 

of the C=N bond. 

 

 

Scheme 1-15. The synthesis of 5-azadibenzo[a,g]corannulene. 

 

In 2016, Higashibayashi and co-workers have synthesized a hydra-

zinobuckybowl, in which internal two sp2 carbon atoms of diindenochrysene were re-

placed with an N–N unit (Scheme 1-16).24 The hydrazinobuckybowl has twisted struc-

ture, while the corresponding one-electron oxidized species has bowl-shaped geometry. 

Further oxidation afforded the corresponding dicationic species, which has planar 

π-structure. 
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Scheme 1-16. The synthesis of a hydrazinobuckybowl. 

 

Very recently, Saito, Furukawa, and co-workers have succeeded in the syn-

thesis of triphosphasumanene trisulfide, in which three benzylic carbon atoms of su-

manene were replaced with three phosphorus substituents (Scheme 1-17).25 In this case, 

two isomers, that is syn- and trans-isomer, were formed. The three sulfur atoms face in 

the same direction in the syn-isomer, while one of the three sulfur atoms faces in the 

opposite direction in the trans-isomer. The syn-isomer has bowl-shaped structure. The 

bowl depth was determined to be 0.46 Å. On the other hand, trans-isomer has a planar 

π-surface. The cis-isomer exhibits high out-of-plane anisotropy. Furthermore, the 

π-surface of the syn-isomer, in which the three sulfur atoms are located, exhibits the 

electron-rich character. Consequently, the strong interaction between the electron-rich 

π-surface and a gold surface was observed. 
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Scheme 1-17. The synthesis of triphosphasumanene trisulfide. 
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1-2).26 They employed a π-extended azomethine ylide as the precursor. 

 

 
Chart 1-2. The structure of penta-peri-pentabenzoazacorannulenes. 

 

The synthesis of penta-peri-pentabenzoazacorannulene is discussed in Chapter 2. 

The oxidative dimerization reaction followed by transition metal-catalyzed coupling 
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In the course of examining the scope and limitation of the oxidation reaction of 

aromatic amines, the author also found the oxidation of 2-amino-substituted BODIPY 

resulted in the formation of pyrazine-fused BODIPY trimers or diazo-bridged BODIPY 

dimer depending on the structure of the precursors. These results are also summarized 

in APPENDIX. 
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Chapter 2 
 

Synthesis and Properties of 
Penta-peri-Pentabenzoazacorannulene 

 

ABSTRACT: Curved π-conjugated molecules have attracted considerable interest be-

cause of the unique properties originating from their curved π surface. However, the 

synthesis of such distorted molecules requires harsh reaction conditions, which hamper 

easy access to heteroatom-containing curved π systems. In this chapter, the author re-

ports the synthesis of a π-extended azacorannulene, which has a nitrogen atom in its 

center. The oxidation of 9-aminophenanthrene provides tetrabenzocarbazole, which is 

converted to the penta-peri-pentabenzoazacorannulene through palladium-catalyzed in-

tramolecular cross-coupling reactions. The author also revealed its electron-donating 

nature and curved π-surface enable the efficient association with C60 both in solution 

and solid states. High charge-carrier mobility is observed for the pen-

ta-peri-pentabenzoazacorannulene/C60 assembly. This compound should be of broad 

interest in the fields of curved π-systems as fullerene hosts, anisotropic π-donors and 

precursors to nitrogen-containing nanocarbon materials. 
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2-1. Introduction 

Bowl-shaped π-conjugated molecules such as corannulenes and sumanenes 

have attracted much attention as precursors for the bottom-up synthesis of fullerenes 

and nanotubes.1,2 In 1966, Barth and Lawton reported the first chemical synthesis of 

corannulene.2a Since Scott and Siegel’s groups developed their straightforward synthesis 

of corannulene, numerous bowl-shaped hydrocarbons have been synthesized.3 To en-

hance these characteristics, the introduction of heteroatoms is an effective strategy. 

However, the synthesis of heteroatom-containing bowl-shaped π-conjugated molecules 

remains a challenge.4 The preparation of such distorted π systems requires harsh reac-

tion conditions that do not tolerate heterocyclic molecules.4d,5 

Aniline, the representative example of aromatic amines, affords “aniline black” 

by oxidation.6 This black pigment is a mixture of oligomeric products. Thus, in the oxi-

dation reaction of a simple aromatic amine such as aniline, the control of the reaction is 

quite difficult. Recently, Shinokubo and co-workers have reported the efficient oxida-

tive dimerization of aminoarenes to π-extended fused products in a one-step operation.7 

In the oxidation reactions of 2-aminoanthracenes with 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), the pyrazine-fused dimer formed in 

the presence of trifluoroacetic acid (TFA), while the pyrrole-fused dimer was predomi-

nantly obtained upon the addition of ethanol (Scheme 2-1).7b In the course of examining 

the scope and limitation of these oxidative dimerization reactions, the author discovered 

that the oxidation of N-aryl-9-aminophenanthrenes afforded N-aryl-tetrabenzocarbazole 

in good yields (Scheme 2-2). This tetrabenzocarbazole has a partial structure of 

π-extended azacorannulene with nitrogen atom in its center.8 As a result, the consecu-

tive fusion reactions of tetrabenzocarbazole through palladium-catalyzed C–H/C–Cl and 

C–H/C–Br coupling achieved the synthesis of nitrogen-embedded bowl-shaped mole-

cule, that is, penta-peri-pentabenzoazacorannulene under mild conditions.9 
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Scheme 2-1. Oxidation of 2-aminoanthracenes. 

 

 

Scheme 2-2. Synthetic strategy for the synthesis of pen-

ta-peri-pentabenzoazacorannulene. 

 

2-2. Synthesis and Characterization 

 The synthesis of nitrogen-embedded bowl-shaped molecule 6 started with the 

bromination of 3,6-di-tert-butylphenanthrene, which resulted in the formation of 

9-bromophenanthrene 1 (Scheme 2-3). The Buchwald-Hartwig cross coupling reaction 

of 1 with 2-chloroaniline afforded 9-aminophenanthrene 2. 2 was successfully con-

verted into tetrabenzocarbazole 3 by oxidation with DDQ and TFA. Reaction of 3 with 

palladium(II) acetate and tricyclohexylphosphonium tetrafluoroborate successfully pro-

vided singly fused product 4 in 63% yield.10 However, the oxidative fusion reaction of 4 

with strong oxidant did not proceed well.11 Thus, the author adopted transition met-
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al-catalyzed cross-coupling reaction for the synthesis of pen-

ta-peri-pentabenzoazacorannulene. The bromination of 4 with bromine afforded tribro-

minated product 5 in 56% yield. The twisted conformations of 4 and 5 were unambigu-

ously elucidated by X-ray diffraction analysis (Figure 2-1 and 2-2). Finally, the palla-

dium-catalyzed double C–H/C–Br coupling reaction of 5 furnished pen-

ta-peri-pentabenzoazacorannulene 6 in 37% yield. In this time, doubly fused product 7 

was also obtained in 5% yield. The 1H NMR spectrum of 6 exhibited six proton signals 

in the aromatic region, indicating the formation of a fused and symmetrical molecule. 
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Scheme 2-3. Synthesis of penta-peri-pentabenzoazacorannulene 6. 
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Figure 2-1. X-Ray crystal structure of 4. (a) Top view and (b) side view. The thermal 

ellipsoids are scaled at 50% probability level. The tert-butyl substituents are omitted for 

clarity in (b). 

 

 
Figure 2-2. X-Ray crystal structure of 5. (a) Top view and (b) side view. The thermal 

ellipsoids are scaled at 50% probability level. The tert-butyl substituents are omitted for 

clarity in (b). 

 

2-3. Structural Elucidation 

 The bowl-shaped structure of 6 was unambiguously elucidated by X-ray dif-

fraction analysis (Figure 2-3). In the crystal, one asymmetric unit contained two inde-

pendent molecules of 6. The bowl depth, which is defined as the distance between the 

mean plane consisted of five carbons at the edge and the centroid of the pyrrole ring, 

(a) (b)

(a) (b)
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was 1.65 and 1.70 Å. The curvature of 6 was further evaluated by Haddon’s π-orbital 

axis vector (POAV) angles.12 As shown in Figure 2-3a, the POAV angles around the 

central pyrrole rings are in the range of 7.2°–9.2°. These values are comparable with 

that of corannulene (9.1°). It is noteworthy that the molecules constructed a 

one-dimensional chain stacking structure in the crystal (Figure 2-3c). Distances between 

the two closest molecules were 3.25 and 3.41 Å, indicating the existence of a π–π in-

teraction.  

 

 

Figure 2-3. Structural features of 6. (a) Top view and POAV pyramidalization angles, 

(b) side view, and (c) packing structure. Thermal ellipsoids in (a) are scaled at 50% 

probability level. The tert-butyl groups are omitted for clarity in (b) and (c). 
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 Next, the bowl-to-bowl inversion behavior of the pen-

ta-peri-pentabenzoazacorannulene was investigated. Because there is no diastereotopic 

hydrogen atoms, 6 was further functionalized by iridium-catalyzed C–H borylation to 

provide 8 in 80% yield (Scheme 2-4).13 The Suzuki–Miyaura cross-coupling reaction of 

8 with 2-bromo-1,3,5-triisopropylbenzene furnished the corresponding coupling product 

9 in 55% yield. 

 

 

Scheme 2-4. Synthesis of functionalized penta-peri-pentabenzoazacorannulene 9. 

 

 The 1H NMR spectrum of 9 in 1,2-dichlorobenzene-d4 at room temperature 

exhibited three doublet peaks for methyl protons of isopropyl groups at 1.43, 1.39 and 

1.13 ppm. This non-symmetric feature indicates that 9 shows no bowl-to-bowl inversion 

at room temperature. As the temperature was raised, two proton signals at 1.43 and 1.13 

ppm were gradually broadened (Figure 2-4). Even at 170 °C, these signals were not co-
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alesced. Accordingly, the bowl-to-bowl inversion energy (ΔG‡) was measured by 

two-dimensional exchange spectroscopy (2D EXSY) experiments (Figure 2-5).14 At 393 

K, ΔG‡ was determined to be 23.3 kcal mol–1 in 1,2-dichlorobenzene-d4. This value is 

higher than that of the parent sumanene (ΔG‡ = 19.7–20.4 kcal mol–1).15 The high 

bowl-inversion energy of 9 was also supported by theoretical calculations. The inver-

sion barrier of 9 was calculated to be 19.9 kcal mol–1 by density functional theory (DFT) 

calculations at the B3LYP/cc-pVDZ level, which is higher than those of sumanene 

(18.2 kcal mol–1) and corannulene (9.1 kcal mol–1) calculated at the same level of theory 

(Table 2-1).16 

 

 
Figure 2-4. VT 1H NMR spectra of 9 in 1,2-dichlorobenzene-d4. (a) r.t. (b) 130 °C (c) 

150 °C.  
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Figure 2-5. 2D EXSY spectrum of 9 in 1,2-dichlorobenzene-d4 at 120 °C. 

 

Table 2-1. Summary of calculations on the bowl-to-bowl inversion process of 9. 

 ground state transition state 
Energy (au) –2572.302341 –2572.271074 

Total Energy (au) –2572.398423 –2572.366659 

Ea (kcal/mol) 0 19.9 

 

2-4. Optical and Electrochemical Properties 

Figure 2-6 shows UV-vis absorption and emission spectra of 4, 6, and 7 in 

CH2Cl2. The lowest energy bands shifted to the low-energy region as the degree of fu-

sion increased. All compounds exhibited fluorescence in the visible region. The emis-

sion quantum yield of 6 was 17%. The Stokes shifts of 4 (2800 cm–1) and 6 (1500 cm–1) 

were relatively larger than that of 7 (1200 cm–1). This fact reflects the excited state dy-

namics of 4 and 6, owing to their distorted characteristics.  
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Figure 2-6. UV-vis absorption (solid line) and emission spectra (dashed line) of 4 

(black), 6 (blue), and 7 (red) in CH2Cl2.  

 

The electronic structures of 3, 4, 6, and 7 were further investigated by an 

electrochemical analysis (Figure 2-7 and Table 2-2) using cyclic voltammetry. Reversi-

ble oxidation waves were observed for all compounds. The first oxidation potentials 

were lowered in the order of 3 > 4 > 7 > 6, while the number of fused positions in-

creased in this order.  
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Figure 2-7. Cyclic voltammograms (top) and differential pulse voltammograms (bot-

tom) of (a) 3, (b) 4, (c) 6, and (d) 7. 

 

Table 2-2. Summary of the oxidation potentials of (a) 3, (b) 4, (c) 6, and (d) 7. 

compound Eox
3 Eox

2 Eox
1 

3 1.50a 1.15a 0.489 

4 — 0.954a 0.408 

6 1.19a 0.80a 0.20 

7 1.44a 1.04 0.398 

[a] The values were obtained by DPV measurement.  

 

The author then examined the protonation behavior of 6. The nitrogen atom of 

6 was expected to have higher basicity than that of pyrrole because the central pyrrole 

ring of 6 is slightly distorted. The addition of TFA to a CH2Cl2 solution of 6 induced a 

dramatic change in its absorption spectrum (Figure 2-8). Interestingly, the same change 
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was observed on the addition of a one-electron oxidant, tris(4-bromophenyl)aminium 

hexachloroantimonate (BAHA) (Figure 2-9). The author also monitored the elec-

tro-oxidative absorption spectrum of 6 in CH2Cl2, which exhibited essentially the same 

change (Figure 2-10). These facts strongly indicate that the addition of TFA resulted in 

the generation of the radical cation specie rather than simple protonation. The genera-

tion of the radical cation species was also supported by the TD-DFT calculation of 6•+ 

(Figure 2-11). 

 

 
Figure 2-8. Spectral changes in absorption spectra of 6 on the addition of TFA into a 

CH2Cl2 solution of 6. 
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Figure 2-9. Spectral changes in absorption spectra of 6 on the addition of BAHA into a 

CH2Cl2 solution of 6. 

 

 

Figure 2-10. Spectroelectrochemical analysis of 6 in CH2Cl2. 
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Figure 2-11. Calculated oscillator strengths of 6•+ (red line). The spectra of 6 before 

(black line) and after (blue line) addition of TFA were also displayed.  

 

The formation of the radical cation was also confirmed by electron spin reso-

nance (ESR) measurements (Figure 2-12). The solution of 6 in the presence of TFA ex-

hibited a distinct signal at g = 2.002, as was the case of the oxidation of 6 with BAHA. 

The conversion of 6 to the radical cation was almost quantitative under air but was sub-

stantially lower under argon atmosphere (Figure 2-13). The radical cation generation is 

likely due to electron transfer between 6 and protonated 6 involving air oxidation.17 
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Figure 2-12.  ESR spectra of (a) 6 under air, (b) 6 with excess amount (ca. 10800 

equiv) of TFA under air, and (c) 6 with 0.8 equiv of BAHA under N2. All spectra were 

measured in CH2Cl2 solution at room temperature. 
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Figure 2-13. UV-vis-NIR absorption spectral changes of 6 in toluene in the presence of 

TFA (4500 equiv) either under air or argon (dashed line: 1 min, solid line: 15 min). 

 

 In the previous experiments, the author added a TFA/CH2Cl2 solution to a 

6/CH2Cl2 solution. Next, the author conducted the comparison experiment where a 

6/CH2Cl2 solution was added to a TFA/CH2Cl2 solution. Figure 2-14 shows the result of 

UV-vis-NIR absorption measurement. The resulting product (described as blue line) 

exhibited characteristic absorption bands around 500 nm and 600 nm, which is different 

from the spectrum of 6•+ (described as red line). To clarify its detailed structure, the au-

thor conducted 1H NMR analysis in CDCl3 (Figure 2-15). The 1H NMR spectrum of 6 

exhibited 6 peaks in the aromatic region, while the resulting product showed 12 peaks. 

These results strongly suggested the formation of protonated 6. Considering that there 

were nine singlets, two doublets, and one singlet in Figure 2-15b, the protonation pre-

sumably occurred at internal carbon atom of pyrrole ring rather than peripheral one.  
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Figure 2-14. UV-vis-NIR absorption spectrum of 6 on the addition of 6 into a CH2Cl2 

solution of TFA (blue line). The spectra of 6 (black line) and 6•+ (red line) were also 

displayed. 

 

 

Figure 2-15. 1H NMR spectra of (a) 6 and (b) 6 on the addition of 6 into a CH2Cl2 solu-

tion of TFA. 
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2-5. Association Behavior 

 The effect of nitrogen also appeared in the association behavior of 6 with C60. 

In the case of hydrocarbon buckybowls, their association constants with C60 were too 

low to be measured.18 The incorporation of electron-rich nitrogen atom into buckybowls 

should enable tighter binding with electron-deficient fullerenes. The electrochemical 

analysis revealed much lower oxidation potential (0.20 V) of 6 when compared with 

corannulene (1.57 V).19 The addition of C60 into a 1,2-dichlorobenzene solution of 6 in-

duced a change in the UV-vis-NIR absorption and emission spectra (Figure 2-16 and 

Figure 2-17). In particular, the appearance of broad absorption bands in the NIR region 

suggests intermolecular charge-transfer interactions between 6 and C60. 

 

 
Figure 2-16. UV-vis-NIR absorption spectra on addition of 0–10 equiv of C60 into a 

1,2-dichlorobenzene solution of 6. 
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Figure 2-17. Fluorescence spectra on addition of 0–150 equiv of C60 into a 

1,2-dichlorobenzene solution of 6. 

 

 The association behavior was also monitored by 1H NMR analysis. On the 

addition of C60 into a toluene-d8 solution of 6, all aromatic proton signals were upfield 

shifted (Figure 2-18). This indicates that 6 and C60 interacted in a convex–concave 

manner. This was revealed by the X-ray crystallographic analysis and showed that C60 

was located above the center of 6 (Figure 2-19). The penetration depth of C60 into 6 

measured from the centroid of the pyrrole ring to the centroid of C60 is 6.82 Å, and that 

measured from the shortest distance from the concave surface of 6 to a C60 surface is 

3.29 Å, whereas the depths of C60 into the corannulene/C60 complex are 6.94 and 3.75 Å. 

The short distance between 6 and C60 indicates the presence of attractive interactions 

between them. Judging from the relatively long distance (>3.74 Å), the CH–π interac-

tion between tert-butyl groups and C60 was not essential. 
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Figure 2-18. 1H NMR spectra before (top) and after (bottom) addition of 0.55 equiv of 

C60 into a toluene-d8 solution of 6. 

 

 

Figure 2-19. X-Ray crystal structure of 6⊃C60. (a) Side view and (b) top view. Thermal 

ellipsoids are scaled at 50% probability level.  
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1,2-dichlorobenzene solution of 6. The DFT optimization of 6⊃C60 afforded nearly the 

same structure as the crystal structure (Figure 2-22). The highest occupied molecular 

orbital (HOMO) was spread over the entire surface of 6, whereas the lowest unoccupied 

molecular orbital (LUMO) was delocalized on C60. In addition, oscillator strengths of 

the absorption of 6⊃C60 were simulated by the time-dependent (TD) DFT method (Fig-

ure 2-23). The broad lowest-energy band in the near-infrared region was assigned as the 

HOMO–LUMO transition. These results supported the conclusion that an intermolecu-

lar charge-transfer interaction exists between 6 and C60.  

 

 

Figure 2-20. Job’s plot for complexation of C60 and 6 in 1,2-dichlorobenzene. 
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Figure 2-21. Bensi-Hildebrand plot on titration of C60 into 6 obtained by (a) 

UV-vis-NIR absorption spectral analysis and (b) fluorescence spectral analysis. The es-

timated Ka values by UV-vis-NIR spectral analysis were 3.7 × 103 M–1 for first attempt 

and 3.9 × 103 M–1 for second attempt. The estimated Ka values by fluorescence spectral 

analysis were 3.8 × 103 M–1. The average Ka is 3.8 × 103 M–1. 
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Figure 2-22. (a) HOMO and (b) LUMO of 6⊃C60. 

 

 

Figure 2-23. Calculated oscillator strengths of 6⊃C60 (blue stick). The spectrum of 6 in 

the presence of 10 equiv of C60 (red line) in 1,2-dichlorobenzene was also displayed for 

comparison. 
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mobility was enhanced to 2.4 × 10–4 cm2 V–1 s–1. The charge-carrier generation efficien-

cy (φ) was determined to be 4.4 × 10–3 by the transient absorption spectroscopy meas-

urement. Accordingly, the local charge mobility of 6⊃C60 was 0.17 cm2 V–1 s–1. Such a 

large mobility of 6⊃C60 should originate from effective charge separation caused by an 

electronic interaction between 6 and C60. Furthermore, the alignment of 6 and C60 in the 

co-crystal may contribute to mobility enhancement. Both C60 and 6 construct 

one-dimensional chain alignments in the co-crystal (Figure 2-25). 

 

 

Figure 2-24. (a) Transient absorption spectra of 6⊃C60 on exposure to 355 nm laser 

pulses at 3.8 × 1016 photons per cm2. Spectra wire observed immediately after pulse ex-

posure (red), 2 ms (orange) and 7 ms (blue) after pulse exposure. All spectra were rec-

orded at room temperature under air-saturated atmosphere. (b) Kinetic traces of a pho-

toconductivity transient (blue) recorded by FP-TRMC measurements and transient op-

tical absorption at 650 nm for 6⊃C60 on exposure to 355 nm laser pulses at 9.1 × 1015 

photons per cm2 (conductivity) and 3.8 × 1016 photons per cm2 (optical). (c) Kinetic 

traces of a photoconductivity transient of 6 recorded by FP-TRMC measurements.  
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Figure 2-25. Side view of crystal packing of 6⊃C60. 

 

2-6. Summary 

 In summary, the author has achieved the synthesis of a nitrogen-embedded 

bowl-shaped molecule under mild conditions. The total yield of pen-

ta-peri-pentabenzoazacorannulene 6 was 11% from 9-bromophenanthrene. The author 

also found that protonation of 6 resulted in efficient generation of radical cation species. 

The nitrogen-embedded bowl-shaped molecule was electron-rich enough to assemble 

tightly with C60 in solution and solid states. The molecular assembly of 6 with C60 ex-

hibited significantly high charge mobility (0.17 cm2 V–1 s–1). The nitrogen-embedded 

bowl-shaped molecule would be a novel molecular entity in the field of curved 

π-systems as fullerene hosts, anisotropic π-donors and precursors to nitrogen-containing 

nanocarbon materials. 
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2-7. Experimental Section 

Materials and Characterization 

 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded using a 

Bruker AVANCE III HD spectrometer. Chemical shifts were reported at the delta scale 

in ppm relative to CHCl3 (d = 7.260 ppm), toluene-d8 (d = 7.000 ppm), acetone-d6 (d = 

2.05 ppm), and 1,2-dichlorobenzene-d4 (d = 6.930 ppm) for 1H NMR and CDCl3 (d = 

77.0 ppm) for 13C NMR. UV/vis/NIR absorption spectra were recorded using a Shi-

madzu UV-2550 or JASCO V670 spectrometer. Emission spectra were recorded using a 

JASCO FP-6500 spectrometer, and absolute fluorescence quantum yields were meas-

ured by the photon-counting method using an integration sphere. High-resolution (HR) 

mass spectra were recorded on a Bruker micro TOF using ESI-TOF or APCI-TOF 

methods. Unless otherwise noted, materials obtained from commercial suppliers were 

used without further purification. 

 

Synthesis of 3,6-Di-tert-Butyl-9-Bromophenanthrene (1). 

 3,6-Di-tert-butylphenanthrene (0.540 g, 1.86 mmol) was dissolved in CCl4 

(11 ml) in a two-necked flask equipped with a dropping funnel. Br2 (0.10 ml, 1.95 

mmol) and CCl4 (11 ml) were added into the dropping funnel. The solution was heated 

to 50 °C and then the bromine solution was added slowly over 1 h. After the addition 

was completed, the mixture was stirred for additional 30 min. The reaction mixture was 

cooled to room temperature and then quenched with aqueous Na2S2O3. The resulting 

mixture was extracted with CH2Cl2 and the organic layer was washed with aqueous 

Na2S2O3, dried over Na2SO4 and concentrated in vacuo. Purification by silica-gel 

column chromatography (cyclohexane as eluent) afforded 1 (0.645 g, 1.75 mmol) in 

94% yield as a white solid. 1H NMR (500 MHz) (CDCl3): δ = 8.70 (d, J = 1.5 Hz, 1H), 

8.66 (s, 1H), 8.30 (d, J = 8.5 Hz, 1H), 8.02 (s, 1H), 7.77 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 

1H), 7.74 (d, J = 8.5 Hz, 1H), 7.68 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 1H), 1.53 (s, 9H), 1.52 

(s, 9H) ppm; 13C NMR (126 MHz) (CDCl3): δ = 150.0, 149.6, 131.1, 130.4, 129.5, 
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129.3, 128.5, 127.8, 127.5, 125.6, 125.4, 120.7, 118.2, 118.1, 35.25, 35.14, 31.42 ppm; 

HR APCI-MS: m/z = 368.1124, calcd for (C22H25Br)+ = 368.1134 [M+]. 

 

Synthesis of 2 

 Schlenk tube containing 1 (0.200 g, 0.542 mmol), Cs2CO3 (0.265 g, 0.812 

mmol), Pd2dba3·CHCl3 (28.0 mg, 27.1 µmol), and Xantphos (31.3 mg, 54.0 µmol) was 

flushed with N2 three times. To the tube, 2-chloroaniline (86 µL, 0.812 mmol) and dry 

1,4-dioxane (2.0 mL) were added. The mixture was stirred for 46 h at 100 °C. The re-

sulting mixture was cooled to room temperature, passed through a pad of Celite, and 

concentrated in vacuo. Purification by silica-gel column chromatography (hex-

ane/CH2Cl2) afforded 2 (0.158 g, 0.380 mmol) in 70% yield as a pale yellow solid. 1H 

NMR (500 MHz) (CDCl3): δ = 8.76 (d, J = 2.0 Hz, 1H), 8.68 (d, J = 1.0 Hz, 1H), 8.04 

(d, J = 8.5 Hz, 1H), 7.74 (d, J = 8.5 Hz, 1H), 7.69 (dd, J1 = 8.5 Hz, J2 = 2.0 Hz, 1H), 

7.66 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 1H), 7.61 (s, 1H), 7.41 (dd, J1 = 8.0 Hz, J2 = 1.5 Hz, 

1H), 7.04 (ddd, J1 = 8.5 Hz, J2 = 7.0 Hz, J3 = 1.5 Hz, 1H), 6.88 (dd, J1 = 8.5 Hz, J2 = 1.5 

Hz, 1H), 6.77 (ddd, J1 = J2 = 8.0 Hz, J3 = 1.5 Hz, 1H), 6.36 (s, 1H), 1.53 (s, 9H), 1.52 (s, 

9H), ppm; 13C NMR (126 MHz) (CDCl3): δ = 149.6, 148.6, 142.4, 134.6, 131.4, 130.2, 

129.5, 128.5, 127.7, 127.6, 127.1, 125.1, 125.0, 122.8, 120.5, 119.4, 118.9, 118.6, 117.9, 

115.6, 35.18, 31.54, 31.48 ppm; HR APCI-MS: m/z = 416.2141, calcd for (C28H31ClN)+ 

= 416.2140 [(M + H)+]. 

 

Synthesis of 3 

 A flask-containing compound 2 (0.100 g, 0.241 mmol) was flushed with N2 

three times. To the flask, a dry and degassed toluene/TFA (10 mL, 33 µL) solution was 

added. To the solution, a solution of DDQ (0.109 g, 0.482 mmol) in dry and degassed 

toluene/TFA (10 mL, 33 µL) was added, and the mixture was stirred for 1 h at room 

temperature. The reaction mixture was quenched with aqueous NaHCO3 and aqueous 

Na2S2O3 and extracted with CH2Cl2. The organic layer was washed with water, dried 
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over Na2SO4, and concentrated in vacuo. Purification by silica-gel column chromatog-

raphy (hexane/CH2Cl2) afforded compound 3 (79.6 mg, 0.113 mmol) in 94% yield as a 

pale yellow solid. 1H NMR (500 MHz) (CDCl3): δ = 9.00 (d, J = 8.5 Hz, 2H), 8.80 (d, J 

= 1.5 Hz, 2H), 8.75 (d, J = 1.5 Hz, 2H), 7.85 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 1H), 7.69–

7.77 (m, 4H), 7.62 (ddd, J1 = J2 = 7.5 Hz, J3 = 1.5 Hz, 1H), 7.32 (dd, J1 = 9.0 Hz, J2 = 

1.5 Hz, 2H), 7.08 (d, J = 9.0 Hz, 2H), 1.58 (s, 18H), 1.48 (s, 18H), ppm; 13C NMR (126 

MHz) (CDCl3): δ = 147.3, 146.8, 140.7, 135.7, 132.6, 132.2, 131.3, 131.1, 130.6, 128.9, 

127.8, 126.6, 125.8, 124.4, 123.6, 121.7, 120.5, 119.7, 119.4, 116.5, 35.02, 34.91, 31.61, 

31.40 ppm; UV/vis (CH2Cl2): λmax (ε[M–1 cm–1]) = 342 (22000), 359 (23000), 376 

(21000) nm; HR APCI-MS: m/z = 702.3872, calcd for (C50H53ClN)+ = 702.3861 [(M + 

H)+]. 

 

Synthesis of 4 

 A Schlenk tube containing compound 3 (30.1 mg, 42.8 µmol), K2CO3 (35.5 

mg, 0.257 mmol), Pd(OAc)2 (9.56 mg, 42.6 µmol), and PCy3·HBF4 (31.5 mg, 85.5 

µmol) was flushed with N2 three times. To the tube, dry and degassed DMA (1.5 mL) 

was added. The mixture was stirred for 43 h at 130 °C. The resulting mixture was 

cooled to room temperature, passed through a pad of Celite, and concentrated in vacuo. 

Purification by silica-gel column chromatography (hexane/CH2Cl2) afforded compound 

4 (17.8 mg, 26.8 µmol) in 63% yield as a yellow solid. 1H NMR (500 MHz) (CDCl3): δ 

= 9.15 (d, J = 9.0 Hz, 1H), 9.13 (d, J = 10 Hz, 1H) 8.92 (d, J = 1.0 Hz, 1H), 8.89 (s, 1H), 

8.86 (d, J = 0.5 Hz, 1H), 8.83 (d, J = 0.5 Hz, 1H), 8.61 (dd, J1 = 8.0 Hz, J2 = 1.5 Hz, 

1H), 8.59 (s, 1H), 8.51 (d, J = 8.5 Hz, 1H), 8.40 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 8.5 Hz, 

1H), 7.84 (d, J = 8.5 Hz, 1H), 7.66 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 1H), 7.50–7.56 (m, 2H), 

1.71 (s, 9H), 1.64 (s, 9H), 1.63 (s, 9H), 1.60 (s, 9H), ppm; 13C NMR (126 MHz) 

(CDCl3): δ = 148.9, 147.7, 147.7, 146.5, 135.2, 132.2, 129.3, 129.1, 129.0, 128.9, 127.5, 

127.3, 127.2, 126.9, 126.6, 126.1, 125.4, 124.7, 124.6, 124.2, 124.2, 124.0, 123.4, 123.1, 

122.8, 121.9, 120.1, 119.7, 119.6, 119.5, 118.4, 118.1, 116.0, 110.8, 35.84, 35.12, 35.10, 
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35.01, 32.00, 31.65, 31.64, 31.56 ppm; UV/vis (CH2Cl2): λmax (ε[M–1 cm–1]) = 310 

(53000), 330 (43000), 378 (13000) and 404 (8700) nm; fluorescence (CH2Cl2, λex = 378 

nm): λem = 456 and 471 nm (Φf = 0.18); HR APCI-MS: m/z = 666.4088, calcd for 

(C50H52N)+ = 666.4094 [(M + H)+]. 

 

Synthesis of 5 

 Compound 4 (40.1 mg, 60.3 µmol) was dissolved in CCl4 (6.0 mL) in a 

two-necked flask equipped with a dropping funnel. A solution of Br2 (0.10 mL, 2.0 

mmol) in CCl4 (3.0 mL) was added to the dropping funnel. The mixture was heated to 

70 °C, and then, the bromine solution was added slowly over 15 min. After the addition 

was complete, the mixture was stirred for an additional 12.5 h. The reaction mixture 

was cooled to room temperature and then quenched with aqueous Na2S2O3. The result-

ing mixture was extracted with CH2Cl2, and the organic layer was washed with aqueous 

Na2S2O3, dried over Na2SO4, and concentrated in vacuo. Purification by silica-gel 

column chromatography (hexane only) afforded compound 5 (30.3 mg, 33.6 µmol) in 

56% yield as a yellow solid. 1H NMR (500 MHz) (CDCl3): δ = 8.83 (s, 1H), 8.80 (s, 1H), 

8.75 (s, 1H), 8.59 (d, J = 1.5 Hz, 1H), 8.58 (s, 1H), 8.47 (s, 1H), 8.41 (d, J = 8.5 Hz, 

1H), 8.05 (s, 1H), 7.96 (d, J = 9.0 Hz, 1H), 7.91 (s, 1H), 7.68 (d, J1 = 7.8 Hz, J2 = 1.5 

Hz, 1H), 7.49 (dd, J1 = 9.0 Hz, J2 = 2.0 Hz, 1H), 1.66 (s, 9H), 1.60 (s, 9H), 1.59 (s, 9H), 

1.52 (s, 9H) ppm; 13C NMR (126 MHz) (CDCl3): δ = 149.7, 149.0, 147.9, 147.9, 135.7, 

132.3, 132.1, 131.0, 130.6, 130.2, 129.9, 129.4, 129.4, 127.8, 127.6, 127.1, 126.8, 125.5, 

124.9, 124.6, 124.3, 124.2, 123.4, 121.0, 120.3, 119.9, 119.7, 118.9, 118.8, 118.8, 118.1, 

117.4, 117.1, 108.8, 35.91, 35.13, 35.05, 34.99, 31.93, 31.54, 31.51 ppm; HR AP-

CI-MS: m/z = 900.1403, calcd for (C50H49Br3N)+ = 900.1410 [(M + H)+]. 
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Synthesis of 6 and 7 

 A Schlenk tube containing compound 5 (200 mg, 0.222 mmol), K2CO3 (246 

mg, 1.78 mmol), Pd(OAc)2 (99.5 mg, 0.443 mmol) and PCy3·HBF4 (326 mg, 0.887 

mmol) was flushed with N2 three times. To the tube, dry and degassed DMA (25 ml) 

was added. The mixture was stirred for 32 h at 130 °C. The resulting mixture was 

cooled to room temperature and extracted with ethyl acetate. The organic layer was 

washed with water, dried over Na2SO4 and concentrated in vacuo. Purification by sili-

ca-gel column chromatography (hexane only) afforded compound 6 (54.1 mg, 81.7 

µmol) in 37% yield as a yellow solid and 7 (7.84 mg, 11.8 µmol) in 5% yield as a pale 

yellow solid. 1H NMR (500 MHz) (CDCl3) of 6: δ = 8.61 (s, 2H), 8.54 (s, 2H), 8.52 (s, 

2H), 8.23–8.24 (m, 4H), 7.50 (t, J = 8.0 Hz, 1H), 1.63 (s, 18H), 1.60 (s, 18H) ppm.; 13C 

NMR (126 MHz) (CDCl3) of 6: δ = 148.8, 147.6, 140.1, 135.3, 132.5, 131.1, 130.0, 

129.0, 128.6, 127.7, 126.1, 123.4, 123.0, 122.5, 120.5, 120.0, 119.4, 117.9, 35.92, 35.84, 

32.30, 32.17 ppm.; UV/vis (CH2Cl2): λmax (ε[M–1 cm–1]) = 400 (35000), 453 (12000), 

472 (13000) nm; fluorescence (CH2Cl2, λex = 400 nm): λem = 508 and 542 nm (Φf = 

0.17); HR APCI–MS: m/z = 662.3748, calcd for (C50H48N)+ = 662.3781 [(M + H)+]. 
1H NMR (500 MHz) (CDCl3) of 7: δ = 9.34 (d, J = 8.6 Hz, 2H), 8.95 (d, J = 1.8 Hz, 

2H), 8.85 (s, 2H), 8.57 (d, J = 0.85 Hz, 2H), 8.49 (d, J = 7.9 Hz, 2H), 7.97 (d, J1 = 8.6 

Hz, J2 = 2.0 Hz, 2H), 7.69 (d, J1 = 7.9 Hz, J2 = 7.9 Hz, 1H), 1.69 (s, 18H), 1.63 (s, 18H) 

ppm.; 13C NMR (126 MHz) (CDCl3) of 7: δ = 149.1, 146.2, 129.5, 129.1, 129.0, 128.5, 

126.5, 126.1, 125.0, 125.0, 123.7, 123.5, 121.8, 120.6, 118.5, 118.2, 117.3, 110.7, 35.96, 

35.01, 32.11, 31.68 ppm.; UV/vis (CH2Cl2): λmax (ε[M–1 cm–1]) = 446.5 (8600), 419 

(12000), 388 (27000), 354.5 (22000) nm; fluorescence (CH2Cl2, λex = 380 nm): λem = 

472 and 497 nm (Φf = 0.18); HR APCI–MS: m/z = 664.3950, calcd for (C50H50N)+ = 

664.3938 [(M + H)+]. 
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Synthesis of 8 

 A Schlenk tube containing compound 6 (30.5 mg, 46.0 µmol), 

bis(pinacolato)diboron (117 mg, 0.461 mmol), [Ir(OMe)(cod)]2 (30.5 mg, 46.0 µmol), 

and 4,4’-di-tert-butyl-2,2’-bipyridyl (25.1 mg, 93.4 µmol) was flushed with N2 three 

times. To the tube, dry and degassed octane (1.5 mL) was added. The mixture was 

stirred for 10.5 h at 110 °C. The resulting mixture was cooled to room temperature and 

concentrated in vacuo. Purification by silica-gel column chromatography afforded 

compound 8 (29.0 mg, 36.8 µmol) in 80% yield as a yellow solid. 1H NMR (500 MHz) 

(CDCl3): δ = 8.68 (s, 2H), 8.62 (s, 2H), 8.55 (s, 2H), 8.52 (s, 2H), 8.34 (s, 2H), 1.64 (s, 

18H), 1.64 (s, 18H), 1.49 (s, 12H) ppm; 13C NMR (126 MHz) (CDCl3): δ = 148.9, 147.7, 

140.0, 137.1, 132.6, 130.9, 130.1, 128.9, 128.5, 127.7, 125.4, 123.0, 120.4, 120.0, 119.4, 

118.4, 84.21, 36.01, 35.84, 32.29, 32.24, 24.99 ppm; HR ESI-MS: m/z = 787.4571, 

calcd for (C56H58BNO2)+ = 787.4564 [(M)+]. 

 

Synthesis of 9 

 A Schlenk tube containing compound 8 (9.48 mg, 12.0 µmol), 

PdCl2dppf·CH2Cl2 (4.97 mg, 6.09 µmol), and Cs2CO3 (9.80 mg, 30.1 µmol) was flushed 

with N2 three times. To the tube, 2,4,6-triisopropylbromobenzene (56.2 mg, 0.199 

mmol) and dry and degassed 1,4-dioxane (1.0 mL) were added. The mixture was stirred 

for 13 h at 100 °C. The resulting mixture was cooled to room temperature and concen-

trated in vacuo. Purification by silica-gel column chromatography afforded compound 9 

(5.75 mg, 6.66 µmol) in 55% yield as a yellow solid. 1H NMR (500 MHz) (acetone-d6): 

δ = 8.85 (s, 2H), 8.79 (s, 2H), 8.79 (s, 2H), 8.65 (d, J = 1.0 Hz, 2H), 8.36 (s, 2H), 7.25 

(d, J = 1.5 Hz, 1H), 7.14 (d, J = 1.5 Hz, 1H), 3.13 (sext, J = 7.0 Hz, 1H), 3.01 (sext, J = 

7.0 Hz, 1H), 2.37 (sext, J = 7.0 Hz, 1H), 1.62 (s, 18H), 1.57 (s, 18H), 1.35 (d, J = 7.0 

Hz, 6H), 1.31 (d, J = 7.0 Hz, 6H), 0.88 (d, J = 7.0 Hz, 6H) ppm; 1H NMR (500 MHz) 

(1,2-dichlorobenzene-d4): δ = 8.75 (s, 2H), 8.74 (s, 2H), 8.72 (s, 2H), 8.25 (s, 2H), 8.21 

(s, 2H), 7.35 (s, 1H), 7.28 (s, 1H), 3.35 (sext, J = 7.5 Hz, 1H), 3.02 (sext, J = 7.0 Hz, 
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1H), 2.85 (sext, J = 7.0 Hz, 1H), 1.66 (s, 18H), 1.50 (s, 18H), 1.41 (d, J = 7.0 Hz, 6H), 

1.37 (d, 6H), 1.11 (d, J = 7.0 Hz, 6H) ppm; 13C NMR (126 MHz) (CDCl3): δ = 148.9, 

148.5, 147.6, 147.1, 147.0, 140.4, 137.3, 135.9, 134.3, 132.5, 131.2, 130.1, 129.3, 128.5, 

127.9, 125.9, 123.9, 123.3, 121.1, 120.7, 120.5, 119.9, 119.3, 117.9, 35.89, 35.84 34.38, 

32.31, 32.10, 30.66, 30.10, 24.36, 24.14, 24.06 ppm; HR ESI-MS: m/z = 863.5438, 

calcd for (C65H69N)+ = 863.5425 [(M)+]. 

 

X-Ray Diffraction Analysis 

 X-ray data were obtained using a Bruker D8 QUEST X-ray diffractometer 

with an IµS microfocus X-ray source and a large area (10 cm × 10 cm) CMOS detector 

(PHOTON 100) for 4 and 5 and using a Rigaku CCD diffractometer (Saturn 724 with 

MicroMax-007) with Varimax Mo optics using graphite monochromated Mo-Kα radia-

tion (λ = 0.71075 Å) for 6 and 6⊃C60. 

 

Electrochemical Analysis 

 The cyclic voltammogram and differential-pulse voltammogram of 3, 4, 6 and 

7 were recorded using an ALS electrochemical analyser 612C. Measurements were 

performed in freshly distilled CH2Cl2 with tetrabutylammonium hexafluorophosphate as 

the electrolyte. A three-electrode system was used. The system consisted of a platinum 

working electrode, a platinum wire, and Ag/AgClO4 as the reference electrode. The 

scan rate was 100 mVs–1. The measurement was performed under nitrogen atmosphere. 

All potentials are referenced to the potential of ferrocene/ferrocenium cation couple. 

The electro-oxidative absorption of 6 was recorded under argon atmosphere with a BAS 

SEC-F spectroelectrochemical flow cell kit equipped with a DH-2000-BAL as the 

UV-vis-NIR light source and an HR4000CG-UV-NIR spectrometer. 
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Determination of Binding Constant 

 The association constant (Ka) of C60 with compound 6 was determined by 

UV-vis absorption and emission spectral analysis. The fitting was performed with the 

correlation between the change of absorbance or fluorescence intensity (ΔX) at 700 nm 

and 508 nm and the initial concentration of the guest ([G]0) using the equation as fol-

lows: 

 

1/ΔX = 1/(bΔε[G]0[H]0Ka) + 1/(bΔε[H]0), 

 

where Δε is the gap of molar coefficients between guest and complex, and [H]0 is the 

initial concentration of the host. The estimated Ka values by UV/vis spectral analysis 

were 3.9 × 103 M–1 for the first attempt and 3.7 × 103 M–1 for the second attempt. The Ka 

was also estimated by the emission spectral analysis to be 3.8 × 103 M–1. The average Ka 

is 3.8 × 103 M–1. 

 

ESR Measurement 

 ESR spectra were recorded at room temperature using a Bruker E500 spec-

trometer with 2.6φ quartz sample tubes. A sample solution of 6 was prepared under air, 

and the ESR tube was sealed. Other samples were prepared by the addition of the de-

gassed solution of TFA and BAHA in CH2Cl2 to the solution of 6. 

 

Time-Resolved Microwave Conductivity Measurement.21 

 Transient photoconductivity was measured by FP-TRMC. A resonant cavity 

was used to obtain a high degree of sensitivity in the conductivity measurement. The 

resonant frequency and microwave power were set at ~9.1 GHz and 3 mW, respectively, 

such that the electric field of the microwave was sufficiently small not to disturb the 

motion of charge carriers. The conductivity value is converted to the product of the 

quantum yield φ and the sum of charge-carrier mobilities Σµ by φΣµ = Δσ (eI0Flight)–1, 
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where e, I0, Flight, and Δσ are the unit charge of a single electron, incident photon density 

of excitation laser (photons m–2), a correction (or filling) factor (m–1), and a transient 

photoconductivity, respectively. The sample was set at the highest electric field in a 

resonant cavity. FP-TRMC experiments were performed at room temperature. The 

measurements of 6 and 6⊃C60 were performed for crystalline samples covered with a 

PVA film on a quartz substrate. 

 

Theoretical Calculations.  

 All calculations were performed using the Gaussian 09 program.22 The geom-

etry of 6+•, in which all tert-butyl groups were replaced with hydrogen, was optimized 

by the DFT method using the B3LYP23,24 functional and the 6-31G(d) basis set. The 

geometry of 6⊃C60 was optimized by Zhao’s M06-2X functional25 and the 6-31G(d) ba-

sis set. The oscillator strengths of 6•+ and 6⊃C60 were calculated by the TD DFT method 

at the B3LYP/6-31G(d) level. For calculations of the bowl-to-bowl inversion energy, 

the ground and transition state geometries of 9 were optimized at the B3LYP/cc-pVDZ 

level. Zero-point energy and thermal energy corrections were conducted for the opti-

mized structures. 

 

Determination of Bowl-to-Bowl Inversion Energy by 2D EXSY Measurement. 

 The bowl-to-bowl inversion barrier of 9 was measured by 2D EXSY using the 

signals for methine protons of isopropyl groups at approximately d = 3.3 and 2.8 ppm. 

2D EXSY measurements were performed in 1,2-dichlorobenzene-d4 at 393 K with a 

phase-sensitive NOESY pulse sequence. The mixing time was increased from 50 to 300 

ms. The rate constant (k) was determined using equation as follows: 

 

k = (1/τm)ln((r + 1)/(r − 1)), 

 

where τm is the mixing time and r is defined by the equation as follows: 
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r = (IAA + IBB)/(IAB + IBA), 

 

where IAB and IBA are the intensities of the cross peaks between two exchangeable sig-

nals A and B, and IAA and IBB are the intensities of the diagonal signals. The free energy 

(ΔG‡) of the bowl-to-bowl inversion was finally obtained using the Eyring equation. 
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Crystallographic Data 

 

 

 

empirical formula

formula weight
habit

crystal system
space group

a, Å

b, Å

c, Å
α, deg
β, deg
γ, deg

V, Å3

Z

T, K

Dc, g/cm3

R1 (I > 2σ(I))

wR2 (all data)

obs reflects

parameters

4 5

total reflects

F(000)

crystal size, mm3

2θmax, º

C50H51N

665.91
prism

9.9215(5)

11.5220(5)

17.8122(9)
104.4750(10)

93.8730(10)
108.0950(10)

1850.60(16)
2

93(2)

1.195

0.0433

0.1231
1.017
6295

716

0.26 x 0.26 x 0.15

12793
472

50.0

C55H58Br3Cl5N

1150.00
prism

triclinic

P-1 (2)

11.6888(11)

15.2279(14)

16.1361(16)
94.960(3)
111.005(3)
103.447(2)

2561.8(4)
2

93(2)

1.491

0.0600

0.1553
1.087

14718

1170

0.46 x 0.34 x 0.19

8382

669

50.0

GOF

triclinic

P-1 (2)

CCDC number 1056760 1056759
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CCDC number 1405427 1406873

empirical formula

formula weight
habit

crystal system
space group

a, Å

b, Å

c, Å
α, deg
β, deg
γ, deg

V, Å3

Z

T, K

Dc, g/cm3

R1 (I > 2σ(I))

wR2 (all data)

obs reflects

parameters

6

total reflects

F(000)

crystal size, mm3

2θmax, º

C116H114N2

1536.09
prism

triclinic
P-1 (2)

14.698(2)

17.333(2)

18.574(3)
70.845(5)

87.159(6)
80.952(6)

4414.3(11)
2

103(2)

1.156

0.0728

0.2161
1.064

43659

1648

0.30 x 0.14 x 0.08

15464

1195

50.0

GOF

C113.5H51N

1428.55
prism

triclinic
P-1 (2)

13.340(4)

14.585(4)

17.980(5)
98.107(3)

101.423(6)
97.323(4)

3350.9(15)
2

103(2)

1.416

0.0561

0.1682
1.065

22169

1478

0.44 x 0.28 x 0.12

11448

1676

50.0

6⊃C60
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Chapter 3 
 

Supramolecular Assemblies of 
Penta-peri-Pentabenzoazacorannulene Dimer and C60 

 

ABSTRACT: A directly connected penta-peri-pentabenzoazacorannulene dimer was 

synthesized via a palladium-catalyzed C–H/C–Br coupling. The electron-donating 

nature of the pyrrolic nitrogen atoms of the penta-peri-pentabenzoazacorannulene 

enabled a strong complexation with pristine C60. In the presence of two equivalents of 

C60, the penta-peri-pentabenzoazacorannulene dimer formed crystals with a 1:2 

stoichiometry. Conversely, in diluted solution, complexes with a 1:1 stoichiometry of 

the dimer and C60 were detected predominantly, and these precipitated upon increasing 

the concentration of C60. Scanning electron microscopy images of the precipitate 

showed fiber-like aggregates, indicating the formation of supramolecular assemblies 

with 1D chain structures. A variable-temperature 1H NMR analysis revealed that the 

precipitate consists of the dimer and C60 in a 1:1 ratio. 

 

  

N
N

N
NC60�

N
N

Concentration�

N
N



 

Contents 

3-1. Introduction 

3-2. Synthesis and Characterization 

3-3. Optical and Electrochemical Properties 

3-4. Association Behavior 

3-5. Structural Elucidation 

3-6. Supramolecular Assembly 

3-7. Plausible Structures and Mechanism of Supramolecular Assembly 

3-8. Summary 

3-9. Experimental Section 

3-10. References 

 

 

  



Chapter 3 

 69 

3-1. Introduction 

Supramolecular assembly is defined as higher-order aggregates constructed 

from two or more components, in which the molecules interact by non-covalent 

interactions such as hydrogen bonding, metal coordination, or hydrophobic 

interactions.1 As these interactions are much weaker than covalent bonds, cleavage of 

the aggregates easily occurs by adjusting the temperature or concentration, which 

regenerates the corresponding monomers. Due to this flexibility, supramolecular 

polymers are expected to act as stimulus-responsive materials.2 Among all the research 

in this field, supramolecular polymers with fullerenes based on host–guest interactions 

have been extensively studied in recent years (Figure 3-1).3–6 Previous studies have 

often employed molecular tweezers hosts to ensure strong binding with C60 derivatives. 

These strategies require a C60 dimer (type a; Figure 3-1) or a functionalized C60 bearing 

a binding site (type b; Figure 3-1). However, supramolecular polymerization with 

pristine C60 remains a challenge because two binding units of the molecular tweezers 

would be needed to capture one C60 molecule.7 Consequently, stronger yet sterically 

less-demanding host molecules are required. 

 

 

Figure 3-1. Supramolecular polymerization of C60 derivatives. 

 

• • •• • •

• • •• • •

Type a

Type b
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Buckybowls are bowl-shaped π-conjugated molecules, for which sumanenes 

and corannulenes are representative examples.8,9 Such curved polycyclic aromatic 

hydrocarbons have been used for the recognition of fullerenes, given that the concave 

surface of the former efficiently overlaps with the convex surface of the latter.10 And it 

is exactly for this reason that extensive research on assemblies of buckybowls with 

fullerenes has been carried out.11 However, due to the poor electron-donating nature of 

these buckybowls,12 their binding ability is usually insufficient to construct large 

supramolecular assemblies. On the other hand, penta-peri-pentabenzoazacorannulene 6 

(Chart 1) exhibited a large association constant with C60 in solution due to the 

electron-donating nature of the central pyrrolic nitrogen atom. The binding constant of 6 

was 3800 M–1 in 1,2-dichlorobenzene, which is a top-class value reported for a 

bowl-shaped molecule. This result suggests that 6 could be used as a new building 

block for supramolecular assemblies with C60. Herein, the author discloses the synthesis 

of penta-peri-pentabenzoazacorannulene dimer 10 as a host molecule for pristine C60. 

Owing to its two binding sites, dimer 10 was expected to form higher aggregates with 

C60 by forming a sandwich-type complex (Scheme 3-1). 

 

 

Chart 1. Penta-peri-pentabenzoazacorannulene 6 and linked dimer 10. 
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Scheme 3-1. Supramolecular assemblies between 10 and C60. 

 

3-2. Synthesis and Characterization 

As shown in Chapter 2, 6 was synthesized via the Pd-mediated C–H/C–Br 

coupling of tribrominated precursor 5 using an excess of palladium(II) acetate and 

tricyclohexylphosphonium tetrafluoroborate. Interestingly, the use of catalytic amounts 

of these reagents provided the linked penta-peri-pentabenzoazacorannulene dimer 10 in 

31% yield (Scheme 3-2). The structure of 10 was characterized by NMR spectroscopy 

and mass spectrometry. The parent mass ion peak of 10 was observed at m/z = 

1321.7303, which confirms its dimeric structure. The 1H NMR spectrum of 10 exhibited 

five singlet peaks in the aromatic region, consistent with a symmetric structure for 10. 

The downfield shifts of the Ha protons (Scheme 3-2) in 10 compared to those in 6 

indicate a deshielding effect by the second penta-peri-pentabenzoazacorannulene unit. 

In addition, the 13C NMR spectrum exhibited 18 peaks assignable to sp2-carbons, which 

suggests a conformation with C2v symmetry. 
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Scheme 3-2. Synthesis of penta-peri-pentabenzoazacorannulene dimer 10. 

 

3-3. Optical and Electrochemical Properties 

Figure 3-2 shows the UV-vis absorption and emission spectra of 6 and 10 in 

CH2Cl2. Compared to the spectrum of 6, the lowest energy band of 10 was red-shifted 

from 472 nm to 495 nm, which indicates the presence of electronic communication 

between the two penta-peri-pentabenzoazacorannulene units through the covalent bond. 

The emission band of 10 was observed at 517 nm with a quantum yield of 0.17, which 

is almost identical to that of 6. The electrochemical properties of 10 were investigated 

by cyclic voltammetry (Figure 3-3), where 10 exhibited a lower oxidation potential 

(0.18 V) than 6 (0.20 V), commensurate with higher electron-donating properties for 10. 
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Scheme 3-2. UV-vis absorption (solid line) and emission spectra (dashed line) of 6 

(black) and 10 (red) in CH2Cl2. 

 

 
Figure 3-3. Cyclic voltammograms (top) and differential pulse voltammograms 

(bottom) of 10 in CH2Cl2. 
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absorption band around 800 nm appeared, which is similar to the behavior of 6. The 

Job's plot for the absorbance at 800 nm indicated the predominant formation of 1:1 

complexes in solution (Figure 3-5). A nonlinear curve fitting based on a 1:1 binding 

afforded an association constant of 7.8 × 103 M–1, which is higher than that of 6 (Ka = 

3.8 × 103 M–1) (Figure 3-6). This result corroborates the superior electron-donating 

nature of 10 relative to that of 6. It should also be noted that the binding constant 

reached 1.0 × 105 M–1 in toluene (Figure 3-7, Figure 3-8, and Figure 3-9). Such an 

enhancement was also observed in the case of 6, where the binding constant was 

estimated to be 6.1 × 104 M–1 in toluene (Figure 3-10 and Figure 3-11). Such 

solvent-dependent association constants should probably be attributed to the different 

solvophobicity of the fullerene in each solvent.13 

 

 

Figure 3-4. UV-vis-NIR absorption spectra of a 1,2-dichlorobenzene solution of 10 

upon addition of 0–47 equiv of C60. 
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Figure 3-5. Job’s plots for the complexation of 10 and C60 in 1,2-dichlorobenzene. 

 

 
Figure 3-6. Nonlinear curve regression of the titration of 10 with C60 in 

1,2-dichlorobenzene. The estimated Ka values by UV-vis-NIR spectral analysis were 7.5 

× 103 M–1 for the first attempt and 8.0 × 103 M–1 for the second attempt. The average Ka 

is 7.8 × 105 M–1. 
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Figure 3-7. UV-vis-NIR absorption spectra on addition of 0–5.3 equiv of C60 into a 

toluene solution of 10 (c = 1.4 × 10–5 M–1). 

 

 

Figure 3-8. Job’s plots for the complexation of 10 and C60 in toluene. 
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Figure 3-9. Nonlinear curve regression of the titration of 10 with C60 in toluene. The 
estimated Ka values by UV-vis-NIR spectral analysis were 1.0 × 105 M–1 for both first 
and second attempts. The average Ka is 1.0 × 105 M–1. 
 

 
Figure 3-10. UV-vis-NIR absorption spectra on addition of 0–3.6 equiv of C60 into a 

toluene solution of 6 (c = 3.2 × 10–5 M–1). 
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Figure 3-11. Nonlinear curve regression of the titration of 6 with C60 in toluene. The 

estimated Ka values by UV-vis-NIR spectral analysis were 6.0 × 104 M–1 for the first 

attempt and 6.2 × 104 M–1 for the second attempt. The average Ka is 6.1 × 104 M–1. 
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transient conductivity of 10 and 10⊃C60 was determined by flash-photolysis 

time-resolved microwave conductivity (FP-TRMC) measurements.14 The carrier 

mobility of the 10⊃C60 crystals (2.0 × 10–4 cm2 V–1 S–1) is approximately by one order of 

magnitude higher than that of 10 (Figure 3-13). The carrier mobility of the 10⊃C60 

crystals was similar to that of 6⊃C60, indicating a similar charge-separation state 

between C60 and the penta-peri-pentabenzoazacorannulene unit in the crystal. 

 

 
Figure 3-12. Molecular structure of 10•C60 in the crystal. (a) Side view and (b) packing 

structure. The hydrogen atoms are omitted for clarity in (b). The thermal ellipsoids are 

scaled at 50% probability level. 
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Figure 3-13. Kinetic traces of a photoconductivity transient of (a) 10 and (b) the crystal 

of 10•C60 by FP-TRMC method. 
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experiments.15 The diffusion coefficient (D) determined for 10 (6.83 × 10–10 m2 s–1) 

decreased by 15% (5.80 × 10–10 m2 s–1) in the presence of 0.5 equiv of C60 (Figure 3-17). 

In contrast, a reduction of only 2% was observed in the case of 6 (Figure 3-18). This 

drop in the D value of 10 indicates the formation of larger structures.  

 

 
Figure 3-14. 1H NMR spectra of 10 in toluene-d8 (0.52 mM) in the presence of (a) 0 

equiv, (b) 0.5 equiv, and (c) 1.0 equiv of C60. 

 

 
Figure 3-15. Photographs of samples of (a) 10 and (b) 10 + 1 equiv of C60 in toluene-d8. 
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Figure 3-16. Photographs of samples of (a) 6 and (b) 6 + 1 equiv of C60 in toluene-d8. 

 

 
Figure 3-17. DOSY measurements of (a) 10 and (b) 10 + 0.5 equiv of C60 in toluene-d8 

(0.8 mM). 

 
Figure 3-18. DOSY measurements of (a) 6 and (b) 6 + 0.5 equiv of C60 (bottom) in 

toluene-d8 (0.8 mM). The diffusion coefficient (D) of 6 was 8.74 x 10–10 m2/s, and the 

value was 8.54 × 10–10 m2/s in the presence of 0.5 equiv of C60. 
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The macroscopic structure of the precipitate formed in the presence of C60 was 

investigated by scanning electron microscopy (SEM). For that purpose, samples were 

prepared by dropcasting toluene solutions onto silicon wafers. Figure 3-19 displays the 

SEM images of 10 and 10 with 1.0 equiv of C60. In the precipitate, fiber-like structures 

were observed, while a film-like morphology was observed for 10, similar to the case of 

6 with C60 (Figure 3-20). These results indicate that 10 and C60 assemble into a 

one-dimensional (1D) supramolecular structure. Based on comparative experiments 

with 6, it can be concluded that the dimeric structure plays an important role in the 

formation of supramolecular assemblies. 

 

 
Figure 3-19. SEM images of (a) 10 and (b) 10 with 1.0 equiv of C60. 

 

 
Figure 3-20. SEM images of (a) 6 and (b) 6 with 1.0 equiv of C60.  
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The stoichiometric ratio between 10 and C60 in the precipitate was determined 

by variable-temperature 1H NMR measurements in toluene-d8 (Figure 3-21). The author 

conducted experiments at low temperature to accelerate the assembly process. At –

40 °C, the broad spectrum of 10 in the presence of 0.5 equiv of C60 became very similar 

to the spectrum of 10, which exhibited sharp peaks. Using 1,1,2,2-tetrachloroethane as 

the internal standard revealed that ~50% the original amount of 10 remained in solution. 

Consequently, the author concluded that the precipitate consists of 10 and C60 in a 1:1 

ratio. Notably, peaks in the aromatic region appeared upon addition of 2.0 equiv of C60, 

and these are completely different from those observed for 10 (see also Figure 3-22). 

 

 
Figure 3-21. 1H NMR spectra of (a) 10 (0.52 mM), (b) 10 + 0.5 equiv of C60, (c) 10 + 

1.0 equiv of C60, and (d) 10 + 2.0 equiv of C60 at –40 °C in toluene-d8. 
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The composition of the fibers was further analyzed by MALDI-TOF mass 

spectrometry (Figure 3-23). The spectrum exhibited several intense peaks at regular 

intervals. The gaps between the peaks correspond to the molecular weight of 10 or C60. 

The largest observable peak was at Mw = 13 kDa, corresponding to a 6:6 complex of 10 

and C60. In their entirety, the NMR, SEM, and MS analyses allow the conclusion that 

the fibers consist of a 1D chain-like assembly of 10 and C60 in a 1:1 ratio. 

 

Figure 3-23. MALDI-TOF MS of 10 with 1.0 equiv of C60 (Matrix: 

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile; DCTB). 
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Figure 3-24. The XRD spectra of (a) 10, (b) 10•C60 crystal, and (c) 10•C60 fiber. 
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Table 3-1. Peak list details of XRD pattern of 10, 10•C60 crystal, and 10•C60 fiber 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-25 shows the UV-vis-NIR absorption of 10 and its inclusion 

complexes in the solid state. In contrast to 10, the 10•C60 crystal exhibits a broad 

absorption band around 850 nm, which was characterized as a charge transfer (CT) 

band. The fiber aggregates also exhibit an NIR absorption band, indicating similar 

Compound Angle 2θ (°) d-value (Å) 

10 
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concave-convex binding between 10 and C60 in the structure. However, the intensity of 

this band was higher for the fiber than for the crystal, suggesting different packing 

structures for these two samples.  

 

 
Figure 3-25. Solid-state UV-vis-NIR absorption spectra of 10 (black line), 10 + C60 

crystal (red line), and 10 + C60 fiber (blue line). All spectra were normalized at 300 nm. 
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diffraction analysis of the complex unambiguously revealed a sandwich-type structure, 

in which two penta-peri-pentabenzoazacorannulene molecules cooperatively capture a 

C60 molecule by concave–convex interactions (Figure 3-26). In addition, the author 
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method at the B3LYP/6-31G(d) level also support these experimental results. The 

simulated absorption bands assigned to the CT transitions are significantly large in the 

2:1 complex as compared to that in the 1:1 complex (Figure 3-28). Such an 

enhancement of the CT band was also observed in the absorption spectrum of 10 + C60. 

This spectral similarity strongly indicates a sandwich-type binding mode in the 10•C60 

fibers. 

 

 

Figure 3-26. Molecular structure of 62•C60 in the crystal. (a) Top view and (b) side view. 

The thermal ellipsoids are scaled at 50% probability level. 

 

 

Figure 3-27. Solid state UV-vis-NIR absorption spectra of 6, 6•C60, and 62•C60 All 

spectra were normalized at 300 nm.  
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Figure 3-28. The simulated theoretical absorption bands and oscillator strengths of (a) a 

2:1 complex between 6 and C60 and (b) a 1:1 complex between 6 and C60. 
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conditions to form fibers by sandwich-type binding, which are insoluble in organic 

solvents. The author optimized the structure of the 1D chain-like arrangement using 

PM6 semi-empirical calculations (Figure 3-29). The calculated interplanar spacing 

(17.8 Å) is in good agreement with the XRD results (17.7 Å). Further addition of C60 to 

the fibers induces cleavage of the polymer chain to form soluble fragments, as detected 

by 1H NMR spectroscopy. 

 

 
Scheme 3-3. Plausible association mechanism for 10 in the presence of increasing 

amounts of C60 (tert-butyl groups are omitted for clarity). 
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Figure 3-29. The optimized structure of the 1D chain-like supramolecular assembly at 

the PM6 level. 

 

3-8. Summary 

 In summary, the author has synthesized a directly linked 

penta-peri-pentabenzoazacorannulene dimer from a tribrominated monomeric precursor. 

The dimer exhibits strong 1:1 complexation with C60 in solution. Segregated stacks of 

10 and C60 were observed in the crystalline state, suggesting efficient photo-excited 

charge-carrier mobility. Under concentrated conditions, 10 and C60 form 1D chain 

supramolecular assemblies with a fibrous structure. The present results demonstrate that 

an electron-donating bowl-shaped π-conjugated molecule can serve as a binding motif 

for pristine C60 for the construction of supramolecular assemblies based on strong 

donor–acceptor interactions. 
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3-9. Experimental Section 

Materials and Characterization 
1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded using a 

Bruker AVANCE III HD spectrometer. Chemical shifts were reported at the delta scale 

in ppm relative to CHCl3 (d = 7.260 ppm), toluene-d8 (d = 7.000 ppm) for 1H NMR and 

CDCl3 (d = 77.0 ppm) for 13C NMR. UV/vis/NIR absorption spectra were recorded 

using a Shimadzu UV-2550 or JASCO V670 spectrometer. Emission spectra were 

recorded using a JASCO FP-6500 spectrometer, and absolute fluorescence quantum 

yields were measured by the photon-counting method using an integration sphere. 

High-resolution (HR) mass spectrum was recorded on a Bruker micro TOF using 

APCI-TOF method. Unless otherwise noted, materials obtained from commercial 

suppliers were used without further purification. 

 

Synthesis of Penta-peri-Pentabenzoazacorannulene Dimer (10). 

A Schlenk tube containing compound 5 (50.0 mg, 55.4 µmol), K2CO3 (61.2 

mg, 0.443 mmol), Pd(OAc)2 (2.45 mg, 10.9 µmol) and PCy3·HBF4 (8.14 mg, 22.1 

µmol) were flushed with N2 three times. To the tube, dry and degassed DMA (6.25 ml) 

was added. The mixture was stirred for 29 h at 130 °C. The resulting mixture was 

cooled to room temperature and extracted with ethyl acetate. The organic layer was 

washed with water, dried over Na2SO4 and concentrated in vacuo. Purification by 

silica-gel column chromatography (hexane/CH2Cl2 = 85:15 v/v%) afforded compound 

10 (11.2 mg, 8.50 µmol) in 31% yield as a yellow solid. 1H NMR (500 MHz) (CDCl3): 

δ = 8.68 (s, 2H), 8.62 (s, 2H), 8.58 (s, 2H), 8.56 (s, 2H), 8.42 (s, 2H), 1.65 (s, 18H), 

1.64 (s, 18H) ppm.; 13C NMR (126 MHz) (CDCl3): δ = 148.96, 147.81, 140.20, 137.66, 

134.66, 132.60, 131.30, 130,17, 129.39, 128.61, 127.66, 126.47, 123.28, 122.10, 120.86, 

120.15, 119.44, 118.04, 36.02, 35.88, 32.32, 32.20 ppm.; UV/vis (CH2Cl2): λmax (ε[M–1 

cm–1]) = 407 (91000), 456 (29000), 470 (26000), 494 (17000) nm; fluorescence (CH2Cl2, 
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λex = 400 nm): λem = 519 and 551 nm (Φf = 0.17); High-resolution APCI–MS: m/z = 

1321.7303, calcd for (C100H93N2)+ = 1321.7339 [(M + H)+]. 

 

X-Ray Diffraction Analysis 

X-Ray data were obtained using a Bruker D8 QUEST X-ray diffractometer 

with an IµS microfocus X-ray source and a large area (10 cm × 10 cm) CMOS detector 

(PHOTON 100) for 62•C60 and using a Rigaku CCD diffractometer (Saturn 724 with 

MicroMax-007) with Varimax Mo optics using graphite monochromated Mo-Kα 

radiation (λ = 0.71075 Å) for 10⊃C60. 

 

Electrochemical Analysis 

The cyclic voltammogram and differential-pulse voltammogram of 10 were 

recorded using an ALS electrochemical analyser 612C. Measurements were performed 

in freshly distilled CH2Cl2 with tetrabutylammonium hexafluorophosphate as the 

electrolyte. A three-electrode system was used. The system consisted of a platinum 

working electrode, a platinum wire, and Ag/AgClO4 as the reference electrode. The 

scan rate was 100 mVs–1. The measurement was performed under nitrogen atmosphere. 

All potentials are referenced to the potential of ferrocene/ferrocenium cation couple. 

 

Determination of Binding Constant 

The binding constants (Ka) of C60 with compound 6 or 10 were determined by 

UV-vis absorption spectra. The titrations were performed by the addition of a C60 

solution into the host solution. After the every addition, the mixture was stirred over 10 

min to achieve the equilibrium state. The fitting was performed with the correlation 

between the change of absorbance (ΔAobs) at 800 nm and the initial concentration of the 

guest [G]0 using the equation as follows (1:1 binding model)17: 

 

ΔAobs = εΔHG*{([G]0+[H]0+1/Ka)/2–(([G]0+[H]0+1/Ka)2–4*[G]0*[H]0)0.5} 
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Ka and εΔHG were optimized as parameters in the nonlinear curve fitting using Igor Pro 

6.37 (Wavemetrics, Inc.). 

 

Parameters and Variables: 

ΔAobs = Aexp–A0 

εHG= molar extinction coefficient for the 1:1 complex 

[G]0 = the initial concentration of the guest  

[H]0 = the initial concentration of the host 

 

Time-Resolved Microwave Conductivity Measurement. 

 Transient photoconductivity was measured by FP-TRMC. A resonant cavity 

was used to obtain a high degree of sensitivity in the conductivity measurement. The 

resonant frequency and microwave power were set at ~9.1 GHz and 3 mW, respectively, 

such that the electric field of the microwave was sufficiently small not to disturb the 

motion of charge carriers. The conductivity value is converted to the product of the 

quantum yield φ and the sum of charge-carrier mobilities Σµ by φΣµ = Δσ (eI0Flight)–1, 

where e, I0, Flight, and Δσ are the unit charge of a single electron, incident photon density 

of excitation laser (photons m–2), a correction (or filling) factor (m–1), and a transient 

photoconductivity, respectively. The sample was set at the highest electric field in a 

resonant cavity. FP-TRMC experiments were performed at room temperature. The 

measurements of 10 and 10⊃C60 were performed for crystalline samples covered with a 

PVA film on a quartz substrate. 

 

DOSY Measurement 

The diffusion coefficients (D) of 6, 6 + C60, 10, and 10 + C60 were determined 

by 1H NMR measurement at the concentrations of 0.8 mM. The mixture of host and C60 

were dissolved in toluene-d8, and then stirred over 10 min to achieve the equilibrium 

state. All experiments were conducted at 20 °C.  
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SEM Measurement 

Field emission scanning electron microscopy (FE-SEM) samples were 

prepared by drop-cast of toluene solution of 6, 6 + C60, 10, and 10 + C60 on silicon wafer. 

The images were recorded on a JEOL JSM-7500F microscope with the accelerating 

voltages of 1 kV for 6, 10, and 2 kV for 6 + C60, 10 + C60. 

 

XRD Measurement 

The measurements of 10 and 10•C60 crystal were performed for powder and 

crystalline samples respectively. The sample of 10•C60 fiber was prepared by drop-cast 

of toluene solution of the mixture of 10 and 1 equiv of C60 on silicon wafer. X-Ray 

diffraction data of 10, 10 + C60 crystal and 10 + C60 fiber were taken on a X-ray 

diffractometer Rigaku FR-E equipped with two-dimensional detector Rigaku R-axis IV 

using CuKα radiation (� = 1.5418 Å) 

 

Theoretical Calculations  

All calculations were performed using the Gaussian 09 program. The 

simulated absorption spectra of 1:1 and 2:1 complexes between 6 and C60 were obtained 

by the TD-DFT method at the B3LYP functional and the 6-31G(d) basis set using X-ray 

crystal structures without any structural optimization. The estimated structure of the 1D 

chain-like supramolecular assembly was calculated by PM6 semi-empirical 

calculations. 
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Crystallographic Data 

 

  

empirical formula

formula weight
habit

crystal system
space group

a, Å

b, Å

c, Å
α, deg
β, deg
γ, deg

V, Å3

Z

T, K

Dc, g/cm3

R1 (I > 2σ(I))

wR2 (all data)

obs reflects

parameters

10•(C60)2

total reflects

F(000)

crystal size, mm3

2θmax, º

C247.73H123.18N2

3127.42
prism

13.1579(2)

37.8588(7)

30.9277(5)
90

96.192(2)
90

15316.5(4)
4

93(2)

1.356

0.1090

0.3338
1.085
26953

6494

0.70 x 0.074 x 0.066

130177
3503

50.0

C320H188N4

4088.73
prism

monoclinic

P21

17.0175(8)

28.9186(13)

22.7929(10)
90

100.4840(10)
90

11029.6(9)
2

113(2)

1.231

0.0969

0.2627
1.077

75648

4272

0.40 x 0.20 x 0.16

34976

4135

50.0

GOF

monoclinic

P21/c

62•C60

1579079CCDC number  1579080
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Chapter 4 
 

Reversible σ-Bond Dimerization of  
Bowl-Shaped Radical Cation 

 
ABSTRACT: Reversible σ-bond formation between two organic radicals has been 

widely investigated. However, formation of σ-dimers from delocalized π-radical cations 

has been limited. The author found the reversible σ-dimerization behavior of a 

bowl-shaped π-radical cation, which was generated from a nitrogen-embedded 

penta-peri-pentabenzoazacorannulene, both in crystalline and solution states. A single 

crystal X-ray diffraction analysis elucidated the detailed structure of the σ-dimer in the 

crystalline state. In the solution state, the monomeric radical cation predominantly 

existed at room temperature, while dimerization of the radical cation occurred through 

carbon–carbon σ-bond formation as the temperature decreased. The 1H NMR and 

optical spectroscopic measurements supported the formation of the σ-dimer at low 

temperatures. Comparative studies with a similar planar π-conjugated system suggested 

that the curved structure of the bowl-shaped π-radical cation facilitated the 

σ-dimerization at the internal sp2 carbon atom. This trend was also observed in the 

nucleophilic addition reaction of methanol to the π-radical cations. The methoxylation 

reaction proceeded only for the curved π-radical cation but not for the planar π-radical 

cation. Theoretical calculations indicated a large relief of the structural strain at the 

α-carbon in the course of the dimerization or nucleophilic addition reactions accelerated 

the bond formation at the internal carbon atom of the curved radical cation. 
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4-1. Introduction 

Reversible σ-bond formation and dissociation processes of organic radicals 

has attracted much attention in the fields of polymeric soft matter, self-healing, and 

mechanochromic materials.1–3 Among these researches, the reversible σ-dimerization 

with radical cations has been limited due to the coulombic repulsion between two 

positively charged species or the instability of monomeric radical cations. Furthermore, 

most of delocalized π-conjugated radical cations usually form π-dimers both in the 

solution and solid state. 

A σ-bonded dicationic dimer is suggested as a key intermediate in oxidative 

C–C bond-forming reactions such as electrochemical polymerization of thiophenes or 

pyrroles.4 However, the direct observation of these dicationic species have remained 

challenging because of their short lifetimes. To date, several research groups have 

succeeded in observing the σ-dimeric dications.5 For example, Effenberger and 

co-workers have reported the oxidative dimerization reactions of amino-substituted 

benzene derivatives and elucidated the structure of σ-bonded dicationic dimer by a 

single crystal X-ray diffraction analysis.5b–e In 1999, Merz and co-workers have revealed 

that the interconversion between the σ-dicationic species consists of two bipyrroles and 

its corresponding monomer proceeds reversibly in solution depending on 

temperatures.5g Power and co-workers have demonstrated the σ-dimerization of 

persistent organic radical cations in the crystalline state.5m However, their low solubility 

hampered detailed studies in the solution state.  

Most of reactions of π-conjugated molecules occur at peripheral positions 

rather than at internal atoms. For instance, all the reversible σ-dimerization reactions of 

organic radical cations occurred at their peripheral carbon atoms. On the other hand, in 

the case of nanocarbon materials such as fullerene, carbon nanotube, and graphene, 

reactions can proceed at the internal sp2 carbon atoms on the surface.6,7 Recently, such a 

specific reactivity has been also reported for bowl-shaped π-conjugated molecules.8 

While the reactions of corannulene usually proceed at the peripheral sp2 carbon atoms, 
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the addition of dihalocarbene to corannulene occurs at its internal sp2 carbon atom.8a 

Petrukhina and co-workers have also succeeded in the isolation and characterization of 

an inner-substituted corannulene arenium cations.8b In 2008, Scott and Bronstein 

suggested that a relief of the geometric strain in the course of the addition reaction at 

internal sp2 carbons is larger in bowl-shaped molecules than that in planar π-systems by 

theoretical calculations.8h However, there is no report that experimentally demonstrates 

the effect of the curved π-structure on their specific reactivity at the internal position 

through the comparative study with its planar analogue. 

The author revealed that oxidation of penta-peri-pentabenzoazacorannulene 6 

with tris(4-bromophenyl)aminium hexachloroantimonate (BAHA) successfully affords 

the radical cation 6•+SbCl6
– due to its electron-rich nature (see Chapter 2). The persistent 

nature of this radical cation enables the further investigation into its chemical properties. 

Herein, the author discloses a reversible σ-bond formation behavior of 6•+ at its internal 

sp2 carbon atom upon crystallization or lowering temperature in solution (Scheme 4-1). 

The author also experimentally demonstrated the importance of the curved structure for 

σ-dimerization through comparison with an analogous planar radical cation 7•+SbCl6
–, 

which underwent selective π-dimerization. 
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Scheme 4-1. Dimerization and dissociation behavior between 6•+SbCl6
– and 

[6-6]2+[SbCl6
–]2. 

 

4-2. σ-Dimerization of a Bowl-Shaped Radical Cation 

To characterize the detailed structure of 6•+, the author attempted to get its 

single crystal by a vapor diffusion of hexane into a chlorobenzene/diethyl ether solution 

of 6•+SbCl6
–. Contrary to expectation, the author obtained the crystal of σ-dimer 

[6-6]2+[SbCl6
–]2, where two penta-peri-pentabenzoazacorannulene units were connected 

by a covalent carbon–carbon bond at the internal α-carbons of the central pyrrole ring 

(Figure 4-1). The sum of the angles around the α-carbons (326°/327°) clearly indicates 

their sp3 configuration. In addition, the existence of two counter anions in a unit cell 

indicated the dicationic state of this dimer. The length of the central bridging bond (1.64 

Å) is close to those of previously reported σ-dimeric dications, but apparently longer 

than the standard C(sp3)–C(sp3) single bond.5c,m There are two possible diastereomers 

for [6-6]2+, one of which is meso-dimer and the other is chiral-dimer. The calculated 
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energies of meso- and chiral-dimers are almost identical (Figure 4-2 and Table 4-1). 

However, only the meso-dimer was observed in crystal. As revealed in Chapter 2, 

6•+SbCl6
– exists as the monomer in the solution state at room temperature. Consequently, 

the dimerization behavior of 6•+ was induced by crystallization. Dissolving of the crystal 

of σ-dimer [6-6]2+[SbCl6
–]2 in CH2Cl2 reproduced the monomeric radical cation. 

 

 
Figure 4-1. X-Ray crystal structure of [6-6]2+[SbCl6

–]2. (a) Top view and (b) side view. 

The thermal ellipsoids are scaled at 50% probability level. The hydrogen atoms, solvent 

molecules and [SbCl6]– ions are omitted for clarity. 

 

(a) (b)
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Figure 4-2. The sum of the electronic and zero-point energies of meso and chiral 

σ-dimer. 

 

Table 4-1. Summary of the electronic and zero-point energies of each σ-dimer 

Units (Hartree/Particle) 

Compound ZPEa E0
b 

Meso σ-dimer 0.764763 –2717.742846 

Chiral σ-dimer 0.764729 –2717.742652 

[a] Zero-point correction. [b] Sum of electronic and zero-point energies. 

 

The σ-dimerization reaction was also observed in the solution state by 

lowering the temperature. Figure 4-3 shows variable-temperature (VT) 1H NMR spectra 

of 6•+SbCl6
– in CDCl3. No signal was observed at 25 °C, suggesting the predominant 

existence of a paramagnetic species at room temperature. The broad peaks gradually 

appeared in the aromatic region as the temperature decreased. These peaks finally 

became sharp at –55 °C, indicating the formation of a diamagnetic species. Judging 

from 1H–1H COSY NMR measurement and their relative integral values estimated by 

comparison with those of tris(4-bromophenyl)amine, there were eight singlets, two 

meso σ-dimer chiral σ-dimer
–2717.742846 Hartree/Particle –2717.742652 Hartree/Particle

(a) (b)
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doublets, and one triplet (Figure 4-4 and Figure 4-5). These signals were assigned as 

peripheral protons of penta-peri-pentabenzoazacorannulene with a lower symmetry. 

 

 
Figure 4-3. VT 1H NMR spectra of 6•+SbCl6

– in CDCl3. (a) 25 °C, (b) –20 °C, (c) –

40 °C, and (d) –55 °C. 

 

 

Figure 4-4. 1H NMR spectra of 6•+SbCl6
– at –55 °C in CDCl3. 
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Figure 4-5. 1H–1H COSY NMR spectrum of 6•+SbCl6
– in CDCl3 at –55 °C. 

 

The author also measured VT UV-vis-NIR absorption spectra of 6•+SbCl6
– in 

CH2Cl2 (Figure 4-6). At room temperature, the characteristic broad band in the 

near-infrared (NIR) region due to the monomeric radical cation was observed. On the 

other hands, this NIR absorption band was diminished at lower temperatures, while the 

new absorption bands around 580 nm and 720 nm were generated with isosbestic points. 

The disappearance of NIR absorption band suggests the formation of σ-dimer.5g,i In 

addition, the simulated absorption spectrum of the σ-dimer [6-6]2+ calculated by the 

time-dependent (TD) DFT method are in good agreement with the experimental spectra 

(Figure 4-7). These spectroscopic analysis indicated the formation of σ-dimer [6-6]2+ 

even in the solution state as in the case of the crystalline state. According to the optical 

experiments, the thermodynamic parameters of this dimerization process were 

determined to be ΔH = –11.1 kcal mol−1 and ΔS = –25.6 cal K–1 mol−1 by a van’t Hoff 
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plot (Figure 4-8 and Figure 4-9).  

 

 
Figure 4-6. VT UV/vis/NIR absorption spectra of 6•+SbCl6

– in CH2Cl2. The inset shows 

the changes of the solution color. 

 

 
Figure 4-7. Calculated absorption spectrum of the σ-dimer. The experimental 

absorption spectrum of 6•+ in CH2Cl2 at –85 °C was also displayed for comparison 

(blue line). 
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Figure 4-8. The temperature-dependent absorbance (at 1033.5 nm) of 6•+ in CH2Cl2. 

 

 

Figure 4-9. van’t Hoff plot using UV/vis/NIR absorption measurement. 

 

The author also performed VT-ESR measurement in CH2Cl2 (Figure 4-10). 

The signal derived from 6•+ completely disappeared at –85 °C. From these experiments, 

the thermodynamic parameters were estimated to be ΔH = –11.8 kcal mol−1 and ΔS = –

23.9 cal K–1 mol−1, which are almost consistent with those evaluated by optical 

measurements (Figure 4-11 and Figure 4-12). The ΔH value in this system is larger than 
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that of previously reported σ-dimeric dications.5i–k In addition, the dimerization reaction 

of alkylated C60 radicals shows much smaller ΔH value (up to –35.5 kcal mol–1).9 The 

relatively large ΔH value of 6•+ is consistent with its reversible σ-dimerization and 

dissociation behavior in solution around room temperature. 

 

 
Figure 4-10. VT ESR spectra of 6•+SbCl6

– in CH2Cl2. 

 

 
Figure 4-11. The temperature-dependent integration of the ESR signal of 6•+ in CH2Cl2. 
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Figure 4-12. van’t Hoff plot using ESR measurement. 

 

4-3. π-Dimerization of an Analogous Planar Radical Cation 

Contrary to the present bowl-shaped π-radical cation 6•+, delocalized π-radical 

cations often forms their π-dimers in the solution state.10 The author speculated that the 

bowl-shaped structure of 6•+ would contribute to the σ-bond formation at the internal 

position. To elucidate the effect of the bowl shape on σ-dimerization, the author 

conduced comparison experiment with analogous planar molecule 7 (see Scheme 2-3 in 

Chapter 2). Compound 7 has the one carbon–carbon bond deficient structure of 6. The 

structure of 7 was unambiguously elucidated by a single crystal X-ray diffraction 

analysis. In the crystal, there are four independent molecules, which arranged to form 

1D columnar π-stack (Figure 4-13). The deviations from the mean plane consisting of 

core 35 atoms are 0.077 Å, 0.125 Å, 0.135 Å, and 0.154 Å, corroborating its highly 

planar structure. 
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Figure 4-13. X-Ray crystal structure of 7. (a) Top view, (b) side view, and (c) packing 

structure. The thermal ellipsoids are scaled at 50% probability level. The hydrogen 

atoms and solvent molecules are omitted for clarity. 

 

The oxidation of 7 with 1 equiv of BAHA resulted in disappearance of its 

NMR proton signals and generation of NIR bands in the UV/vis/NIR absorption 

spectrum (Figure 4-14 and Figure 4-15). The formation of a paramagnetic specie was 

confirmed by ESR measurement in the CH2Cl2 solution, showing a distinct peak at g = 

2.003 (Figure 4-16). The simulated UV-vis-NIR absorption spectrum of 7•+ by the 

TD-DFT method at the B3LYP/6-31G(d) level was consistent with the experimental 

result, supporting the formation of 7•+ (Figure 4-17).  

 

 
Figure 4-14. 1H NMR spectrum of 7 with 1.0 equiv of BAHA in CD2Cl2. 
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Figure 4-15. UV/vis/NIR absorption spectral changes of 7 with 1.0 equiv of BAHA in 

CH2Cl2. 

 

 
Figure 4-16. ESR spectrum of 7•+SbCl6

– in CH2Cl2. 
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Figure 4-17. Calculated absorption spectrum of 7•+. The experimental absorption 

spectrum of 7 with 1.3 equiv of BAHA in CH2Cl2 was also displayed for comparison 

(blue line). 

 

Fortunately, the author obtained the X-ray crystal structure of 7•+, which 

revealed that the radical cation molecule remained nearly planar (Figure 4-18). The 

mean plane deviation became 0.131 Å, which is almost identical to the averaged value 

(0.123 Å) of 7. Furthermore, the two molecules of 7•+ were stacked in a face-to-face 

manner in the crystalline state. The presence of 2 equiv of a counter anion SbCl6
– in one 

unit cell confirms the dicationic character of this dimer. The closest interplanar distance 

was 3.144 Å between the two α-carbons of central pyrrole rings, which is a typical 

value for π-dimers.10a–d,11 The shorter distance than the sum of van der Waals radii of a 

C(sp2) atom (3.40 Å) indicates the presence of strong attractive interactions between 

these two paramagnetic species.12 
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Figure 4-18. X-Ray crystal structure of [7-7]2+[SbCl6]–

2. (a) Top view and (b) packing 

structure. The thermal ellipsoids are scaled at 50% probability level. The hydrogen 

atoms and solvent molecules are omitted for clarity. 

 

The dimerization behavior of 7•+ in solution was investigated. In VT 1H NMR 

measurement, two broad peaks appeared in the aromatic region at –80 °C, indicating the 

existence of a diamagnetic species (Figure 4-19). These changes were also monitored by 

VT ESR spectroscopy. A single peak at g = 2.003 due to 7•+ was gradually weakened at 

low temperatures (Figure 4-20). Different from 6•+, the signal was still observed even at 

–85 °C. The structure of the resulting product was finally determined by VT 

UV-vis-NIR absorption measurement of 7•+ (Figure 4-21). The absorption bands in the 

UV/visible region remained almost unchanged at low temperature. On the other hand, 

new absorption band around 1300 nm was appeared. According to the reported 

π-dimerization reactions, the generation of the NIR absorption band at low temperatures 

strongly suggests the formation of a π-dimer. TD-DFT calculations of π-dimer [7-7]2+ 

also supported these spectral changes (Figure 4-22). The new absorption band around 

1300 nm was mostly attributed to the transition from HOMO–1 to LUMO of the 

π-dimer. In HOMO–1, there is the bonding interaction between two units of 7•+ (Figure 

4-23). Consequently, the generation of this band suggests the existence of the π-dimer. 

The thermodynamic parameters were also determined to be ΔH = –5.8 kcal mol−1 and 

ΔS = 2.7 cal K–1 mol−1 by ESR measurement (Figure 4-24 and Figure 4-25). The ΔH 
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value is larger than that of the σ-dimerization process of 6•+. 

 

 

Figure 4-19. VT 1H NMR spectra of 7•+SbCl6
– in CDCl3. (a) 25 °C, (b) –40 °C, and (c) 

–80 °C. 

 

 

Figure 4-20. VT ESR spectra of 7•+SbCl6
– in CH2Cl2. 
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Figure 4-21. VT UV/vis/NIR absorption spectra of 7•+SbCl6
– in CH2Cl2. 

 

 

Figure 4-22. Calculated absorption spectrum of the π-dimer. The experimental 

absorption spectrum of 7•+ at –85 °C in CH2Cl2 was also displayed for comparison (blue 

line). 
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Figure 4-23. Calculated MOs of the π-dimer [7-7]2+ by the DFT method at the 

UM06/6-31G(d) level (singlet only). 
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Figure 4-24. The temperature-dependent integration of the ESR signal of 7•+ in CH2Cl2. 

 

 
Figure 4-25. van’t Hoff plot using ESR measurement. 
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accorded with its less symmetric structure. 

The X-ray crystal structure of 6•OMe+ revealed that the methoxy group was 

selectively introduced at the α-carbon of central pyrrole ring (Figure 4-26). The length 

of C1–O1 bond (1.417(3) Å) is consistent with a standard C–O single bond (1.43 Å). 

The C2–C3 bond length (1.359(4) Å) suggests its double bond character. In addition, 

the N1–C4 bond (1.337(3) Å) is longer than C–N double bonds but shorter than C–N 

single bonds. Accordingly, 6•OMe+ has large contribution of the resonance structures 

depicted in Figure 4-26c. 

 

 
Figure 4-26. X-Ray crystal structure of [6•OMe]+[SbCl6]–. (a) Top view and (b) side 

view. The thermal ellipsoids are scaled at 50% probability level. The hydrogen atoms, 

[SbCl6]– ion and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

N1–C1 1.487(3), C1–C2 1.499(4), C2–C3 1.359(4), C3–C4 1.412(4), C4–N1 1.337(3), 

C1–O1 1.417(3). 
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Interestingly, only one equiv of BAHA was required to complete the 

production of 6•OMe+ from 6. This addition reaction should be initiated by the 

nucleophilic attack of methanol to the α-carbon of the central pyrrole ring (Scheme 

4-2).13 Subsequent deprotonation would result in the formation of neutral radical 

6•OMe•. Considering that the hexachloroantimonate ion can serve as an oxidant, 

6•OMe• could be oxidized to afford 6•OMe+.14 The change of the oxidizing reagent 

from BAHA to AgPF6, where hexafluorophosphate ion has no oxidizing ability, resulted 

in decrease of the yield to 63%.  

 

 
Scheme 4-2. A proposed reaction mechanism for methoxylation of 6•+SbCl6

–. 

 

Figure 4-27 shows the UV-vis absorption spectrum of 6•OMe+ in CH2Cl2, 

which exhibited two characteristic absorption bands in the visible region. The spectral 

similarity between 6•OMe+ and σ-dimer [6-6]2+ suggests the resemblance of electronic 

structures between these two cationic species. 
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Figure 4-27. UV/vis absorption spectra of 6 and [6•OMe]+[SbCl6]– in CH2Cl2. 

 

4-5. Origin of The Different Reactivity of a Bowl-Shaped Radical Cation 

For bowl-shaped π-conjugated molecules such as corannulene and sumanene, 
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has relatively large POAV angle at its internal α-carbons (θσπ = 6.6°). On the other hand, 
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the central pyrrole ring slightly decreased. Thus, dimerization and methoxylation lead to 

an additional relief of pyramidalization strain at the remaining sp2 carbons. 

 

 
Figure 4-28. Calculated POAV angles and spin density distributions of (a) 6•+ and (b) 

7•+ at the B3LYP/6-31G(d) level. tert-Butyl substituents were replaced with hydrogen 

atoms. 
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Figure 4-29. The POAV angles of (a) [6•OMe]+[SbCl6]– and (b) σ-dimer 

[6-6]2+[SbCl6
–]2. 

 

Finally, the author conducted the DFT calculations against the homodesmotic 

reaction as shown in Scheme 4-3 to estimate the relative energy balance in the course of 

methoxylation. Consequently, the addition reaction of 6•+ was energetically more 

favorable than 7•+ by 15.2 kcal mol–1 (Table 4-2). These results clearly indicate a relief 

of the strain is larger in 6•+ than 7•+, which should accelerate the bond formation of 6•+ at 

its internal position. In contrast, the addition reaction against 7•+ would rather increase 

the geometric strain at newly formed sp3 carbon as well as the neighboring atoms. 
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Scheme 4-3. Homodesmotic reaction energy at the B3LYP/6-31G(d) level. tert-Butyl 

substituents were replaced with hydrogen atoms. 

 

Table 4-2. Summary of the electronic and zero-point energies of each σ-dimer 

Units (Hartree/Particle) 

compound ZPEa E0
b Ec Hd 

6sub
•+ 0.381175 –1358.876301 –1358.855741 –1358.854797 

7sub
•+ 0.403035 –1360.090036 –1360.068036 –1360.067092 

6sub•OMe+ 0.425836 –1473.950661 –1473.927210 –1473.926266 

7sub•OMe+ 0.448146 –1475.139999 –1475.115251 –1475.114307 

[a] Zero-point correction. [b] Sum of electronic and zero-point energies. [c] Sum of 

electronic and thermal energies. [d] Sum of electronic and thermal enthalpies. 
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4-6. Summary 

In summary, the author has investigated the unique dimerization behavior of 

the radical cation with a bowl-shaped structure. In the crystalline state, 6•+ formed the 

σ-dimeric dication, where the bond formation occurred between internal α-carbon 

atoms of the central pyrrole ring. Different from many other organic radical cations, 6•+ 

exhibited the reversible σ-dimerization behavior in the solution state depending on 

temperatures. The formation of the σ-dimer was dominant at low temperatures, 

suggesting that the dimer is thermodynamically more stable than the monomer. In sharp 

contrast, planar radical cation 7•+ furnished a π-dimer selectively both in the crystalline 

and solution states. The different reactivities between 6•+ and 7•+ were also observed in 

the nucleophilic addition reaction with methanol. Bowl-shaped radical cation 6•+ reacted 

with methanol to form the α-methoxylated product, while no change was observed in 

the case of planar radical cation 7•+. The bowl-shaped structure is advantageous for the 

bond formation at its internal curved surface due to a large relief of pyramidalization 

strain. On the other hand, the addition reaction to internal sp2 carbon of the planar 

π-system is energetically unfavorable because the conversion of a trigonal planar sp2 

carbon to a tetrahedral sp3 configuration increases the geometric strain. Theoretical 

calculations also supported these hypotheses. These researches offer a new insight into 

the molecular design for advanced material utilizing the reversible σ-dimerization 

behavior of organic radical cations. 
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4-7. Experimental Section 

Materials and Characterization 

 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded using a 

Bruker AVANCE III HD spectrometer. Chemical shifts were reported at the delta scale 

in ppm relative to CHCl3 (d = 7.260 ppm) and CH2Cl2 (d = 5.320 ppm) for 1H NMR and 

CDCl3 (d = 77.0 ppm) for 13C NMR. UV/vis/NIR absorption spectra were recorded 

using a Shimadzu UV-2550 or JASCO V670 spectrometer. High-resolution (HR) mass 

spectrum was recorded on a Bruker micro TOF using ESI-TOF method. Unless 

otherwise noted, materials obtained from commercial suppliers were used without 

further purification. 

 

Synthesis of [6•OMe]+[SbCl6]– 

In a glovebox, the mixture of 6 (4.00 mg, 6.04 µmol) and 

tris(4-bromophenyl)ammoniumyl hexachloroantimonate (9.87 mg, 12.1 mmol) was 

dissolved in CH2Cl2 (3 mL), toluene (2 mL) and diethyl ether (1 mL). To the mixture, 

methanol (0.10 mL) was added. The resulting solution was used for recrystallization 

(hexane was used as poor solvent), affording [6•OMe]+[SbCl6]– (5.75 mg, 5.60 µmol) in 

93% yield as a purple solid. 1H NMR (500 MHz) (CDCl3): δ = 8.42 (s, 2H), 8.35 (d, J = 

9.3 Hz, 1H), 8.34 (s, 1H), 8.31 (s, 1H), 8.27 (s, 1H), 8.13 (d, J = 7.7 Hz, 1H), 7.96 (s, 

1H), 7.74 (s, 1H), 7.73 (s, 1H), 7.71 (s, 1H), 7.65 (t, J1 = 7.9 Hz, J2 = 7.9 Hz, 1H), 4.00 

(s, 3H), 1.61 (s, 9H), 1.58 (s, 9H), 1.55 (s, 9H), 1.41 (s, 9H) ppm.; 13C NMR (126 MHz) 

(CDCl3): δ = 167.6, 158.5, 155.7, 155.0, 154.7, 151.9, 139.4, 138.8, 135.9, 135.3, 134.4, 

132.9, 132.5, 132.5, 129.8, 128.9, 127.2, 126.8, 126.5, 126.2, 126.1, 125.3, 125.0, 124.4, 

124.0, 123.7, 123.1, 122.4, 122.2, 121.0, 120.9, 119.7, 117.2, 88.18, 53.55, 37.80, 36.56, 

36.36, 35.67, 31.53, 31.23, 31.22, 31.18 ppm.; UV/vis (CH2Cl2): λmax (ε[M–1 cm–1]) = 

679.5 (4700), 550 (9100), 362 (35000) nm; High-resolution ESI–MS: m/z = 692.3881, 

calcd for (C51H50NO)+ = 692.3887 [M+]. 
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X-Ray Diffraction Analysis 

 X-Ray data were obtained using a Bruker D8 QUEST X-ray diffractometer 

with an IµS microfocus X-ray source and a large area (10 cm × 10 cm) CMOS detector 

(PHOTON 100) for [6•OMe]+[SbCl6]– and using a Rigaku CCD diffractometer (Saturn 

724 with MicroMax-007) with Varimax Mo optics using graphite monochromated 

Mo-Kα radiation (λ = 0.71075 Å) for [6-6]2+[SbCl6
–]2, 7, and [7-7]2+[SbCl6]–

2. 

 

Theoretical Calculations 

 The simulated absorption spectrum of the σ-dimer [6-6]2+ was obtained by the 

TD-DFT method at the camB3LYP/6-31G(d) level (spin restricted). The geometry of 

the X-ray crystal structure of [6-6]2+[SbCl6
–]2 was used for the calculation without any 

structural optimization. The geometry of 7•+ was optimized by the DFT method at the 

B3LYP/6-31G(d) level. The simulated absorption spectrum of 7•+ was obtained by the 

TD-DFT method at the B3LYP/6-31G(d) level. The simulated absorption spectrum of 

the π-dimer [7-7]2+ was obtained by the TD-DFT method at the UM06/6-31G(d) level 

(singlet only). The geometry of the X-ray crystal structure of [7-7]2+[SbCl6
–]2 was used 

for the calculation without any structural optimization. The molecular geometries of all 

6sub
•+, 7sub

•+, 6sub•OMe+, and 7sub•OMe+ were fully optimized by DFT method at the 

B3LYP/6-31G(d) level. All tert-butyl substituents were replaced with hydrogen atoms. 
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Crystallographic Data 
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crystal size, mm3
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2

93(2)

1.444

0.0687

0.2367
1.089
21568

2144

0.36 x 0.13 x 0.04

48579
1169

55.0

C199.77 H195.32 N4

2652.15
block

monoclinic

P21/n

21.4102(5)

30.3917(5)

25.3832(5)
90

108.985(3)
90

15618.2(6)
4
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Appendix 1 
 

Oxidation of 2-Amino-Substituted BODIPYs Providing  
Pyrazine-Fused BODIPY Trimers 

 
ABSTRACT: Oxidation of 2-amino-substituted BODIPYs afforded BODIPY trimers 

in a one-step operation. The trimer consists of a pyrazine-fused BODIPY dimer to 

which one BODIPY unit is connected through an NH linkage. Effective expansion of 

π-conjugation over the fused dimer was observed in optical and electrochemical 

measurements. 
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5-1. Introduction 

BODIPYs, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes, have been some of 

the most attractive functional dyes in materials science.1 They exhibit high thermal and 

photochemical stability as well as strong absorption and emission in the visible region 

due to their rigid frameworks and betaine-like electronic structures. These 

characteristics are now applied to fluorescent probes for bioimaging,2 photodynamic 

therapy3 and organic emissive materials such as OLEDs.4 Many chemists have recently 

focused on the synthesis of BODIPY oligomers to achieve NIR absorption and emission 

properties through expansion of π-conjugation.5 In particular, BODIPY oligomers with 

fused structures have attained fascinating features (Scheme 5-1). Yamaguchi, 

Wakamiya, and co-worker have demonstrated potential application of an 

α,β-benzene-fused BODIPY dimer to stable NIR dyes owing to the lowered HOMO 

energy by the fused structure (Scheme 5-1a).6a Uno, Nagata, and co-workers have also 

reported β,β′-benzene-fused BODIPY oligomers as NIR-selective light-absorbing 

materials (Scheme 5-1b).6b 

 

 

Scheme 5-1. Examples of fused BODIPY dimers. 
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Oxidation of amino-substituted π-conjugated molecules has been a useful tool 

for construction of fused systems. For example, aniline is oxidized to well-known black 

pigments, which are a mixture of oligomeric materials containing C–N double bonds 

and fused structures. Shinokubo and co-workers have recently developed oxidative 

coupling of amino-substituted functional π-systems such as porphyrins and anthracenes, 

providing pyrazine and pyrrole-fused dimers in high yields with excellent 

regioselectivity.7 These dimers exhibited absorption in longer wavelength region 

compared with their corresponding monomers due to the fused structure. Thus, the 

author tried the oxidation reaction of 2-amino BODIPYs to achieve NIR absorption dye, 

which resulted in the formation of BODIPY trimers with a pyrazine-fused BODIPY 

dimer structure. 

 

5-2. Synthesis and Characterizations 

2-Amino-8-mesityl BODIPY 13a was prepared from 2-bromo BODIPY 11a 

(Scheme 5-2). Palladium-catalyzed imination of 11a with benzophenone imine provided 

imino BODIPY 12a in 69% yield, which afforded a purple-colored solution containing 

13a and benzophenone after hydrolysis of 12a with aqueous HCl. Because 

decomposition of amino BODIPY 13a occurred during concentration of its solution, the 

author subjected the crude product 13a to the oxidation reaction without complete 

evaporation of solvents. Oxidation of 13a with DDQ afforded a blue compound 14a in 

34% yield in two steps, which was stable in air. Its parent mass ion peaks were observed 

at m/z = 968.4118, suggesting its trimeric structure. 
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Scheme 5-2. Synthesis of BODIPY trimers. 

 

The structure of 14a was unambiguously elucidated by X-ray diffraction 

analysis. Figure 5-1 shows the crystal structure of 14a, which contains three BODIPY 

skeletons. Two of the BODIPY units constitute a pyrazine-fused BODIPY dimer, to 

which one BODIPY unit is connected through an NH linkage. The BODIPY dimer part 

is completely planar and the mean plane deviation from the plane consisting of 18 

carbon and six nitrogen atoms in the dimer is 0.107 Å. The planar geometry suggests 

effective π-extension among the dimer units. On the other hand, the flanking BODIPY 

moiety is tilted to 44.5° from the dimer plane, indicating a small π-conjugation with the 

dimer moiety. The bond length of C(1)–N(9) is 1.33 Å which is shorter than that of a 

standard Csp3–N bond (1.47 Å), while C(20)–N(9) is standard (1.42 Å). These data 

indicate that the lone pair on the N(9) atom mainly participates in π-conjugation with 

the fused BODIPY dimer.  
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Figure 5-1. X-Ray crystal structure of 14a. (a) Top view and (b) side view. The thermal 

ellipsoids are scaled at a 50% probability level. Mesityl groups are omitted for clarity. 

 

To stabilize amino-substituted BODIPY 13a, the author introduced 

electron-withdrawing groups. As expected, nitrophenyl-substituted BODIPY 13b could 

be purified as a stable compound. Oxidation of 13b with DDQ in chloroform 

exclusively afforded the pyrazine-fused trimer 14b in 59% yield. In this reaction, no 

other oligomers were observed. The structure of 14b was also confirmed by X-ray 

diffraction analysis (Figure 5-2). Two nitrophenyl groups at the terminal positions are 

placed almost in the same plane with the adjacent BODIPY core, indicating effective 

π-conjugation. The hanging BODIPY monomer unit is displaced from the plane of the 

dimeric unit at an angle of 21.5°. The dihedral angle between the dimer plane and the 

flanking BODIPY unit is 54.8°, which is larger than that of 14a. These displacements 

are caused by steric repulsion between the nitrophenyl substituent and the BODIPY 

monomer unit. 

 

(a)
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C(1)N(9)
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Figure 5-2. X-Ray crystal structure of 14b. (a) Top view and (b) side view. The thermal 

ellipsoids are scaled at a 50% probability level. Mesityl groups are omitted for clarity in 

(b). 

 

5-3. Optical and Electrochemical Properties 

Figure 5-3 shows the UV-vis-NIR absorption spectra of 14a and 14b in 

CH2Cl2 along with the spectra of the corresponding monomers, 8-mesityl BODIPY 15a 

and 2-(4-nitrophenyl)-8-mesityl BODIPY 15b. As compared to the monomers 15a and 

15b, the absorption spectra of trimers 14a and 14b are significantly intensified. The 

lowest energy absorption bands of 15a and 15b are red-shifted to 701 and 761 nm, 

respectively. The absorption maximum of trimer 14b is longer than that of 14a because 

of extended π-conjugation by the nitrophenyl groups. Interestingly, a new absorption 

band of 14a appeared at around 850 nm in polar solvents such as acetone and 

acetonitrile (Figure 5-4). Further investigation was conducted by theoretical calculations. 

(a)

(b)
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The frontier orbitals of 14a, 14b were calculated by the DFT method at the 

B3LYP/6-31G(d) level (Figure 5-5 and Figure 5-6). While the HOMO is delocalized 

over the fused BODIPY dimer unit, the LUMO+1 is located at the monomeric BODIPY 

moiety. Time-dependent (TD) DFT calculations of 14a revealed that the lowest energy 

absorption band consists of three transitions (Figure 5-7). All of the transitions occur 

from HOMO to LUMO+1. These results indicate that intramolecular charge transfer 

interactions between the pyrazine-fused BODIPY dimer and amino BODIPY units 

resulted in the broad and red-shifted absorption band. In the fluorescence spectra, 14a 

and 14b show weak emissions in the near infrared region (ΦF < 0.01, Figure 5-8). The 

addition of various acids in the solution of 14a to prevent CT interactions did not 

enhance its fluorescence intensity. Therefore, the low fluorescence quantum yields are 

probably due to the non-radiative decay by rotation of the amino BODIPY substituent.  

 

 
Figure 5-3. UV-vis-NIR absorption spectra of 14a (black, solid line), 14b (red, solid 

line), 15a (black, dashed line), and 15b (red, dashed line) in CH2Cl2. 

 

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
1000900800700600500400300

λ/nm

ε/
10

5  
M

–1
 c

m
–1

14a

14b
15a

15b



Appendix 1 

 145 

 
Figure 5-4. UV-vis-NIR absorption spectra of 14a in various solvents. 

 

 
Figure 5-5. Molecular orbitals of 14a, 15a, and the pyrazine-fused dimer. 
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Figure 5-6. Molecular orbitals of 14b and 15b. 

 

 
Figure 5-7. Calculated absorption spectrum of 14a (blue line) by the DFT method using 

the B3LYP functional and the 6-31G(d) basis set. The spectra of 14a in CH2Cl2 (black 

line) were also displayed. 
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Figure 5-8. Emission spectra of 14a and 14b in CH2Cl2. 

 

Electrochemical properties of 14a and 14b and the corresponding monomers 

15a and 15b5c were investigated by cyclic voltammetry (Figure 5-9). The results are 

summarized in Table 5-1. Both 14a and 14b exhibited clear and reversible reduction 

waves and irreversible oxidation waves. As compared to the corresponding monomers 

15a and 15b, the gap between the first oxidation and first reduction potentials (ΔE) 

becomes narrower in trimers 14a and 14b. Because the value of the third reduction 

potential of 14 is almost identical to the first reduction potential of monomer 15, the 

third reduction can be considered to occur on the amino BODIPY unit. Accordingly, 

both the first and second reductions proceed at the fused dimer unit. The theoretical 

calculations also support this assignment: the calculated energy levels of HOMO, 

HOMO–1 and LUMO of the corresponding pyrazine-fused BODIPY dimer unit are 

almost comparable with those of 14a (Figure 5-5). The split of the reduction waves 

indicates the strong electronic interaction between two BODIPY moieties in the fused 

dimer. The remarkable decrease of the first reduction potential in trimers suggests that 

fusion with the pyrazine ring at 2,3-positions is effective to lower the LUMO level. 

Such a compound with a low LUMO level is a promising candidate for effective 

electron-accepting molecules applied for solar cells and n-type conducting materials. 
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Figure 5-9. Cyclic voltammograms of (a) 15a, (b) 14a, (c) 15b, and (d) 14b. 

 

Table 5-1. Summary of electrochemical data. 

compound Eox
2 Eox

1 Ered
1 Ered

2 Ered
3 Ered

4  ΔEa 

15a — 1.12b –1.35 — — — 2.47 

14a 1.04b 0.716b –0.735 –0.950 –1.39 –1.92 1.45 

15b — 1.15b –1.21 –1.67 — — 2.36 

14b 1.08b 0.796b –0.556 –0.817 –1.33 –1.73 1.35 

[a] ΔE = (Eox
1 – Ered

1) [b] Irreversible wave. The values were obtained by DPV 
measurement.  
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5-4. Summary 

In conclusion, the author has achieved one-pot synthesis of pyrazine-fused 

BODIPY trimers through oxidation of 2-aminosubstituted BODIPYs. The reaction 

proceeded with excellent regioselectivity due to high electrophilicity at 3,5-positions. 

BODIPY trimers 14 exhibit bathochromic shifted strong absorption bands, indicating 

effective expansion of π-conjugation. Theoretical calculations revealed the presence of 

intramolecular charge transfer interactions between the BODIPY dimer and monomer 

units. This protocol would be applicable to efficient access to NIR dyes not only with 

BODIPYs but also with other functional π-systems. 
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5-5. Experimental Section 

Materials and Characterization 
1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded using a 

Varian INOVA-500 spectrometer. Chemical shifts were reported at the delta scale in 

ppm relative to CHCl3 (δ = 7.260 ppm) and CH2Cl2 (δ = 5.320 ppm) for 1H NMR, 

CDCl3 (δ = 77.0 ppm) for 13C NMR. UV/vis/NIR absorption spectra were recorded 

using a Shimadzu UV-2550 or JASCO V670 spectrometer. Emission spectra were 

recorded using a JASCO FP-6500 spectrometer, and absolute fluorescence quantum 

yields were measured by the photon-counting method using an integration sphere. 

High-resolution (HR) mass spectrum were recorded on a Bruker micro TOF using 

APCI-TOF method. Unless otherwise noted, materials obtained from commercial 

suppliers were used without further purification. 

 

Synthesis of 12a 

A Schlenk tube containing compound 11a (101 mg, 0.258 mmol), Cs2CO3 

(167 mg, 0.512 mmol), Xantphos (15.4 mg, 26.6 µmol), and Pd2dba3·CHCl3 (13.7 mg, 

13.2 µmol) was flushed with N2 three times. To the Schlenk, dry 1,4-dioxane (3 mL) 

and benzophenone imine (64.6 µL, 0.385 mmol) were added. The mixture was stirred 

for 3 h at 100 °C. After the reaction, the resulting mixture was cooled down to room 

temperature, passed through a short pad of Celite, and concentrated in vacuo. 

Purification by silica-gel column chromatography (hexane/CH2Cl2) afforded compound 

12a (87.6 mg, 0.179 mmol) in 69% yield as a purple solid. 1H NMR (CDCl3): δ = 7.80 

(s, 1H), 7.71–7.74 (m, 2H), 7.52 (s, 1H), 7.42–7.45 (m, 1H), 7.35–7.38 (m, 5H), 7.13–

7.14 (m, 2H), 6.86 (s, 2H), 6.57 (d, J = 4.5 Hz, 1H), 6.40 (dd, J1 = 3.8 Hz, J2 = 1.8 Hz, 

1H), 5.60 (s, 1H), 2.34 (s, 3H), 1.96 (s, 6H) ppm; 13C NMR (CDCl3): δ = 168.4, 146.6, 

143.6, 143.2, 142.2, 139.0, 138.5, 137.1, 136.1, 135.1, 134.2, 130.9, 129.4, 129.0, 128.9, 

128.8, 128.2, 128.1, 127.9, 120.5, 117.8, 21.09, 19.86 ppm; HR APCI-MS: m/z = 

490.2257, calcd for (C31H27BF2N3)+ = 490.2266 [(M + H)+]. 
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Synthesis of 12b 

A Schlenk tube containing compound 11b (50.7 mg, 99.4 µmol), Cs2CO3 

(66.3 mg, 0.203 mmol), Xantphos (23.2 mg, 40.1 µmol), Pd2dba3·CHCl3 (20.7 mg, 20.0 

µmol) was flushed with N2 three times. To the Schlenk, dry 1,4-dioxane (3 mL) and 

benzophenone imine (24.7 µL, 0.147 mmol) were added. The mixture was stirred for 2 

h at 100 °C. After the reaction, the resulting mixture was cooled down to room 

temperature and passed through a short pad of Celite, and concentrated in vacuo. 

Purification by silica-gel column chromatography (hexane/CH2Cl2) afforded compound 

12b (33.0 mg, 54.1 µmol) in 54% yield as a purple solid. 1H NMR (CDCl3): δ = 8.17–

8.19 (m, 2H), 8.15 (s, 1H), 7.72–7.74 (m, 2H), 7.65 (s, 1H), 7.57–7.59 (m, 2H), 7.45–

7.48 (m, 1H), 7.37–7.40 (m, 5H), 7.14–7.16 (m, 2H), 6.92 (s, 2H), 6.78 (s, 1H), 5.68 (s, 

1H), 2.37 (s, 3H), 2.00 (s, 6H) ppm; 13C NMR (CDCl3): δ = 169.6, 146.6, 146.3, 145.2, 

145.1, 144.9, 139.6, 139.2, 139.0, 138.7, 136.8, 136.1, 135.5, 135.5, 131.2, 130.2, 129.2, 

129.1, 129.0, 128.9, 128.3, 128.1, 125.4, 124.3, 123.0, 120.9, 21.14, 19.92 ppm; HR 

APCI-MS: m/z = 611.2407, calcd for (C37H30BF2N4O2)+ = 611.2431 [(M + H)+]. 

 

Synthesis of 13b 

Compound 12b (20.2 mg, 33.1 µmol) in THF (2.69 mL) was added 1 M HCl 

(0.587 mL) and the mixture was stirred for 1 h at 60 °C. After the reaction, the resulting 

mixture was cooled down to room temperature, and then aqueous NaHCO3 was added 

into reaction mixture. The resulting solution was extracted with CH2Cl2 and the organic 

layer was washed with water, dried over with Na2SO4, and concentrated in vacuo. 

Purification by silica-gel column chromatography (hexane/CH2Cl2) afforded compound 

13b (13.5 mg, 30.2 µmol) in 91% yield as a dark blue solid. 1H NMR (CDCl3): δ = 

8.16–8.18 (m, 2H), 8.05 (s, 1H), 7.80 (s, 1H), 7.57–7.58 (m, 2H), 6.98 (s, 2H), 6.67 (s, 

1H), 5.85 (s, 1H), 3.63 (s, 2H), 2.38 (s, 3H), 2.15 (s, 6H) ppm; 13C NMR (CDCl3): δ = 

146.0, 143.0, 142.7, 141.9, 140.3, 138.9, 136.9, 136.4, 136.4, 135.0, 129.6, 128.9, 128.3, 
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125.2, 124.3, 121.0, 108.8, 21.16, 19.99 ppm; HR APCI-MS: m/z = 447.1788, calcd for 

(C24H22BF2N4O2)+ = 447.1803 [(M + H)+]. 

 

Synthesis of 14a 

Compound 12a (30.2 mg, 61.7 µmol), THF (5.0 mL), and 1M HCl (1.1 mL) 

were added into a 30 mL round-bottomed flask, and the mixture was stirred for 1 h at 

60 °C. After the reaction, the resulting solution was cooled down to room temperature, 

and then aqueous NaHCO3 was added. The resulting mixture was extracted with CHCl3 

and then the organic extract was washed with water, dried over with Na2SO4, and 

evaporated the solvent to ca. 40 mL of the total volume. The solution was diluted with 

CHCl3 (40 mL) and degassed by bubbling with N2 for 45 minutes. To the resulting 

solution was added DDQ (29.3 mg, 129 µmol). The reaction mixture was stirred for 30 

min at room temperature. After the reaction, the resulting mixture was concentrated in 

vacuo. Purification by silica-gel column chromatography (hexane/EtOAc) afforded 

compound 14a (6.69 mg, 6.92 µmol) in 34% yield (2 steps) as a blue solid. 1H NMR 

(CDCl3): δ = 8.29 (s, 1H), 8.08 (s, 1H), 7.85 (s, 1H), 7.04 (s, 1H), 6.98 (s, 2H), 6.97 (s, 

2H), 6.97 (s, 2H), 6.89 (d, J = 4.5 Hz, 1H), 6.87 (d, J = 5.2 Hz, 1H), 6.83 (d, J = 4.1 Hz, 

1H), 6.68 (dd, J = 0.8, 4.3 Hz, 1H), 6.57–6.59 (m, 3H), 6.52 (s, 1H), 2.39 (s, 3H), 2.37 

(s, 3H), 2.36 (s, 3H), 2.12 (s, 6H), 2.10 (s, 6H), 2.09 (s, 6H) ppm; 13C NMR (CDCl3): δ 

= 161.0, 151.6, 151.3, 149.4, 148.6, 147.7, 145.5, 143.8, 140.4, 139.8, 139.6, 139.3, 

139.0, 138.5, 137.3, 137.0, 136.6, 136.3, 136.1, 135.4, 133.3, 132.9, 132.8, 131.1, 129.1, 

128.7, 128.5, 128.4, 128.2, 123.0, 120.7, 119.9, 119.2, 118.0, 109.5, 21.17, 21.13, 20.13, 

20.06, 20.05 ppm; UV/vis (CH2Cl2): λmax (ε [M–1 cm–1]) = 359 (14000), 507 (21000), 

700 (120000) nm; HR APCI-MS: m/z = 968.4118, calcd for (C54H47B3F6N9)+ = 968.4156 

[(M + H)+]. 
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Synthesis of 14b 

A Schlenk tube containing compound 13b (4.93 mg, 11.0 µmol) and DDQ 

(5.15 mg, 22.7 µmol) was flushed with N2 three times. To the Schlenk, dry CHCl3 (3.66 

mL) was added. The mixture was stirred for 4 h at room temperature. After the reaction, 

the resulting mixture was passed through short pad of Celite, and concentrated in vacuo. 

Purification by silica-gel column chromatography (hexane/CH2Cl2) afforded compound 

14b (2.91 mg, 2.19 µmol) in 59% yield as a black solid. 1H NMR (CDCl3): δ = 8.68 (s, 

1H), 8.54 (s, 1H), 8.28 (s, 1H), 8.23 (d, J = 9.0 Hz, 2H), 8.18 (d, J = 9.0 Hz, 2H), 7.99 

(d, J = 8.7 Hz, 2H) 7.73 (d, J = 9.0 Hz, 2H), 7.61 (d, J = 9.0 Hz, 2H), 7.32 (s, 1H), 7.27 

(d, J = 8.8 Hz, 2H), 7.16 (s, 1H), 7.06 (s, 3H), 7.04 (s, 2H), 6.96 (s, 3H), 6.93 (s, 1H), 

6.58 (s, 1H), 6.43 (s, 1H), 2.39 (s, 3H), 2.37 (s, 3H), 2.36 (s, 3H), 2.17 (s, 6H), 2.17 (s, 

6H), 2.02 (s, 6H) ppm; 13C NMR (CDCl3): δ = 157.9, 152.4, 150.0, 149.0, 148.6, 148.4, 

147.8, 147.4, 147.0, 146.2, 144.8, 144.3, 140.8, 140.5, 139.9, 139.8, 139.5, 139.0, 138.8, 

138.1, 137.7, 137.2, 137.0, 136.9, 136.6, 135.8, 135.6, 135.4, 133.5, 133.0, 133.0, 132.1, 

128.9, 128.8, 128.6, 128.5, 128.2, 127.9, 126.5, 126.4, 126.3, 126.0, 124.5, 124.4, 123.5, 

121.3, 120.2, 110.6, 21.18, 21.15, 20.23, 19.88 ppm; UV/vis (CH2Cl2): λmax (ε [M–1 cm–

1]) = 587 (34000), 762 (170000) nm; HR APCI-MS: m/z = 1353.4495, calcd for 

(C72H55B3F6N12O6Na)+ = 1353.4473 [(M + Na)+]. 

 

X-Ray Diffraction Analysis 

 X-Ray data were obtained using a Rigaku CCD diffractometer (Saturn 724 

with MicroMax-007) with Varimax Mo optics using graphite monochromated Mo-Kα 

radiation (λ = 0.71075 Å) for 14a and using a Bruker SMART APEX X-ray 

diffractometer equipped with a large area CCD detector for 14b. 

 

Electrochemical Analysis 

The cyclic voltammogram and differential-pulse voltammogram of 14a, 14b, 

15a, and 15b were recorded using an ALS electrochemical analyser 612C. 
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Measurements were performed in freshly distilled CH2Cl2 with tetrabutylammonium 

hexafluorophosphate as the electrolyte. A three-electrode system was used. The system 

consisted of a glassy carbon working electrode, a platinum wire, and Ag/AgClO4 as the 

reference electrode. The scan rate was 100 mVs–1. The measurement was performed 

under nitrogen atmosphere. All potentials are referenced to the potential of 

ferrocene/ferrocenium cation couple. 

 

Theoretical Calculations.  

All calculations were performed using the Gaussian 09 program. The 

molecular orbitals of 14a, 14b, 15a, 15b, and the pyrazine-fused dimer were calculated 

by single point calculation at the B3LYP functional and the 6-31G(d) basis set using the 

geometry optimized at the B3LYP/6-31G(d) level. The simulated absorption spectrum 

of 14a was obtained by the TD-DFT method at the B3LYP/6-31G(d) level. 
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Crystallographic data 

 

  

empirical formula

formula weight
habit

crystal system
space group

a, Å

b, Å

c, Å
α, deg
β, deg
γ, deg

V, Å3

Z

T, K

Dc, g/cm3

R1 (I > 2σ(I))

wR2 (all data)

obs reflects

parameters

14a 14b

total reflects

F(000)

crystal size, mm3

2θmax, º

C58H50B3Cl12F6N9

1444.90
prism

15.068(5)

14.208(5)

30.518(10)
90.00

99.173(4)
90.00

6450(4)
4

103(2)

1.488

0.0938

0.2931
1.050
11168

2936

0.2 x 0.2 x 0.2

26983
913

50.0

C80.12H67.72B3Cl1.09F6N15.52O6.25

1533.00
prism

triclinic

P-1 (2)

14.6707(6)

17.1450(7)

18.0545(10)
118.3350(17)

96.657(3)
90.695(2)

3958.5(3)
2

90(2)

1.286

0.0871

0.2809
1.026

24961

1589

0.19 x 0.17 x 0.16

13197

1082

50.0

GOF

monoclinic

P21/n

CCDC number 971649 971650
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Synthesis of Diazo-Bridged BODIPY Dimer and Tetramer 
by Oxidative Coupling of β-Amino-Substituted BODIPYs 

 

ABSTRACT: A diazo-bridged BODIPY dimer and tetramer were prepared by the 

oxidative coupling reaction of β-amino-substituted BODIPYs. The structure of the 

dimer was elucidated by X-ray diffraction analysis, showing its coplanar orientation of 

two BODIPY units. Effective extension of π-conjugation was confirmed by optical and 

electrochemical investigations. 
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6-1. Introduction 

BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, has been one of the 

most important functional dyes in a wide area of material science due to its high thermal 

and photochemical stability as well as strong absorption and emission in the visible 

region.1 A number of BODIPY-based molecules have been extensively explored for 

bioimaging probes,2 photodynamic therapy,3 and light emitting devices.4 Recently, 

BODIPY oligomers with covalent linkages have attracted much interest for their NIR 

light absorbing property.5 Although a number of BODIPY oligomers have been reported, 

there is no example of diazo-bridged ones. 

Diazo-bridged π-conjugated materials represented by azobenzene are 

photoactive materials, exhibiting photochromic behavior through cis-trans 

isomerization.6 The diazo linkage also enables effective π-conjugation due to its less 

sterically demanding nature in comparison to ethylene and imino linkages.7 In addition, 

the electron-withdrawing feature of diazo groups effectively stabilizes π-conjugated 

systems to prevent decomposition by air oxidation. Here, the author describes the 

synthesis of a diazo-bridged BODIPY dimer and tetramer as novel covalently linked 

BODIPYs through oxidative dimerization of amino-substituted BODIPYs. 

 

6-2. Synthesis and Characterizations 

3,5-Diphenyl-2-amino BODIPY 21 was prepared as a starting substrate from 

2-phenylpyrrole in six steps (Scheme 6-1). The reaction between 2-phenylpyrrole and 

mesitaldehyde in the presence of TFA afforded dipyrromethane 16. The oxidation of 16 

with DDQ provided dipyrrin 17 quantitatively. The complexation of 17 with BF3·OEt2 

successfully proceeded, resulting in BODIPY 18 in 85% yield. 2-Bromo BODIPY 19 

was obtained in 94% yield by treatment of 18 with 1.1 equiv of NBS. The 

palladium-catalyzed cross-coupling reaction of 19 with benzophenone imine followed 

by acidic hydrolysis furnished 21 in good yield. Compound 21 was stable enough for 

handling under air and concentrated conditions. This is in sharp contrast to 2-amino 
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BODIPYs without α-substituents, which decomposed during concentration by rotary 

evaporator (see APPENDIX 1).  

 

 

Scheme 6-1. Synthesis of 2-amino substituted BODIPY 21. 

 

Next, the author attempted oxidative coupling of 21 with several oxidizing 

reagents (Scheme 6-2).8 A copper-mediated oxidative coupling resulted in the formation 

of a complex mixture. On the other hand, oxidation of 21 with DDQ in chloroform 

provided a diazo-linked BODIPY dimer 22 in 8% yield (Table 6-1). In this reaction, the 

formation of DDQ adducts was also observed as side products. Accordingly, the author 

further optimized the reaction conditions with other oxidants. Oxidation of 21 with 

p-chloranil improved the yield to 12%. However, a large amount of the starting material 

remained unreacted. The use of MnO2 as the oxidant furnished 22 in 17% yield. 

t-BuOCl, recently reported by Minakata and co-workers9a, provided 22 in 33%, but 
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inseparable chlorinated byproducts were formed. Oxidation with 

bis(trifluoroacetoxy)iodobenzene (PIFA) afforded the desired product 22 in 34% yield 

without formation of chlorinated byproducts.9b,c In this case, the starting material 21 was 

completely consumed.  

 

 

Scheme 6-2. Oxidative dimerization of 21. 

 

Table 6-1. Summary of Scheme 6-2. 

Entry Oxidant (equiv) Time (h) Solvent Yield (%) 

1 DDQ (2.1) 1 CHCl3 8 
2 p-chloranil (2.1) 23a CHCl3 12 
3 MnO2 (26) 24 CHCl3 17 
4 t-BuOCl (2.0) + NaI (2.0) 13 DME 33 
5 PhI(OCOCF3)2 (2.1) 2 CHCl3 34 

[a] The reaction was conducted at r.t. for 17 h and at 60 °C for an additional 6 h.  

 

The product 22 was assigned by spectroscopic methods. The parent mass ion 

peak observed at m/z = 951.4119 (calcd for (C60H49B2F4N6)+ = 951.4154 [(M + H)+]) 

indicated its dimeric structure. In its 1H NMR spectrum, peaks for pyrrole protons of 22 

were shifted in the lower field as compared to 21 and the broad NH2 signal of 21 

disappeared after oxidation. This spectral change indicates conversion of the 

electron-donating NH2 group to the electron-withdrawing diazo linkage. Finally, the 

structure of 22 was unambiguously elucidated by X-ray diffraction analysis. Figure 6-1 
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displays the X-ray crystal structure of 22, revealing its highly planar structure including 

the diazo linkage. The deviation from the mean plane which consisted of the two 

BODIPY cores and the diazo moiety is 0.088 Å, and the dihedral angle between the 

BODIPY unit and the diazo linkage is only 1.1°. The length of the C(2)�N(3) bond is 

1.40 Å, which is shorter than the standard Csp
2�Nsp

2 single bond length. These structural 

features indicate the presence of effective conjugation between two BODIPY cores 

through the diazo linkage.  

 

 
Figure 6-1. X-Ray crystal structure of 22. (a) Top view and (b) side view. The thermal 

ellipsoids are scaled at 50% probability level. The mesityl and phenyl groups are 

omitted for clarity. 

 

The author then attempted to obtain higher oligomers (Scheme 6-3). 

Bromination of 22 with NBS proceeded regioselectively. Amino-substituted BODIPY 

dimer 23 was prepared in a similar manner as 21. Oxidation of 23 with MnO2 furnished 

tetramer 24 in 4% yield. The yield was improved to 24% with PIFA as an oxidant. The 

formation of 24 was confirmed by mass and NMR spectroscopic analyses. The 

high-resolution (HR) mass spectrum of 24 exhibits the parent mass ion peak at m/z = 

1927.8142, indicating its tetrameric structure. The 1H NMR spectrum of 24 showed a C2 

symmetric feature. Singlet signals for pyrrole protons of 23 at 6.51, 6.36, and 5.87 ppm 

(a)

(b)

C(2)

N(3)
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were shifted further downfield to 6.58, 6.57, and 6.52 ppm in 24, suggesting the 

formation of a new diazo group. Although the yield of the oxidative coupling reaction 

was not high, tetramer 24 was stable under the aerobic conditions, demonstrating the 

prospective utility of the diazo linkage to obtain stable and highly conjugated BODIPY 

oligomers. 

 

 
Scheme 6-3. Synthesis of diazo-linked BODIPY tetramer 24. 

 

6-3. Optical and Electrochemical Properties  

Figure 6-2 shows the UV/vis absorption spectra of 18, 22, and 24 in CH2Cl2. 

The lowest energy bands were substantially shifted to the low energy region in the order 

of 24 > 22 > 18, indicating effective expansion of π-conjugation upon oligomerization. 

The splitting absorption band at 690 nm for 22 also indicates strong π-conjugation, 

showing an anisotropic transition over the BODIPY plane.10 Tetramer 24 exhibited an 

22
CH2Cl2

r.t.

benzophenone imine
Pd2dba3•CHCl3

Xantphos
Cs2CO3

1,4-dioxane
100 °C

1 M HCl

THF
70 °C N

Ar

N
B

F F

N

Ph Ph

N

Ar

N
B

FF PhPh

N

23

NH2

42% (3 steps)

23
PIFA

CHCl3, r.t.

N

Ar

N
B

F F

N

Ph Ph

N

Ar

N
B

FF PhPh

N N
N

Ar

N
B

FF

N

PhPh

N

Ar

N
B

F FPh Ph

NN

24

24%

NBS



Appendix 2 

 164 

intense absorption band in the near-infrared region at 802 nm. The intense emission was 

observed for 18 with a fluorescence quantum yield of 0.88, while dimer 22 exhibited 

weak and red-shifted emission (Φf = 0.02) at 743 nm (Figure 6-3). 

 

 

Figure 6-2. UV-vis-NIR absorption spectra of 18 (black), 22 (red), and 24 (blue) in 

CH2Cl2. 

 

 

Figure 6-3. Emission spectra of 18 (black) and 22 (red) in CH2Cl2. 
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To investigate the electronic structure of oligomers 22 and 24, 

electrochemical analysis was performed by cyclic voltammetry (Figures 6-4 and Table 

6-2). Dimer 22 exhibited three reversible oxidation waves at 0.708, 0.818, and 1.19 V 

and two reversible reduction waves at �1.15 and �1.33 V. In the case of tetramer 24, 

two reversible reduction waves at �0.985 and �1.19 V and irreversible oxidation waves 

were observed. The gaps between the first oxidation and first reduction potentials 

decrease in the order 18 > 22 > 24. This tendency is consistent with the result by optical 

analysis. Furthermore, both oxidation and reduction potentials in 22 and 24 are split, 

indicating the effective electronic communication between two BODIPY units. 

Interestingly, significant changes were observed for reduction potentials of 18, 22, and 

24, while their first oxidation potentials remained almost unchanged. This is probably 

due to the electron-withdrawing feature of the diazo groups, which only affect the 

energy level of LUMOs. These results demonstrate that the connection of the BODIPY 

units with the diazo linkage is beneficial to obtain air-stable BODIPY-based oligomers 

and polymers.11 
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Figure 6-4. Cyclic voltammograms of (a) 18, (b) 22, and (d) 24. 

 

Table 6-2. Summary of cyclic voltammetry for compound 18, 22, and 24. 

compound Ered
3 Ered

2 Ered
1 Eox

1 Eox
2 Eox

3   Eox
4 

18 — — –1.36a 0.835 — — — 

22 1.46a 1.33 –1.15 0.708a 0.818 1.19a 1.38a 

24 — 1.19 –0.985 0.695a 0.809a 0.997a 1.19a 

[a] The values were obtained by DPV measurement.  
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6-4. Summary 

In conclusion, the author synthesized diazo-bridged BODIPY dimer 22 and 

tetramer 24 by oxidative coupling of 2-amino-substituted BODIPYs. The structure of 22 

was unveiled by X-ray diffraction analysis, showing its highly planar conformation. 

Optical and electrochemical studies indicate the presence of effective elongation of 

π-conjugation through the diazo bridge. These diazo-linked BODIPY oligomers have 

potential as a novel near-IR light absorbing dye. 

 

6-5. Experimental Section 

Materials and Characterization 
1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded using a 

Varian INOVA-500 spectrometer or a Bruker AVANCE III HD spectrometer. Chemical 

shifts were reported at the delta scale in ppm relative to CHCl3 (δ = 7.260 ppm) and 

CH2Cl2 (δ = 5.320 ppm) for 1H NMR and CDCl3 (δ = 77.0 ppm) for 13C NMR. 

UV/vis/NIR absorption spectra were recorded using a Shimadzu UV-2550 or JASCO 

V670 spectrometer. Emission spectra were recorded using a JASCO FP-6500 

spectrometer, and absolute fluorescence quantum yields were measured by the 

photon-counting method using an integration sphere. HR mass spectra were recorded 

using a Bruker microTOF by positive mode ESI-TOF or APCI-TOF methods. Unless 

otherwise noted, materials obtained from commercial suppliers were used without 

further purification. 

 

Synthesis of 16 

2-Phenylpyrrole (201 mg, 1.40 mmol), mesitaldehyde (92.3 µL, 0.635 mmol), 

and CH2Cl2 (5.0 mL) were added in a 50 mL two-necked flask. Trifluoroacetic acid 

(TFA, 10.5 µL) was added under N2 atmosphere, and then the mixture was stirred for 3 

h at room temperature. The resulting mixture was quenched with saturated NaHCO3 

(aq.). The resulting solution was extracted with CH2Cl2 and the organic layer was 
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washed with water, dried over Na2SO4, and then concentrated in vacuo. Purification by 

silica-gel column chromatography (hexane/EtOAc followed by hexane/CH2Cl2) 

afforded 16 (172 mg, 0.413 mmol) in 65% yield as a pale orange solid. 1H NMR 

(CDCl3): δ = 8.19 (s, 2H), 7.39 (dd, J1 = 8.4 Hz, J2 = 1.1 Hz, 4H), 7.32–7.35 (m, 4H), 

7.16–7.19 (m, 2H), 6.92 (s, 2H), 6.49–6.50 (m, 2H), 6.07–6.09 (m, 2H), 6.01 (s, 1H), 

2.32 (s, 3H), 2.18 (s, 6H) ppm; 13C NMR (CDCl3): δ = 137.5, 136.8, 133.8, 132.7, 132.4, 

130.9, 130.5, 128.8, 125.9, 123.4, 108.7, 106.3, 38.69, 20.80, 20.74 ppm; HR 

APCI-MS: m/z = 417.2319, calcd for (C30H29N2)+ = 417.2325 [(M + H)+]. 

 

Synthesis of 17 

To a solution of 16 (102 mg, 0.245 mmol) in CH2Cl2 (8 mL), DDQ (56.0 mg, 

0.247 mmol) was added, and the mixture was stirred for 2 h at room temperature. The 

resulting mixture was concentrated in vacuo. Purification by silica-gel column 

chromatography (hexane/CH2Cl2) afforded 17 (97.3 mg, 0.235 mmol) in 96% yield as 

an orange solid. 1H NMR (CDCl3): δ = 13.6 (br, 1H), 7.93–7.95 (m, 4H), 7.50 (t, J = 7.5 

Hz, 4H), 7.38–7.41 (m, 2H), 6.95 (s, 2H), 6.78 (d, J = 4.2 Hz, 2H), 6.48 (d, J = 4.2 Hz, 

2H), 2.38 (s, 3H), 2.17 (s, 6H) ppm; 13C NMR (CDCl3): δ = 153.8, 141.8, 138.5, 137.4, 

136.9, 133.2, 133.2, 128.9, 128.7, 128.4, 127.8, 126.1, 115.6, 21.14, 20.06 ppm; HR 

APCI-MS: m/z = 415.2172, calcd for (C30H27N2)+ = 415.2169 [(M + H)+]. 

 

Synthesis of 18 

In a 200 mL three-necked flask, 17 (805 mg, 1.94 mmol) was dissolved in dry 

CH2Cl2 (65 mL). To the solution, i-Pr2NEt (3.36 mL, 19.3 mmol) and BF3·Et2O (7.14 

mL, 57.9 mmol) were added dropwise under N2 atmosphere at 0 °C. The mixture was 

stirred for 6 h at room temperature and then quenched with water. The resulting mixture 

was extracted with CH2Cl2 and the organic layer was washed with water, dried over 

Na2SO4, and concentrated in vacuo. Purification by silica-gel column chromatography 

(hexane/CH2Cl2) afforded 18 (759 mg, 1.64 mmol) in 85% yield as an orange solid. 1H 
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NMR (CDCl3): δ = 7.89 (dd, J1 = 8.0 Hz, J2 = 1.5 Hz, 4H), 7.39–7.45 (m, 6H), 6.99 (s, 

2H), 6.66 (d, J = 4.5 Hz, 2H), 6.56 (d, J = 4.0 Hz, 2H), 2.39 (s, 3H), 2.21 (s, 6H) ppm; 
13C NMR (CDCl3): δ = 158.7, 143.9, 138.5, 136.8, 136.5, 132.6, 130.3, 129.4, 129.4, 

129.4, 128.2, 128.1, 120.8, 21.15, 20.12 ppm; UV/vis (CH2Cl2): λmax (ε [M–1 cm–1]) = 

346 (11000), 554 (70000) nm; HR APCI-MS: m/z = 462.2070, calcd for (C30H25BF2N2)+ 

= 462.2079 [M+]. 

 
Synthesis of 19 

A flask containing 18 (900 mg, 1.95 mmol), NBS (383 mg, 2.15 mmol), and 

AIBN (34.1 mg, 0.208 mmol) was flushed with N2 three times, and then degassed 

CHCl3 (195 mL) was added into the flask.  The mixture was stirred for 25 h at 100 °C. 

The resulting mixture was cooled to room temperature, and then the reaction was 

quenched with acetone. The mixture was extracted with CHCl3 and then the organic 

layer was washed with water, dried over Na2SO4, and concentrated in vacuo. 

Purification by silica-gel column chromatography (hexane/CH2Cl2) afforded 19 (994 mg, 

1.84 mmol) in 94% yield as a brown solid. 1H NMR (CDCl3): δ = 7.86–7.88 (m, 2H), 

7.69–7.71 (m, 2H), 7.40–7.47 (m, 6H), 7.01 (s, 2H), 6.75 (d, J = 4.0 Hz, 1H), 6.70 (s, 

1H), 6.62 (d, J = 4.5 Hz, 1H), 2.40 (s, 3H), 2.23 (s, 6H) ppm; 13C NMR (CDCl3): δ = 

161.1 153.9, 144.0, 138.9, 137.2, 136.7, 133.8, 131.9, 131.2, 130.5, 130.4, 130.0, 129.7, 

129.4, 128.4, 128.3, 128.2, 127.7, 122.0, 108.0, 107.9, 21.14, 20.14 ppm; HR 

APCI-MS: m/z = 540.1175, calcd for (C30H24BF2N2Br)+ = 540.1184 [M+]. 

 

Synthesis of 20 

A Schlenk tube containing 19 (1.00 g, 1.85 mmol), Cs2CO3 (1.21 g, 3.73 

mmol), Pd2dba3·CHCl3 (38.9 mg, 37.6 µmol), Xantphos (43.1 mg, 74.5 µmol) was 

flushed with N2 three times. To the Schlenk tube, benzophenone imine (0.466 mL, 2.78 

mmol) and dry 1,4-dioxane (13 mL) was added. The mixture was stirred for 15 h at 

100 °C. The resulting mixture was cooled to room temperature, passed through a pad of 

Celite, and concentrated in vacuo.  Purification by silica-gel column chromatography 
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(hexane/CH2Cl2) afforded 20 (558 mg, 0.870 mmol) in 47% yield as a purple solid. 1H 

NMR (CD2Cl2): δ = 7.76–7.78 (m, 2H), 7.72–7.74 (m, 2H), 7.58–7.60 (m, 2H), 7.36–

7.43 (m, 7H), 7.26–7.33 (m, 5H), 6.99–7.01 (m, 2H), 6.89 (s, 2H), 6.55 (d, J = 4.3 Hz, 

1H), 6.51 (d, J = 4.0 Hz, 1H), 5.29 (s, 1H), 2.35 (s, 3H), 1.98 (s, 6H) ppm; 13C NMR 

(CDCl3): δ = 168.2 157.9, 154.4, 142.8, 142.7, 139.0, 138.2, 136.9, 136.6, 136.3, 134.0, 

132.8, 130.8, 130.6, 130.1, 129.3, 129.2, 129.2, 129.1, 129.0, 128.6, 128.3, 128.1, 128.1, 

128.0, 127.8, 127.5, 120.1, 120.0, 118.0, 21.13, 19.98 ppm; HR APCI-MS: m/z = 

642.2919, calcd for (C43H35BF2N3)+ = 642.2894 [(M + H)+]. 

 

Synthesis of 21 

To a 50 mL flask, 20 (100 mg, 0.156 mmol), THF (12.8 mL), and 1M HCl 

(2.78 mL) were added, and then the mixture was stirred for 1 h at 70 °C. The resulting 

mixture was cooled to room temperature, and then aqueous NaHCO3 solution was 

added. The resulting mixture was extracted with CH2Cl2 and the organic layer was 

washed with water, dried over Na2SO4, and concentrated in vacuo. Purification by 

silica-gel column chromatography (hexane/CH2Cl2) afforded 21 (64.2 mg, 0.134 mmol) 

in 86% yield as a dark blue solid. 1H NMR (CDCl3): δ = 7.81 (dd, J1 = 8.3 Hz, J2 = 1.3 

Hz, 2H), 7.74 (d, J = 7.0 Hz, 2H), 7.42–7.50 (m, 3H), 7.31–7.38 (m, 3H), 6.97 (s, 2H), 

6.45 (d, J = 4.0 Hz, 1H), 6.42 (d, J = 4.0 Hz, 1H), 5.86 (s, 1H), 3.36 (s, 2H), 2.38 (s, 

3H), 2.23 (s, 6H) ppm; 13C NMR (CDCl3): δ = 155.4 150.6, 140.4, 140.3, 138.2, 136.8, 

135.8, 134.4, 133.2, 130.7, 130.0, 129.7, 129.6, 129.1, 128.7, 128.5, 128.0, 128.0, 126.4, 

118.4, 108.4, 21.13, 20.12 ppm; HR APCI-MS: m/z = 477.2166, calcd for 

(C30H26BF2N3)+ = 477.2188 [M+]. 

 

Synthesis of 22 

To a solution of 21 (9.77 mg, 20.4 µmol) in dry CHCl3 (3.3 mL) was added 

dropwise a solution of PIFA (17.8 mg, 41.5 µmol) in dry CHCl3 (3.3 mL) at room 

temperature over 5 min. The mixture was stirred at room temperature for another 2 h. 
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The resulting mixture was concentrated in vacuo. Purification by silica-gel column 

chromatography (hexane/CH2Cl2) afforded 22 (3.26 mg, 3.43 µmol) in 34% yield as a 

brown solid. 1H NMR (CDCl3): δ = 7.88–7.90 (m, 4H), 7.74–7.76 (m, 4H), 7.43–7.41 

(m, 6H), 7.39–7.36 (m, 2H), 7.34–7.30 (m, 4H), 6.96 (s, 4H), 6.76 (d, J = 4.5 Hz, 2H), 

6.64 (d, J = 4.5 Hz, 2H), 6.54 (s, 2H), 2.39 (s, 6H), 2.17 (s, 12H) ppm; 13C NMR 

(CDCl3): δ = 161.8 155.5, 148.0, 145.6, 138.7, 138.3, 136.6, 133.8, 131.9, 131.2, 130.2, 

130.1, 129.8, 129.5, 129.2, 128.3, 128.1, 127.3, 122.6, 113.4, 113.3, 21.13, 20.17 ppm; 

UV/vis (CH2Cl2): λmax (ε [M–1 cm–1]) = 355 (18000), 435 (18000), 646 (83000), 690 

(85000) nm; HR APCI-MS: m/z = 951.4119, calcd for (C60H49B2F4N6)+ = 951.4154 [(M 

+ H)+]. 

 

Synthesis of 23 

To a solution of 22 (684 mg, 0.720 mmol) in dry CH2Cl2 (84 mL) was added 

dropwise a solution of NBS (128 mg, 0.719 mmol) in dry CH2Cl2 (66 mL) at 0 °C over 

1.5 h. The mixture was stirred at room temperature for 83 h. The resulting mixture was 

cooled to room temperature, and then the reaction was quenched with acetone. The 

mixture was extracted with CH2Cl2 and then the organic layer was washed with water, 

dried over Na2SO4, and concentrated in vacuo. The residue was then passed through a 

short plug of silica. (CH2Cl2/hexane). The residue was transferred to a Schlenk tube. To 

the tube were added Cs2CO3 (1.29 g, 3.95 mmol), Pd2dba3·CHCl3 (149 mg, 0.144 mmol), 

and Xantphos (167 mg, 0.289 mmol), and the tube was flushed with N2 three times. 

Benzophenone imine (0.604 mL, 3.60 mmol) and dry 1,4-dioxane (24 mL) was added, 

and then the mixture was stirred for 21 h at 100 °C. The resulting mixture was cooled to 

room temperature, then passed through a pad of Celite, and concentrated in vacuo. The 

residue was then passed through a short plug of silica. (CH2Cl2/hexane). The crude 

product was dissolved in THF (80 mL) and 1 M HCl (17.3 mL) was added. The solution 

was stirred for 1.5 h at 70 °C. The resulting mixture was cooled to room temperature, 

and then aqueous NaHCO3 solution was added. The resulting mixture was extracted 



Appendix 2 

 172 

with CH2Cl2 and the organic layer was washed with water, then dried over Na2SO4, and 

concentrated in vacuo. Purification by silica-gel column chromatography 

(hexane/CH2Cl2) afforded 23 (289 mg, 0.299 mmol) in 42% yield (in there steps) as a 

purple solid. 1H NMR (CD2Cl2): δ = 7.84–7.82 (m, 2H), 7.70–7.67 (m, 4H), 7.62–7.60 

(m, 2H), 7.50–7.49 (m, 3H), 7.44–7.42 (m, 3H), 7.40–7.38 (m, 1H), 7.35–7.31 (m, 3H), 

7.29–7.26 (m, 2H), 6.97 (s, 2H), 6.96 (s, 2H), 6.74 (d, J = 5.0 Hz, 1H), 6.65 (d, J = 4.0 

Hz, 1H), 6.46 (s, 1H), 6.28 (s, 1H), 5.85 (s, 1H), 3.62 (br, 2H), 2.37 (s, 3H), 2.36 (s, 3H), 

2.15 (s, 6H), 2.13 (s, 6H) ppm; 1H NMR (CDCl3): δ = 7.89–7.87 (m, 2H), 7.76–7.72 (m, 

4H), 7.69–7.67 (m, 2H), 7.51–7.46 (m, 3H), 7.43–7.41 (m, 3H), 7.37–7.34 (m, 1H), 

6.95 (s, 2H), 6.94 (s, 2H), 6.72 (d, J = 4.3 Hz, 1H), 6.61 (d, J = 4.4 Hz, 1H), 6.51 (s, 

1H), 6.36 (s, 1H), 5.87 (s, 1H), 3.51 (br, 2H), 2.37 (s, 6H), 2.17 (s, 6H), 2.16 (s, 6H) 

ppm, Several aryl proton peaks were overlapped with the signal of CHCl3.; 13C NMR 

(CDCl3): δ = 161.1, 155.5, 154.9, 152.9, 148.3, 146.6, 145.3, 141.8, 140.8, 138.6, 138.4, 

138.0, 136.7, 136.7, 136.6, 133.9, 133.6, 132.1, 131.3, 131.3, 130.7, 130.7, 130.3, 130.3, 

130.2, 129.9, 129.5, 129.2, 129.2, 128.7, 128.3, 128.1, 128.1, 127.2, 127.2, 122.1, 113.7, 

110.5, 107.4, 21.13, 20.17 ppm; HR APCI-MS: m/z = 966.4285, calcd for 

(C60H50B2F4N7)+ = 966.4263 [(M + H)+]. 

 

Synthesis of 24 

To a solution of 23 (30.1 mg, 31.6 µmol) in dry CHCl3 (1.6 mL) was added 

dropwise a solution of PIFA (27.6 mg, 64.2 µmol) in dry CHCl3 (0.9 mL) at room 

temperature over 1 min. The mixture was stirred at room temperature for another 15 h. 

The resulting mixture was concentrated in vacuo. Purification by silica-gel column 

chromatography (hexane/CH2Cl2) afforded 24 (7.21 mg, 3.74 µmol) in 24% yield as a 

black solid. 1H NMR (CDCl3): δ = 7.90–7.88 (m, 4H), 7.74–7.70 (m, 12H), 7.43 (t, 6H), 

7.39–7.36 (m, 6H), 7.33–7.29 (m, 12H), 6.95 (s, 4H), 6.93 (s, 4H), 6.77 (d, J = 4.5 Hz, 

2H), 6.66 (d, J = 4.5 Hz, 2H), 6.58 (s, 2H), 6.57 (s, 2H), 6.52 (s, 2H), 2.38 (s, 12H), 

2.16 (s, 12H), 2.11 (s, 12H) ppm; 13C NMR (CDCl3): δ = 162.4 158.6, 158.1, 155.7, 
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149.1, 148.7, 147.8, 147.7, 145.7, 138.9, 138.8, 138.6, 136.6, 136.5, 135.5, 135.2, 133.9, 

131.7, 131.6, 131.2, 131.2, 130.3, 130.1, 129.8, 129.7, 129.7, 129.7, 129.7, 129.6, 129.6, 

129.4, 129.3, 128.4, 128.2, 127.4, 127.3, 123.0, 114.9, 114.5, 113.1, 21.13, 20.21, 20.17 

ppm; UV/vis (CH2Cl2): λmax (ε [M–1 cm–1]) = 421 (35000), 589 (47000), 739 (130000), 

802 (230000) nm; HR APCI-MS: m/z = 1927.8142, calcd for (C120H95B4F8N14)+ = 

1927.8156 [(M + H)+]. 

 

X-Ray Diffraction Analysis 

 X-Ray data were obtained using a Rigaku CCD diffractometer (Saturn 724 

with MicroMax-007) with Varimax Mo optics using graphite monochromated Mo-Kα 

radiation (λ = 0.71075 Å) for 22. 

 

Electrochemical Analysis 

The cyclic voltammogram and differential-pulse voltammogram of 18, 22, 

and 24 were recorded using an ALS electrochemical analyser 612C. Measurements 

were performed in freshly distilled CH2Cl2 with tetrabutylammonium 

hexafluorophosphate as the electrolyte. A three-electrode system was used. The system 

consisted of a glassy carbon working electrode, a platinum wire, and Ag/AgClO4 as the 

reference electrode. The scan rate was 100 mVs–1. The measurement was performed 

under nitrogen atmosphere. All potentials are referenced to the potential of 

ferrocene/ferrocenium cation couple. 
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Summary of This Thesis 

 The synthesis and properties as well as the applications of nitrogen-embedded 

bowl-shaped molecules, that is, penta-peri-pentabenzoazacorannulenes has been 

described in this thesis. A penta-peri-pentabenzoazacorannulene has nitrogen atom in 

its central position. The introduction of electron-rich amine-type nitrogen atom 

drastically enhanced its electron-donating character.  

The synthesis of penta-peri-pentabenzoazacorannulene was discussed in Chapter 

2. The consecutive fusion reactions of the N-aryl-tetrabenzocarbazole successfully 

afforded penta-peri-pentabenzoazacorannulene. Different from conventional 

bowl-shaped molecules consisting of only carbon atoms, the 

penta-peri-pentabenzoazacorannulene can strongly associate with C60. The electron-rich 

nature of the penta-peri-pentabenzoazacorannulene also enabled the formation of its 

radical cation species in the presence of acid through intermolecular electron transfer.  

In Chapter 3, the author described the formation of supramolecular assemblies 

consisting of a directly connected penta-peri-pentabenzoazacorannulene dimer and C60. 

The dimer and C60 formed 1:2 complex in the crystal state, while only 1:1 complex was 

detected in the solution state. At higher concentration, the dimer and C60 formed 1D 

chain supramolecular assemblies with sandwich structure.  

Chapter 4 disclosed the reactivities of a bowl-shaped molecule. The radical cation 

of penta-peri-pentabenzoazacorannulene formed σ-dimer in the crystal state. The 

σ-dimer was also confirmed in the solution state upon lowering temperature. On the 

other hand, an analogous planar molecule formed π-dimer in the crystal state or solution 

state at low temperatures. Therefore, the bowl-shaped structures should play an 

important role on the bond formation at internal carbon atoms. 

The author also found the oxidation of amino-substituted BODIPY is useful for 

the synthesis of near-infrared (NIR) absorbing dyes. The oxidation of 

2-amino-substituted BODIPYs afforded pyrazine-fused BODIPY trimers or 

diazo-bridged BODIPY dimer. The resulting products have strong absorption at NIR 
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region. These oxidation reactions should be useful for the creation of other functional 

π-systems. 
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