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Preface 

 

The studies in this thesis were conducted under the guidance of Prof. Dr. Hiroshi Shinokubo 

at Graduate School of Engineering, Nagoya University, during the period from April 2019 to 

February 2022. This thesis focuses on the integration of the π-planes of the antiaromatic Ni(II) 

norcorroles. 

Numerous aromatic molecules have been synthesized and investigated to develop 

electronic functions derived from their assemblies. Recently, antiaromatic compounds have been 

attracted attention because they show significantly different electronic structures from those of 

aromatic compounds. Fundamental properties of various antiaromatic compounds as a single 

component have been revealed. However, researches on their assemblies have been significantly 

delayed due to their inherent instability. This thesis presents several strategies to assemble the π-

planes of antiaromatic molecules to develop novel solid-state functions.  



 
 
 

 
 
 

  



 
 
 

 
 
 

Table of Contents 

 
List of Abbreviation 1 
  
Chapter 1 5 
General introduction 

  
Chapter 2 23 
Synthesis and electron-transport property of stable antiaromatic Ni(II) norcorrole with the 
smallest meso-substituent 
  
Chapter 3 47 
A supramolecular polymer constituted of antiaromatic Ni(II) norcorroles 
  
Chapter 4 81 
Charge transfer complexes of antiaromatic Ni(II) norcorroles 
  
Chapter 5 97 
Isolation and structure analysis of a Ni(II) norcorrole radical anion 
  
Chapter 6 113 
Synthesis of Ni(II) meso-di(pentafluorophenyl)norcorrole 
  
Chapter 7 122 
Summary of this thesis 
  
Experimental Section 125 
  
List of Publications 147 
  
Acknowledgment 150 

 
 

 



 
 
 

 
 
 

 



 
 
 

 
 
 
 

1 

List of Abbreviations 

A acceptor 
Å ångström unit 
Ac acetyl 
Abs absorbance 
AFM atomic force microscopy 
APCI atmospheric pressure chemical ionization 
Ar aryl 
B3 Becke’s three-parameter hybrid exchange function 
bpy bipyridine 
C concentration 
calcd calculated 
CAM coulomb-attenuating method 
cod 1,5-cyclooctadiene 
Cp cyclopentadienyl 
CT charge transfer 
CT total concentration 
CV cyclic voltammetry 
D donor 
δ chemical shift 
DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone 
ΔG change in Gibbs free energy 
ΔH change in enthalpy 
ΔS change in entropy 
DFT density functional theory 
DMF N,N-dimethylformamide 
DMAP 4-dimethylaminopyridine 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
ε molar extinction coefficient 
EDCI 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
Et ethyl 
ESI-MS electrospray ionization mass spectrometry 
ESR electron spin resonance 
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f oscillator strength 
Fc ferrocene 
FP flash-photolysis 
FT Fourier-transform 
he molecular enthalpy 
HOMA harmonic oscillator model of aromaticity 
HOMO highest occupied molecular orbital 
HR-MS high resolution mass spectrometry 
IR infrared 
λ wavelength 
λ relaxation energy 
J coupling constant (NMR) 
Ka equilibrium constants for the nucleation process 
LUMO lowest unoccupied molecular orbital 
M molar 
Mes mesityl 
MALDI matrix assisted laser desorption ionization 
Me methyl 
mCPBA m-chloroperoxybenzoic acid 
min minute(s) 
MPD mean planer deviation 
NBS N-bromosuccinimide 
NICS nucleus-independent chemical shift 
NIR near infrared 
NMR nuclear magnetic resonance 
OFET organic field-effect transistor 
PAH polycyclic aromatic hydrocarbons 
Ph phenyl 
Φn degree of aggregation 
ΦSAT unit normalization constant 
φ photo-generation efficiency of the charge carriers 
ppm part per million 
%T transmittance 
R an organic group 
R gas constant 
r.t. room temperature 
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Σμ sum of the isotropic electron and hole mobility 
SOMO singly occupied molecular orbital 
STM scanning tunneling microscope 
t-Bu 1,1-dimethyl-1-ethyl 
TCNE tetracyanoethylene 
TCNQ tetracyanoquinodimethane 
TD time-dependent 
Te elongation temperature 
TEM transmission electron microscopy 
TEMPOL 1-oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine 
THF tetrahydrofuran 
TIPS triisopropylsilyl 
TLC thin-layer chromatography 
TMS trimethylsilyl 
TRMC time-resolved microwave conductivity 
TTF tetrathiafulvalene 
UV ultraviolet 
v volume 
vis visible 
VT variable-temperature 
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1-1. Aromatic compounds 
 

Material properties strongly depend on the electronic structure, shape, and 

arrangement of the componential atoms and molecules. Inorganic materials composed of 

metals, silicon, and III-V group elements form periodic packing structures that exhibit 

attractive electronic functions such as dielectric, conductive, semiconductive, 

ferromagnetic, and superconductive. These intriguing features of inorganic materials 

have attracted significant attention of theoreticians to establish the field of solid-state 

physics. 

The main advantage of organic compounds compared to inorganic materials is the 

potential to change both the electronic and structural properties of organic molecular 

compounds through chemical modification. In addition, organic compounds have 

excellent processability, which enables flexible material design. However, materials 

research based on organic compounds has been slower than the progress of inorganic 

materials. This is because the creation of organic molecules as raw materials must involve 

the development of multiple factors, such as synthetic methods, purification techniques, 

and structural determination. In particular, highly reactive molecules are difficult to 

handle, and investigating the properties is not easy. 

Hückel's rule was proposed in 1931 to explain the stability of compounds with π-

electrons in a planar cyclic conjugate circuit.1 According to this rule, a compound with 

4n+2 cyclic π-electrons is defined as an aromatic compound (Figure 1-1). In general, 

aromatic compounds exhibit high stability due to the effective conjugation of π-electrons. 

In particular, benzene is a typical aromatic compound with six π-electrons in a planar ring. 

Planar compounds with fused benzene rings are also highly stable.2 Importantly, aromatic 

compounds can be handled without steric protection by bulky substituents. 
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Figure 1-1. Hückel aromaticity and antiaromaticity. 

 

Figure 1-2 shows the stacking structure of benzene and fused aromatic compounds. The 

stacking pattern depends on the size and shape of the π-planes.3 The overlap of π-orbitals 

enables charge transport properties.  

 
Figure 1-2. Structures and crystal packings of (a) benzene, (b) pentacene, and (c) coronene. 
 

Since the early '80s of the last century, vast amounts of research efforts for organic π-

conjugated compounds have been focused on the fundamental properties of organic metals,4 

organic field-effect transistors (OFETs),5 and organic superconductor.6 Their use as active 

materials in organic electronics has been developed based on the knowledge of solid-state physics.  
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1-2. Antiaromatic compounds 
 

A compound with 4n π-electrons in a planar ring is defined as antiaromatic 

compounds by Hückel's rule (Figure 1-1).1 In contrast to aromatic compounds, 

experimental and theoretical studies revealed that such electron systems are not stabilized 

by π-electron conjugation. The highly symmetrical antiaromatic compound has two 

degenerate SOMOs with an open-shell triplet diradical ground state (Figure 1-3). 

However, such an open-shell structure is unstable. Accordingly, this instability causes a 

bond alternation to a lower symmetry structure with a more stable closed-shell system in 

the ground state (Jahn–Teller distortion).7 For these reasons, antiaromatic compounds 

with small bond alternation have a narrow HOMO–LUMO gap, which causes various 

electronic properties and functions such as biradical properties,8 near-infrared 

absorption,9 and multi-redox capability.10 Consequently, antiaromatic compounds should 

be attractive for electronic materials. 

 
Figure 1-3. Electronic configuration of cyclobutadiene. 
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However, despite its attractive electronic properties, the localized double bonds 

formed by the bond alternation and high HOMO and low LUMO energies cause a variety 

of side reactions. For example, cyclobutadiene undergoes the dimerization reaction even 

under extremely low-temperature conditions at 77 K (Scheme 1-1).11 

 

 
Scheme 1-1. Dimerization of cyclobutadiene. 

 

Bulky substituents such as t-Bu, TMS, and mesityl groups are often introduced at 

peripheral positions to stabilize the antiaromatic molecule.12 For example, several 

antiaromatic molecules such as cyclobutadiene,12f pentalene,12a indacene,12g and 

cyclooctatetraene (COT)12h have been successfully isolated by the kinetic stabilization 

strategy (Figure 1-4). However, bulky substituents inhibit the dense packing of each π-

planes. In other words, kinetic stabilization is suitable for investigating the properties of 

independent single molecule. 

 

Figure 1-4. Kinetically stabilized antiaromatic molecules. 
 

In addition to kinetic stabilization, the fusion of aromatic rings to the peripheral 

sites also stabilizes antiaromatic molecules thermodynamically. This strategy also 
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enabled the synthesis of a variety of antiaromatic molecules (Figure 1-5).14,15,15 

Furthermore, there is no requirement for bulky substituents, which allows the formation 

of π-stacked packing structures in the solid-state. For example, TIPS-substituted 

thiophene-fused COT derivatives exhibit charge transport properties due to the partial 

overlap of the π-planes in the crystal (Figure 1-6).16 In addition, this molecule exhibits 

bipolar FET properties, which would be attributed to the characteristics of antiaromatic 

molecules with destabilized HOMO and stabilized LUMO levels. However, 

thermodynamic stabilization reduces the contribution of the 4n π-electrons system due to 

the localized aromatic rings. Consequently, the electronic structure is strongly disturbed, 

which hampers the verification of the effect of antiaromaticity. 

  
Figure 1-5. Thermodynamically stabilized antiaromatic molecules. 

 

 
Figure 1-6. Packing structure of thiophene-fused COT. 
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1-3. Norcorroles 
Norcorrole is a ring-contracted porphyrinoid, which lacks two meso-carbons from 

a regular porphyrin (Figure 1-7). Norcorrole contains 16 π-electrons in the macrocyclic 

conjugation, thus being antiaromatic. 

 
Figure 1-7. Structure of porphyrin and norcorrole. 

 

In 2008, octaethylnorcorrole Fe(III) complex was reported by Bröring and co-

workers. However, this Fe(III) complex was not isolated due to dimerization at the meso 

positions (Scheme 1-2).17 

 
Scheme 1-2. Dimerization of Fe(Ⅲ) norcorrole complex. 

 

After this report, in 2012, Shinokubo and co-workers succeeded in synthesizing 

Ni(II) meso-dimesitylnorcorrole through the reductive coupling reaction of Ni(II) 

dibromodipyrin (Scheme 1-3).18 Furthermore, the X-ray crystal structure analysis 

revealed that Ni(II) norcorrole has a highly planar structure, which secures an effective 

conjugation circuit with 16 π-electrons. Theoretical and experimental studies have 
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demonstrated that Ni(II) norcorrole shows a distinct antiaromatic character. Notably, 

Ni(II) meso-dimesitylnorcorrole was highly stable under ambient conditions. Considering 

the results of the dimerization reaction at the meso-position of the Fe(Ⅲ) norcorrole in 

scheme 1-2, the steric protection of the meso-positions of Ni(II) norcorrole is expected to 

play an important role in the stability. The discovery by Shinokubo and co-workers 

accelerated the study of antiaromatic molecules. The following are some of the studies 

related to this thesis. 

 
Scheme 1-3. Synthesis of norcorrole Ni(II) meso-dimesitylnorcorrole. 

 

The nucleophilic reaction to Ni(II) meso-dimesitylnorcorrole was investigated 

(Scheme 1-4).19 Ni(II) norcorroles have a low-lying LUMO, allowing direct cyanation 

and thiolation to proceed to the periphery without the help of a catalyst. Interestingly, 

after the nucleophilic reaction to the norcorrole core, the norcorrole 16π-electrons 

system is retained. This result implies that the aromatic stabilization of local pyrroles 

contributes to the stability of norcorrole. 

 
Scheme 1-4. (a) Cyanation and (b) thiolation of Ni(II) meso-dimesitylnorcorrole. 
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meso-Dialkylnorcorroles were synthesized to investigate their stability and 

reactivity. Ni(II) norcorroles with isopropyl and cyclohexyl groups at the meso positions 

are substantially stable under ambient conditions. Interestingly, the oxygen insertion 

position of these meso-dialkylnorcorroles was controlled by the choice of oxidants 

(Scheme 1-5).20 The markedly different regioselectivities indicate that the steric 

protection of the reacting meso-positions is crucial for the reactivity of the norcorrole. 

 
Scheme 1-5. Structure of Ni(II) meso-dialkylnorcorroles and oxidation. 

 

Modification of the electronic properties of Ni(II) norcorroles with meso-

substituents has been investigated. Various substituted aryl Ni(II) norcorroles were 

synthesized to investigate their electronic structure and stability. However, due to their 

instability, the Ni(II) norcorroles with electron-withdrawing or electron-donating groups 

at two meso-positions were not obtained. However, unsymmetrical Ni(II) norcorroles 

with both electron-donating and electron-withdrawing groups were handled under 

ambient conditions (Figure 1-8).21 Interestingly, unsymmetrical Ni(II) norcorroles 

showed low energy absorption due to intramolecular charge-transfer interactions. 
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Figure 1-8. Ni(II) norcorrole substituted electron-withdrawing and donating groups 

at the meso-positions. 

 

The synthesis and electronic structure of benzo-fused norcorroles were investigated 

(Figure 1-9).8b As mentioned above, benzo-fused antiaromatic compounds are generally 

diminished in antiaromaticity due to the disrupted 4nπ electron system. However, the 

benzo-fused norcorroles exhibited strong antiaromaticity due to the 16π electron system 

inside the norcorrole induced by the fused benzene rings. Due to its strong antiaromaticity, 

Ni(II) tetrabenzonorcorrole exhibited a diradical character. Due to the narrow HOMO–

LUMO gap, the thermal excitation causes a transition to triplet state (JS-T = –1.40 kcal 

mol–1). 

 

Figure 1-9. Structure of tetrabenzonorcorrole and 16 π electron circuit. 
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Schleyer et al. predicted that the stacking of cyclobutadiene π-systems would lead 

to a loss of antiaromaticity due to the interaction between the frontier orbitals of each π-

system (Figure 1-10).22 In other words, π-stacking antiaromatic molecules should exhibit 

three-dimensional aromaticity.  

 
Figure 1-10. Stacked antiaromatic cyclobutadiene. 

 

Various types of Ni(II) norcorrole dimers were synthesized and investigated the 

aromaticity by theoretical and experimental studies to demonstrate this prediction.23 

Notably, stacked Ni(II) norcorrole by linkers caused a decrease in their antiaromaticity. 

In particular, thiophene-bridged cyclophane dimer exhibited a significant decrease in 

antiaromaticity than alkyl chains linked one (Figure 1-11).23a,23b 

 
Figure 1-11. (a) Alkyl linked and (b) thiophene-bridged Ni(II) norcorrole dimers. 

 

Recently, cyclophane type Ni(II) norcorrole linked by two flexible alkyl chains has 

been synthesized to evaluate the aromaticity (Figure 1-12).23c This norcorrole cyclophane 
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showed a crystalline polymorph and three different solid-phase structures. Surprisingly, 

one of them aligned face-to-face stacking structure (Figure 1-12c). In this orientation, the 

exchange repulsion between the two π-clouds should be maximal, but the π–π distance is 

extremely close, at 3.258 Å (the π-π distances in (a) and (b) are 3.33 Å and 3.39 Å, 

respectively). Furthermore, in the slipped and twisted structures, the composed 

norcorroles exhibited antiaromaticity, while the face-to-face stacking exhibited three-

dimensional aromaticity. The stacking orientation would also be an essential factor in 

achieving three-dimensional aromaticity. 

 
Figure 1-12. X-ray structures of norcorrole cyclophane with flexible linkers. (a) Slipped, 

(b) twisted stacking, and (c) face-to-face stacking orientations. Hydrogen atoms and alkyl 
chains are omitted for clarity. 

 

The electrical conductance of a single molecule of Ni(II) norcorrole was 

investigated by STM. The thioester functionalized Ni(II) norcorrole exhibited more than 20 

times higher conductivity than the similar aromatic molecule Ni(II) porphyrin. By 

changing the applied electrochemical potential, the Ni(II) norcorrole conductance can be 

controlled by nearly an order of magnitude (Figure 1-13).24 
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Figure 1-13. Thioester functionalized Ni(II) norcorrole and Ni(II) porphyrin. 
 

In 2019, Nitschke and co-workers reported a cage with nanospaces surrounded by 

antiaromatic walls was developed by self-assembling Ni(II) norcorrole (Figure 1-14).25 

The self-assembled tetrahedral cage was constructed by complexation of six norcorrole-

edges with four metal ions at the vertices. Calculations showed that the antiaromatic sites 

surrounding this nanospace enhance each other's magnetic effects. This prediction is 

confirmed by the 1H nuclear magnetic resonance (NMR) signal of the guest molecule 

captured by the host, which shows a chemical shift of p to 24 ppm due to the antiaromatic 

deshielding effect of the surrounding rings. 

 

Figure 1-14. Structure of norcorrole nanocage and NICS calculation. 
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1-4. Overview of this thesis 
 

As mentioned above, the synthesis of various antiaromatic molecules with a cyclic 

4nπ circuit has been developed. Furthermore, these antiaromatic molecules exhibited 

attractive functions derived from the narrow HOMO–LUMO gap. In particular, 

antiaromatic Ni(II) norcorroles have accelerated the research on antiaromatic molecules 

due to their high stability and facile large-scale synthesis. The electronic and steric 

modulation through peripheral modifications has been investigated to control the 

reactivity of norcorroles. The recently revealed high single molecular conductivity and 

close stacking of antiaromatic Ni(II) norcorroles are distinctly different from those of 

common aromatic compounds.  

These previous studies of antiaromatic compounds have been limited to the single-

molecule level. The author describes the integration of the antiaromatic Ni(II) norcorroles 

π-systems in this thesis to lead the chemistry of antiaromatic molecules to the next stage. 

(Figure 1-14). 

Chapter 2 describes the synthesis and properties of Ni(II) dimethylnorcorrole, 

which can be handled without the bulky protection at the meso-positions.  

Chapter 3 discloses the formation of a one-dimensional supramolecular polymer 

from an antiaromatic Ni(II) norcorrole with hydrogen bonding. 

Chapter 4 discusses the formation of CT complexes of Ni(II) norcorrole with 

various acceptors. 

Chapter 5 describes the reduction of Ni(II) meso-dimesitylnorcorrole to its isolable 

radical anion with cobaltocene (CoIICp2).  

Chapter 6 discloses the introduction of pentafluorophenyl groups to Ni(II) 

norcorrole at meso-positions. 
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The author believes that the present study on the integration of norcorroles would 

inspire the prospects of antiaromatic molecules-based materials. 

 

 
Figure 1-15. Overview of this thesis. 
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2-1. Introduction 
 

Stability is a basic, yet the essential physical property of organic molecules. In 

particular, π-conjugated molecules with high stability are attractive because they not only 

enable the comprehensive studies on their fundamental properties relating to conjugation, 

charge transfer, and photophysical process, but also allow the fabrication of practical 

devices with high durability. The Hückel rule predicts that cyclic π-systems with 4n+2 π-

electrons gain substantial stability, so-called aromaticity.1 They have been indispensable 

components of various practical materials such as plastics, medicines, dyes, and 

(opto)electronic devices.2 

Planar cyclic π-systems with 4n π-electrons display antiaromaticity.3,4 Antiaromatic 

molecules are often unstable. Indeed, several antiaromatic molecules exhibit higher 

reactivities toward both electrophiles and nucleophiles than aromatic molecules.5 

Consequently, the current molecular designs of antiaromatic compounds are invariably 

associated with thermodynamic and kinetic stabilization.6 However, thermodynamic 

stabilization strongly changes the electronic structures of the π-systems, which diminishes 

their intrinsic properties such as narrow HOMO–LUMO gap and multi-redox capabilities. 

Kinetic stabilization by sterically hindered peripheral substituents prevents effective 

intermolecular interactions in the condensed phases. This situation is not suitable for the 

fabrication of solid-state materials including organic rechargeable batteries7 and 

ambipolar semiconductors.8 In this regard, a stable antiaromatic molecule with a small 

peripheral substituent should be a fascinating research target. 

As mentioned in Chapter 1, the preparation of a β-octaethylnorcorrole Fe(III) 

complex was accomplished by Bröring and co-workers (Scheme 2-1).9 Unfortunately, the 

Fe(III)  norcorrole was not isolable because rapid dimerization of Fe(III) norcorrole 
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afforded the corresponding dinorcorrole.  

 
Scheme 2-1. Dimerization of Fe(Ⅲ) norcorrole complex. 

 

In contrast, meso-dimesitylnorcorrole Ni(II) complex 2-1 was stable under ambient 

conditions.10 These results revealed that the bulky mesityl groups kinetically stabilize the 

inherently reactive meso-positions of norcorroles. Nevertheless, recent studies 

demonstrated that smaller peripheral substituents such as phenyl and isopropyl groups are 

sufficient to yield bench-stable derivatives 2-2 and 2-3.11 However, the minimum 

substituent to stabilize the antiaromatic norcorrole core has remained unclear.  

In Chapter 2, the author describes the synthesis and structure of 2-4. In addition, 

the author also describes the consideration of the introduction of hydrogen atoms for 

meso-position. The small methyl substituents realize a dense and long-range π-stacking 

in its solid state, which results in the superior electron-transporting ability to previously 

reported Ni(II) norcorroles. 

 
Figure 2-1. Structures of Ni(II) norcorroles and the meso-substituents size. 
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2-2. Stability of 2-1 and 2-3 
 

Because Ni(II) norcorroles exhibit the distinct antiaromaticity, they are essentially 

unstable and reactive. The current research started with comparison of the stability of 

Ni(II) meso-dimesitylnorcorrole 2-1 and Ni(II) meso-diphenylnorcorrole 2-3 upon the 

exposure to air, water, silica-gel, and heat. The solid samples of 2-1 and 2-3 were stored 

for 2–4 months under ambient conditions, resulting in no detectable degradation. The 

stability of 2-1 and 2-3 in solution was also examined by monitoring their 1H NMR 

spectra in CDCl3 after the storage under ambient conditions for 1 week. This experiment 

again confirmed no detectable spectral change (Figure 2-2, 2-3; Table 2-1). Norcorroles 

2-1 and 2-3 were also robust to the conventional purification such as washing with water 

and silica-gel chromatography (Fig. 2-4 (a), (b)). Solutions of 2-1 and 2-3 in toluene were 

heated at 80 °C under air for 16 h to result in recovery of these molecules in almost 

quantitative yields (Figure 2-4 (c)). These observations indicate that relatively small 

phenyl groups are enough to stabilize the antiaromatic norcorrole core, enabling the 

treatment under ambient conditions with no special care. These results encouraged the 

author to quest for the minimum substituent to stabilize the antiaromatic norcorrole core.  
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Figure 2-2. Change of 1H NMR (500 MHz) spectra of 2-1 in CDCl3 at 25 °C (*solvent peaks). 
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Figure 2-3. Change of 1H NMR (500 MHz) spectra of 2-3 in CDCl3 at 25 °C (*solvent peaks). 

 
Table 2-1. The relative integrated intensities[a] of the 1H NMR signals of 2-1 and 2-3. 

Time 2-1 
β proton (1.57 ppm) 

2-3 
β proton (2.24 ppm) 

0 h 1.13 1.19 

24 h 1.13 1.23 

2 days 1.19 1.22 

3 days 1.13 1.20 

4 days 1.12 1.20 

5 days 1.11 1.18 

6 days 1.11 1.17 

1 week 1.11 1.17 

[a] These values were calculated on the basis of the integral values of the signal of the internal 
standard (1,1,2,2-tetrachloroethane). 
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Figure 2-4. Treatment of 2-3 with (a) water and (b) silica-gel. (c) Heating of 2-3 in 

toluene. 

 
2-3. Synthesis 
 

In the norcorrole reported by Bröring and co-workers the central metal is iron, but 

in this case the central metal is nickel, so the electronic structure and stability should be 

different. Then, the author set Ni(II) meso-unsubstituted norcorrole 2-5 as the first target 

molecule. 

Bromination of dipyrromethane 2-6 with N-bromosuccinimide (NBS) followed by 

oxidation with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) afforded 

dipyrromethene 2-7, which was unstable under aerobic conditions. The reaction mixture 

was subjected to metalation with Ni(OAc)2·4H2O without purification to provide the 

corresponding dipyrrin Ni(II) complex 2-9 in 11% yield in three steps (Scheme 2-2). 

Recrystallization of 2-9 a from hexane afforded a single crystal suitable for X-ray 

diffraction analysis, which unambiguously confirmed the molecular structure of 2-9 

(Figure 2-5). A reductive coupling of 2-9 with Ni(cod)2 was attempted, but 2-5 could not 

be detected by 1H NMR and MS spectra. From the MALDI-TOF-MS spectra of the 

reaction mixture (Figure 2-6), the molecular weight of a dimerization product of 2-10 was 

observed as the major peak, which was linked to the meso-meso and β-β positions. This 
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result implies that the meso-position of Ni(II) meso-unsubstituted norcorrole is highly 

reactive as well as that of Fe(III) meso-unsubstituted norcorrole. 

 
Figure 2-5. (a) Top and (b) side views of the molecular structure of 2-9 (atomic displacement 
parameter set at 50% probability; all hydrogen atoms omitted for clarity). 

 

Scheme 2-2. Synthesis of Ni(II) meso-unsubstituted norcorrole 2-5. 
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Figure 2-6. MALDI-TOF-MS spectra of the reaction mixture of the reductive coupling of 

2-9. 
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Based on the above discussion of the introduction of hydrogen atom into the meso-

position, methyl groups were chosen as smaller substituents. The author chose Ni(II) 

meso-dimethylnorcorrole 2-4 as the next target molecule. 

Bromination of 5-methyldipyrromethane 2-11 with NBS followed by oxidation 

with DDQ afforded dipyrromethene 2-12, which was unstable under aerobic conditions. 

The reaction mixture was subjected to metalation with Ni(OAc)2·4H2O without 

purification to provide the corresponding dipyrrin Ni(II) complex 2-13 in 10% yield in 

three steps (Scheme 2-3). Reductive coupling of 2-13 provided Ni(II) meso-

dimethylnorcorrole 2-4 in 24% yield. Norcorrole 2-4 showed low solubility in various 

solvents, e.g. 0.2 g/L in CH2Cl2. 

 
Scheme 2-3. Synthesis of Ni(II) meso-dimethylnorcorrole 2-4. 

 

Figure 2-7 displays the 1H NMR spectrum of Ni(II) meso-dimethylnorcorrole 2-4 

in CDCl3. The signals due to β-protons appeared at 3.11 and 2.42 ppm, which were 

obviously upfield-shifted from those of normal pyrroles (ca. 6–7 ppm). In addition, the 
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signal due to the meso-methyl protons was observed at –0.96 ppm. 

 
Figure 2-7. 1H NMR (500 MHz) spectra of 2-4 in CDCl3 at 25 °C (*solvent peaks). 

 

Importantly, Ni(II) meso-dimethylnorcorrole 2-4 was sufficiently stable under 

ambient conditions. The storage of the solid samples under ambient conditions for at least 

1 month resulted in no detectable decomposition. In addition, a solution of 2-4 in CH2Cl2 

was monitored by the absorption spectra, suggesting that 2-4 underwent negligible 

degradation (ca. 3.4%) after 24 h under ambient conditions (Figure 2-8). According to 

this result, the half-life time of 2-4 in a CH2Cl2 solution was estimated to be about two 

weeks. Furthermore, Ni(II) meso-dimethylnorcorrole 2-4 was robust to silica-gel 

chromatography and required no special treatment during the work-up process. It is worth 

noting that the apparent degradation was observed after heating the toluene solution at 

80 °C, in which ca. 50% of 2-4 underwent decomposition after 12 h (Figure 2-9). Since 

none of meso-unsubstituted norcorroles have been isolated to date, the methyl group is 

the smallest substituent to stabilize the antiaromatic norcorrole core. 
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Figure 2-8. Time-dependent change in UV/vis/NIR absorption spectra of 2-4 in CH2Cl2 at 
25 °C. Inset shows the plots of the intensities at 423 nm. 
 

 

Figure 2-9. UV/vis/NIR absorption spectrum of 2-4 in toluene at 80 °C at 0 min and after 
heating for 12 h at 80 °C. 
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2-4. Electronic structure 
 

To evaluate the antiaromaticity of Ni(II) meso-dimethylnorcorrole 2-4, NICS(1) 

values12 are calculated all rings. Then, positive values from 2.8–31.2 ppm for all rings 

were obtained (Figure 2-10). This result is consistent with the 1H NMR results. 

 
Figure 2-10. NICS(1) values of 2-4. Calculations were carried out at the B3LYP/6-
31G(d)+SDD level of theory. 
 

The UV/Vis/NIR absorption spectrum of 2-4 in CH2Cl2 shows peaks at 422, 472, 

and 505 nm as well as a weak absorption band tailing to the NIR region (Figure 2-11). 

This spectral feature resembles those of other norcorrole derivatives. These results 

indicate the negligible perturbation of the methyl groups on the electronic structure, 

especially the antiaromaticity, of the norcorrole core. 
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Figure 2-11. UV/Vis/NIR absorption spectra of 2-1 (black), 2-2 (blue), 2-3 (green), and 2-
4 (red) in CH2Cl2. λ = wavelength. 
 

2-5. Structural analysis 
 

Figure 2-12 shows the crystal structure of Ni(II) meso-dimethylnorcorrole 2-4. In 

the crystal, 2-4 exhibits almost planar structure with the mean plane deviation (MPD)13 

of 0.01 Å, which is comparable to those of other norcorroles 2-1, 2-2, and 2-3 (0.03–0.04 

Å). The harmonic oscillator model of aromaticity (HOMA)14 value is 0.32, which is also 

comparable to those of other norcorroles 2-1, 2-2, and 2-3 (0.43–0.46). These results 

suggest the negligible perturbation by the methyl groups on the structure of the norcorrole 

core.  

In the crystal of 2-4, one-dimensional columnar π-stacking with an interplanar 

distance of 3.31 Å is observed (Figure 2-12 b). The short contact between two norcorrole 

core in 2-4 is striking because π-π stacking distances typically range from 3.4 to 3.6 Å. 
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On the other hand, each norcorrole unit of 2-1 is separated due to bulky mesityl groups 

(Figure 2-13). Diisopropylnorcorrole 2-2 also shows no effective overlap of π-systems 

(Figure 2-14). Diphenylnorcorrole 2-3 adopts a triple-decker stacking structure with the 

short π-π distance of 3.15 Å. However, the stacked trimers d not form continuous π-

staking (Figure 2-15). Consequently, dense and long-range π-stacking is only observed in 

the crystal of 2-4. 

 

Figure 2-12. X-ray crystal structure of meso-dimethylnorcorrole 2-4. (a) Single-molecule 
structure and (b) packing structure. Thermal ellipsoids are drawn at the 50% probability level. All 
hydrogen atoms are omitted for clarity. 
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Figure 2-13. Packing diagrams of 2-1 as well as their intermolecular distances. The 
intermolecular distance is defined as the distance between two nickel centers. 

 

Figure 2-14. Packing diagrams of 2-2 as well as their intermolecular distances. The 
intermolecular distance is defined as the distance between two nickel centers. 
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Figure 2-15. Packing diagrams of 2-3 as well as their intermolecular distances. The 
intermolecular distance is defined as the distance between two nickel centers. 
 

2-6. Charge transport properties 
 

Norcorrole exhibits a deep-lying LUMO level due to its antiaromaticity.15 The one-

dimensional columnar alignment in a slipped parallel manner of 2-4 inspired us the 

stacking axes as potential and stable electron-conducting pathways. Indeed, DFT 

calculations predicted that the π-stacking afforded a large intermolecular transfer integral 

of 64 meV (Figure 2-16). In contrast, the calculated transfer integrals in 2-1 and 2-2 were 

less than 14.2 meV. Ni(II) meso-diphenylnorcorrole 2-3 showed a large transfer integral 

(130.9 meV) between two stacking macrocycles. However, the transfer integrals between 

neighboring triple stacks were small (<27.3 meV), suggesting the lack of an effective 

electron-conducting pathway in 2-3. 
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Figure 2-16. Effective transfer integrals (meV) of LUMO calculated for nearest intralayer 
neighbors in the crystal structure of 2-4, 2-2, 2-1, and 2-3. 
 

The author examined the electronic photo-conduction of 2-1, 2-2, 2-3, and 2-4 by 

flash-photolysis time-resolved microwave conductivity (FP-TRMC) measurement in 

their microcrystalline states.16 Electrodeless photocarrier injection was performed upon 

excitation at 355 nm where the electronic transitions of the series of molecules are 

minimum, securing the homogeneous photocarrier distribution in their crystalline states. 

The observed photoconductivity transients were shown in Figure 2-17. 

Dimethylnorcorrole 2-4 marked the highest photoconductivity over all time regime up to 

~100 μs. Kinetic trace of 2-4 exhibits clearly double exponential decay with the first order 

rate constants of 4 × 106 and ~104 s–1. To assess the major contribution from photo-

generated electrons and holes onto the columnar stacking of 2-4, the effects of O2 on 

conductivity transients were observed as shown in Figure 2-18. Conductivity signals were 

significantly suppressed and quenched by O2 particularly for the initial decay in the 
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transients, which is suggestive of the major contribution of electrons in photoconductivity 

as presumed by the LUMO levels of norcorrole cores. It should be noted that quenching 

by O2 was indistinct for the longer decay component in conductivity transients. This may 

be due to the conductivity transients observed at >1 μs reflected mainly by the local 

motion of electrons within μm-sized crystallites of 2-4, followed by surface quenching 

by O2. One order of magnitude higher photoconductivity was recorded for 2-4 in contrast 

to negligible change in conductivity of 2-1, 2-2, and 2-2. This is the case of impacts by 

the methyl substitution onto the dense crystalline structure and hence onto the stable 

electronic conducting pathways. 

 
Figure 2-17. Photoconductivity transients recorded in microcrystalline 2-3 (blue), 2-2 
(orange), 2-1 (violet), and 2-4 (red), respectively upon excitation at 355 nm, 0.2–1.3 × 1015 
photons cm–2, RT. 
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Figure 2-18. Photoconductivity transients recorded in microcrystalline 2-4 under argon 
(red) and O2 (blue) saturated environment, respectively upon excitation at 355 nm, 0.2–1.3 × 1015 
photons cm–2, r.t. 

 
2-7. Summary of Chapter 2 
 

In summary, the author investigated the stability of several norcorrole Ni(II) 

complexes toward the exposure to air, water, silica-gel, and heat. Furthermore, the author 

achieved the synthesis of Ni(II) meso-dimethylnorcorrole 2-4, which was considerably 

stable under ambient conditions despite its distinct antiaromaticity. Currently, the methyl 

group is the smallest substituent to afford a stable norcorrole Ni(II) complex. Importantly, 

2-4 exhibited superior electron-transporting ability to other Ni(II) norcorroles owing to 

its dense and long-range π-stacking. The current research should offer new insight into 

the design of stable antiaromatic molecules with small peripheral substituents.  
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3-1. Introduction 
 

Polymers, which consist of repeating structures linked by covalent bonds, have 

been successfully applied to a wide range of functional materials due to their high 

durability, light weight, and processability. On the other hand, the very same high 

durability can also result in unsustainable materials with high environmental impact. 

In recent decades, chemists have been inspired by the dynamic interactions of 

biological systems such as DNA1 and organelles,2 which form large periodic structures to 

explore supramolecular polymerization. Supramolecular polymerization allows the 

reversible construction of large periodic structures by combining dynamic intermolecular 

interactions, i.e., hydrogen bonds,3 coordination bonds,4 or π–π stacking.5,6c 

As the function of a supramolecular polymer depends on the properties of its 

monomer units,6 an expansion of the diversity in monomers available for supramolecular 

polymerization should represent a desirable research target. One attractive class of 

monomers is π-conjugated molecules, because their delocalized π-electrons can enable 

higher-order functions such as charge transport,7 magnetism,8 and energy storage.9 

However, the use of “aromatic” π-conjugated molecules has been regarded as 

indispensable in the design of electronic functional supramolecular polymer systems, 

which are often composed of polycyclic aromatic hydrocarbons, perylene bisimides, or 

porphyrins.10 

In recent years, antiaromatic compounds have attracted considerable attention due 

to their unique properties,11 which include high conductivity,12 biradical character,13 and 

multi-redox behavior.14 In this context, the author became interested in supramolecular 

polymers that consist of antiaromatic molecules. However, supramolecular polymers 

based on antiaromatic monomer units have not been reported to date.15 The reason for 
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this is the inherent unstable nature of antiaromatic molecules. The common strategy for 

stabilizing antiaromatic molecules is the introduction of bulky peripheral substituents,16 

which hampers effective intermolecular interactions between monomers in the aggregates. 

The author have recently discovered that Ni(II) meso-diphenylnorcorrole 3-1 (Figure 3-

1) exhibits high stability toward air, water, and heat despite its lack of steric protection by 

bulky meso-substituents.17,18a Furthermore, the author have reported that the Ni(II) 

norcorrole units adopt close π–π stacking with interplanar distances of 3.05–3.26 Å in 

norcorrole cyclophanes, leading to effective orbital interactions.18 If such an effective 

overlap of π-orbitals of norcorrole macrocycles could be achieved in a long-distance 

periodic manner, highly efficient charge transport within the molecular assembly could 

potentially be accomplished. Against this background, the author explored the 

supramolecular polymerization of an antiaromatic norcorrole Ni(II) complex via π-

stacking. 

 
Figure 3-1. Structures of the meso-substituted norcorroles 3-1–3-4 used in this study. 
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3-2. Synthesis and characterization of monomers 
 

Inspired by hitherto reported supramolecules that consist of aromatic π-components, 

the author designed norcorrole Ni(II) complex 3-2 with amide moieties as hydrogen-

bonding sites and long alkyl chains. Norcorrole 3-2 is expected to self-assemble via π–π 

stacking, hydrogen-bonding of the amide groups, and via van der Waals interactions 

among long alkyl chains. Compound 3-3 and 3-4 was designed for control. 

The synthetic route to 3-2, 3-3 and 3-4 is illustrated in Scheme 3-1. Treatment of 

5-(4-hydroxyphenyl)dipyrromethane 3-5 with long-chain alkyl bromides afforded 3-8a, 

3-8b and 3-8c. Bromination of 3-8a, 3-8b and 3-8c with N-bromosuccinimide (NBS) 

followed by oxidation with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) afforded 

dipyrromethenes 3-9a, 3-9b and 3-9c. Then, the reaction mixtures were subjected to 

metalation with Ni(OAc)2·4H2O without purification. The reaction provided the 

corresponding dipyrrin Ni(II) complexes 3-10a, 3-10b, and 3-10c in three steps in 71%, 

64% and 98% yield, respectively. Reductive coupling of 3-10a, 3-10b, and 3-10c 

provided Ni(II) norcorroles 3-2, 3-3, and 3-4 in 48%, 58% and 11% yield, respectively. 

These norcorroles were characterized using NMR spectroscopy and high-resolution mass 

spectrometry. Fortunately, a single crystal of 3-4 was obtained by slow evaporation of a 

chloroform solution, enabling an unambiguous elucidation of its solid-state structure via 

X-ray diffraction analysis (Figure 3-2). 
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Scheme 3-1. Synthesis of norcorrole Ni(II) complexes 3-2, 3-3, and 3-4. 

 



Chapter 3 

 52 

 
Figure 3-2. X-ray crystal structure of 3-4. (a) Top view, (b) side view, and (c) diagonal 
view. Thermal ellipsoids are shown at the 20% probability level. All hydrogen atoms are omitted 
for clarity. 
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Norcorrole Ni(II) complexes with meso-4-alkoxyphenyl groups have not yet been 

reported. Consequently, the electronic modulation of the 4-alkoxyphenyl groups on the 

antiaromaticity of 3-2, 3-3, and 3-4 was evaluated using 1H NMR spectral analysis and 

DFT calculations.32 In the 1H NMR spectra of 3-2, 3-3, and 3-4 in CDCl3, the signals of 

the pyrrole protons appeared in the region δ = 2.06–2.52 ppm, which is considerably 

upfield-shifted compared to those of normal pyrroles (δ 6–7 ppm). These chemical shift 

values are almost identical to those of Ni(II) meso-diphenylnorcorrole 3-1, which 

corroborates the presence of a distinct paratropic ring current effect. NICS(1) values 

calculated at the GIAO-BHLYP/6-31G(d)+SDD level ranged from 23.6 to 27.7 ppm 

except at the pyrrole subunits, which also support the presence of paratropicity of 3-2, 3-

3, and 3-4 (Table 3-1).21,22 

 

Table 3-1. NICS values of norcorol substituted para-methoxyphenyl groups. 
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NICS(0) [ppm]
X-ray 

structure

NICS(0) [ppm]
Optimized
structure

NICS(1) [ppm]
Optimized
structure

� 1.23 0.88 0.41

� 26.33 26.44 27.69

� 1.24 0.90 0.53

� 26.88 27.52 24.07

� 27.01 27.52 24.07

� 1.03 0.90 0.41

� 26.38 26.44 27.69

� 1.36 0.88 0.53
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N N
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The electronic modulation was further investigated using UV/vis/NIR absorption 

spectroscopy. The UV/vis/NIR absorption spectra of 3-1–3-4 in CH2Cl2 are shown in 

Figure 3-3, and all exhibit broad and weak absorption bands tailing to 900 nm. This 

absorption feature is characteristic for Ni(II) norcorrole complexes. TD-DFT calculations 

at the B3LYP/6-31G(d)+SDD level of theory suggest that the weak absorption bands 

originate from the forbidden HOMO→LUMO and HOMO–1→LUMO transitions 

(Figure 3-4 and 3-5). These spectroscopic results and DFT calculations confirm the 

antiaromatic nature of the norcorrole cores of 3-2, 3-3 and 3-4. The absorption spectra of 

3-2, 3-3 and 3-4 are similar to each other but differ from that of 3-1 around 500 nm. This 

is due to the substituent effect of the 4-alkoxyphenyl groups, which was also supported 

by TD-DFT calculations. 

 
Figure 3-3. UV/Vis/NIR absorption spectra of 3-1 (blue), 3-2 (red), 3-3 (green), and 3-4 
(black) in CH2Cl2; λ = wavelength. 
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Figure 3-4. Simulated absorption spectrum of 3-4 calculated at the CAM-B3LYP/6-
31G(d)+SDD level. 
 

 
Figure 3-5. HOMO–4 and LUMO of 3-4 calculated at the CAM-B3LYP/6-31G(d)+SDD 
level. 
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3-3. Self-assembly behavior 
 

The self-assembly behavior of Ni(II) meso-di(4-alkoxyphenyl)norcorrole 3-2 was 

investigated using temperature-dependent UV/vis/NIR absorption spectroscopy. Upon 

cooling a hot solution of 3-2 in cyclohexane/benzene (9/1) from 343 K to 283 K, distinct 

absorption changes were observed at 423 nm and 484 nm (Figure 3-6a). A slow cooling 

rate of 1 K min–1 was applied to ensure that the self-assembly process occurred under 

thermodynamic control.19  

 
Figure 3-6. (a) UV/vis/NIR absorption changes of 3-2 observed during the cooling process 
in cyclohexane/benzene (9/1) ([3-2] = 10 μM). (b) Changes in the absorption at 484 nm as a 
function of temperature during the cooling and reheating processes. 
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In fact, the heating and cooling rates were varied from 0.5 to 2.0 K min–1, but no 

hysteresis curves were observed (Figure 3-7). The self-assembly and disassociation 

processes of 3-2 were monitored via the changes in the absorption band intensity at 484 

nm as a function of temperature (Figure 3-6b). The cooling and re-heating processes were 

essentially reversible. This result indicates that 3-2 is stable toward heating in solution. 

 
Figure 3-7. Effect of cooling and heating rates on the aggregation (a) (blue) and 
dissociation (b) (red) processes of 3-2 (total concentration: CT = 10 μM) in cyclohexane/benzene 
(9:1, v/v). 

 

Because the observed curves seem to be sigmoidal, the author first attempted to 

analyze the association behavior based on the isodesmic model19 but could reproduce the 

experimental curves. Next, the aggregation behavior was analyzed based on the 

nucleation–elongation model23,24, which reproduced the curve well, From the analysis of 

the aggregation parameters affording an enthalpy value of –94 kJ mol–1 ([3-2] = 10 μM) 

(Figure 3-8 and Table 3-1). Lowering the initial concentration of 3-2 resulted in a decrease 

in the elongation temperature, Te, but the enthalpy values were almost independent of the 

concentrations. Plotting the natural logarithm of the concentration as a function of the 

reciprocal of Te (van’t Hoff plot) yielded an enthalpy and entropy of –96 kJ mol–1 and –

203 J mol–1 K–1, respectively (Figure 3-9), which is in good agreement with the values 

derived from modeling the melting curves. In addition, the association behavior of the 
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corresponding ester derivative 3-3 was investigated using temperature-dependent 

UV/vis/NIR absorption spectroscopy under the same conditions as those for 3-2. Ester 3-

3 exhibited no association behavior, thus confirming the importance of the amide groups 

to undergo self-assembly in the case of 3-2. 

 
Figure 3-8. Fit of the nucleation-elongation model for the solution of 3-2 in 
cyclohexane/benzene (9:1, v/v) in the UV/vis/NIR absorption data. The red line corresponds to 
the fit for the elongation process based on Eq. 1.24b The blue line corresponds to the fit for the 
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nucleation process based on Eq. 2.24b Concentrations: (a) 5 μM, (b) 10 μM, (c) 20 μM, (d) 27 μM, 
and (e) 37 μM. 

 

where he is the molecular enthalpy release due to non-covalent interactions during elongation, T 

is the absolute temperature, Te is the elongation temperature and R is the gas constant. ΦSAT is 

introduced as a parameter to ensure that Φn/ΦSAT does not exceed unity.24b  

 
where Ka is equilibrium constants for the nucleation process.  

 
Table 3-1. Thermodynamic parameters for the self-assembly of 3-2 in cyclohexane/benzene (9:1, 
v/v), determined by modeling the temperature-dependent spectroscopy. Those parameters were 
determined according to Eq. 1, Eq. 2, and Eq. 3.24b  

Concentration 
(μM) 

ΦSAT he 
(kJ mol–1) 

Te 
(K) 

Ka <Nn(Te)> 

5 1.069 –82.5 313.5 1.2×10–3 9 

10 1.050 –94.0 320.3 2.2×10–3 8 

20 1.077 –85.2 326.2 2.8×10–3 7 

28 1.074 –87.2 329.4 4.3×10–3 6 

37 1.025 –87.3 331.5 2.1×10–3 8 

 

 

Where ⟨Nn(Te)⟩ is the number-averaged degree of polymerization averaged over all active species.  
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Figure 3-9. Logarithm of concentration versus reciprocal temperature for 3-2 in 
cyclohexane/benzene (9:1, v/v) for five concentrations from 37 μM to 10 μM. The enthalpy 
change of elongation process is calculated by multiplying the slope by gas constant: ΔH = –96 kJ 
mol–1. The entropy change of the elongation process is calculated by multiplying the intercept by 
the gas constant: ΔS = –203 J mol–1 K–1. Fit of the Van’t Hoff plot based on Eq. 4.19  

 
Where Ke is equilibrium constants for the elongation process. Here, the author used the equation 

Eq. 519 for the relationship between elongation equilibrium constant Ke and CT. 

 
Aggregation constants for self-assembled 3-2 in cyclohexane/benzene (9/1, v/v) at different 
temperatures. The free energy, ΔG, and Ke at each Te was determined using the enthalpy and 
entropy obtained from the Van’t Hoff plot (Figure 3-9). 
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3-4. Morphology of aggregates 
 

The morphology of the self-assembled Ni(II) meso-di(4-alkoxyphenyl)norcorrole 

3-2 formed after the cooling process was investigated. Transmission electron microscopy 

(TEM) observations of self-assembled 3-2 revealed the formation of bundled fibers 

(Figure 3-11). Atomic force microscopy (AFM) afforded topological and phase images 

of films spin-coated from cyclohexane/benzene (9/1), elucidating the presence of many 

bundled fibers (Figure 3-12a). The height profile along the white line in Figure 3-12a is 

shown in Figure 3-12b. Figure 3-13 depicts the model structure of 3-2 obtained from DFT 

calculations at the B3LYP/6-31G(d)+SDD level of theory. The width (10 nm) and height 

(4 nm) of the peaks shown in Figure 3-12b are in good agreement with the model diameter 

(7.1 nm) and the short axis length (3.2 nm). These measurements indicate that 3-2 forms 

one-dimensional supramolecular polymers along the π-stacking axis. 

The author then conducted Fourier-transform infrared (FT-IR) spectroscopy 

measurements to evaluate the presence of hydrogen-bonding interactions. FT-IR 

measurements showed that the N–H stretching band of self-assembled 3-2 (3270 cm–1) is 

shifted to lower wavenumbers compared to that observed for the monomeric state in 

chloroform (3451 cm–1), indicating the existence of hydrogen-bonding networks in the 

assembly (Figure 3-14). This shifted value is in good agreement with the reported value 

(3285 cm–1) for H-aggregated porphyrins.20 
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Figure 3-11. TEM image of self-assembled 3-2. The TEM grid was dipped in a 
cyclohexane/benzene (9/1) solution of 3-2 (10 μM) after cooling and dried at room temperature 
under reduced pressure. The bar is (a)2 μm (b) 0.5 μm. 
 

 

Figure 3-12. (a) AFM topological image of a film spin-coated from a diluted solution of 3-
2 in cyclohexane/benzene (9/1) ([3-2] = 10 μM) onto silicon. (b) Height profile of the fibers 
measured along the white line in the AFM image 
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Figure 3-13. Simulated structure of 3-2; atom color code: Purple, Ni; grey, C; red, O; blue, 
N; white, H. 
 

 
Figure 3-14. FT-IR spectra of NH stretching vibration of 3-2 in CHCl3 (black dashed line), 
a solid sample prepared by freeze-drying of a cyclohexane/benzene (13:7, v/v) solution of 3-2 
(blue line), and self-assembled 3-2 in cyclohexane/benzene (13:7, v/v) (black solid line). 

  



Chapter 3 

 64 

3-5. π-Stacking mode 
 

Previous studies on stacked Ni(II) norcorrole dimers elucidated that the effective 

orbital interactions between face-to-face-stacked norcorroles result in a distinct 

absorption band in the range of 700–1000 nm.18 In contrast, self-assembled 3-2 exhibited 

no characteristic absorption band in the NIR region, implying that norcorrole 3-2 does not 

form a face-to-face stacking arrangement. 

The author then estimated the stacking orientation in self-assembled 3-2 using 

theoretical calculations. The 3,4,5-trialkoxyphenyl moieties were replaced with hydrogen 

atoms to reduce the computational costs. Two stable conformations, A and B, with slipped 

and face-to-face stacking structures, respectively, were obtained from the DFT 

calculations at the B97D3/6-31G(d)+SDD level of theory (Figures 3-15a, 3-15b). TD-

DFT calculations at the CAM-B3LYP/6-31G(d)+SDD level were performed to simulate 

the absorption spectra of A and B. In A, the slipped π–π stacking should exhibit a weak 

forbidden transition in the range of 500–900 nm (oscillator strengths f < 0.0085) (Figures 

3-16). This absorption feature is in good agreement with the experimental absorption 

spectrum of assembled 3-2. On the other hand, the face-to-face π–π stacking in B should 

exhibit a distinct absorption band around 660 nm, for which the predominant contribution 

was assigned to the HOMO→LUMO+1 transition (f = 0.2508) (Figures 3-17). However, 

this situation does not match the experimental spectrum. 

To obtain further insights into the self-assembled structure of 3-2, variable-

temperature 1H NMR (VT-1H NMR) measurements were conducted (Figure 3-18). Upon 

cooling of a hot solution of 3-2 in cyclohexane-d12/benzene-d6 (13/7) from 343 to 323 K, 

the pyrrole proton signals shifted from 2.6 ppm to 4.5 ppm. This indicates that the π-

systems of 3-2 are close to each other in the aggregates. The 1H NMR chemical shifts of 



Chapter 3 

 65 

the pyrrole protons in A and B were also simulated using DFT calculations at the 

BHLYP/6-31G(d)+SDD level of theory (Figure 3-19). In the face-to-face stacking 

structure B, the pyrrole protons appeared in the aromatic region (δ = 6.7–7.7 ppm), while 

the chemical-shift changes were smaller in the slipped stacking structure A (δ = 4.5–5.6 

ppm). These results also suggest that the Ni(II) norcorrole unit in assembled 3-2 is likely 

to adopt the slipped stacking mode. 

 

Figure 3-15. (a) Slipped stacking structure A and (b) face-to-face stacking structure B 
calculated at the B97D3/6-31G(d)+SDD level of theory; for the calculations, the 3,4,5-
trialkoxyphenyl moieties were replaced with hydrogen atoms. 
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Figure 3-16. Simulated absorption spectrum of face-to-face π–π stacking dimer 3-2 
calculated at the CAM-B3LYP/6-31G(d)+SDD level. 

 

 
Figure 3-17. Simulated absorption spectrum of slipped π–π stacking dimer 3-2 calculated 
at the CAM-B3LYP/6-31G(d)+SDD level. 
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Figure 3-18. Temperature-dependent 1H NMR spectra of 3-2 in cyclohexane-d12/benzene-
d6 (13/7) from 343 to 323 K. 
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Figure 3-19. Simulated 1H NMR chemical shift values of pyrrole protons of monomer, 
slipped π–π stacking dimer, and face-to-face π–π stacking of dimer 3-2 calculated at the 
BHLYP/6-31G(d)+SDD level. 
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3-6. Charge-transport properties 
 

Antiaromatic molecules in close proximity should furnish electronically 

conductive pathways due to their stabilized LUMO and destabilized HOMO levels.25 

Previously, the author have reported that the one-dimensional columnar alignment of 

Ni(II) meso-dimethylnorcorrole in a slipped parallel manner provides stable electron-

conducting pathways in chapter 2.17 Thus, the one-dimensional stacking assembly of 3-2 

is expected to exhibit charge-transport properties. 

The electronic conduction along an isolated chain configuration of 3-2 in solution 

was examined using flash-photolysis time-resolved microwave conductivity (FP-TRMC) 

measurements in cyclohexane/benzene (9/1) with chloranil as a mediator for the photo-

induced electron-transfer reactions.26 Electrodeless photocarrier injection was performed 

upon excitation at 355 nm. Upon heating the solution of 3-2 (70 μM) from 293 to 340 K, 

the photoconductivity signals gradually decreased and then disappeared abruptly at 340 

K (Figure 3-20). This result is due to the dissociation of the supramolecular polymer at 

340 K, which is consistent with the results observed during the heating process of self-

assembled 3-2 in the UV/vis/NIR absorption measurements. A maximum φΣμmax value 

of 6 × 10–5 cm2 V–1 s–1 (φ: photo-generation efficiency of the charge carriers; Σμ: sum of 

the isotropic electron and hole mobility) was recorded for self-assembled 3-2 in solution. 

The quantum efficiency of the charge-carrier generation (φ) was determined to be 4 × 10–

2 for 3-2 using transient absorption spectroscopy of chloranil radical anions: counter 

charges as an indicator. At 298 K, the sum of the isotropic electron and hole mobility is 

Σμ = 1 × 10–3 cm2 V–1 s–1 for 3-2. 

The author also evaluated the charge transport properties of the corresponding 

aromatic supramolecular polymer consisting of amide-functionalized Zn(II) porphyrin 3-
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11 reported by Takeuchi, Sugiyasu, and co-workers (Figure 3-21a).20b The author selected 

3-11 rather than the corresponding Ni(II) porphyrin as a reference molecule for Ni(II) 

norcorrole 3-2 because the Ni(II) porphyrin is not suitable for comparison due to its non-

planar structure.27 To ensure consistency with the measurement conditions used for 3-2, 

the aggregation behavior and structure of 3-11 in cyclohexane/benzene (9/1) were 

confirmed using UV/vis/NIR absorption spectroscopy, TEM, AFM, and FT-IR 

measurements. Formation of bundled fibers were observed as is the case of 3-2. In 

addition, the elongation enthalpy (–116 kJ mol–1)28 and NH stretching band (3267 cm–1) 

of self-assembled 3-11 are comparable to those of self-assembled 3-2. These results imply 

that the stacking mode of self-assembled 3-2 is similar to that of self-assembled 3-11. The 

electronic photoconduction of self-assembled 3-11 was examined using the FP-TRMC 

technique (Figure 3-21b). At 297 K, the Σμ value for self-assembled 3-11 (3 × 10–4 cm2 

V–1 s–1) was one quarter of that of self-assembled 3-2. In addition, the electronic 

conduction of 3-11 in solid29 was also examined using flash-photolysis time-resolved 

microwave conductivity (FP-TRMC) measurements revealed that 3-2 has a more stable 

charge carrier transport transportability than 3-11 (Figure 3-22).  

Finally, photoconductivity measurements were performed for solid samples of self-

assembled 3-2, 3-330 and Ni(II) meso-di(4-dodecyloxyphenyl)norcorrole 3-4 (Figure 3-

23).31 The TRMC signals were very weak for 3-3 and 3-4. In the crystal of 3-4, the 

distance between the norcorrole π-systems is so long that the effective charge-transport 

pathway is not formed. In contrast, the maximum φΣμmax of self-assembled 3-2 (1 × 10–4 

cm2 V–1 s–1) is comparable to that of meso-dimethylnorcorrole Ni(II) (7 × 10–5 cm2 V–1 s–

1).17 These results demonstrate that the charge transport property is achieved due to close 

proximity of the norcorrole π-systems. Furthermore, the alignment of the π-stacking 
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assembly via hydrogen bonding is important for the formation of conductive paths along 

the stacking axis. 

 

Figure 3-20. Photoconductivity transients of self-assembled 3-2 in cyclohexane/benzene 
(9/1) with 10 equiv of chloranil at 293–340 K ([3-2] = 70 μM); inset: Solution sample in a cell 
with a 3 mm light path. 
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Figure 3-21. (a) Structure of 3-11 (b) Photoconductivity transients of self-assembled 3-11 
in cyclohexane/benzene (9/1) with 10 equiv of chloranil at 297–336 K ([3-11] = 70 μM). The 
solution and solid were excited by Nd:YAG laser pulses with ~5 ns duration at 355 nm (third 
harmonics), 1.4×1016 photons cm–2.  

 
Figure 3-22. Photoconductivity transients of self-assembled 3-2 (red) and 3-11 (black) in 
thin films. The solid was excited using Nd:YAG laser pulses (duration: ~5 ns; 355 nm (third 
harmonics); 1.4 × 1016 photons cm–2). 
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Figure 3-23. Photoconductivity transients of self-assembled 3-2 (red), 3-3 (yellow green) 
and 3-4 (blue) in thin films. The solution and solid were excited using Nd:YAG laser pulses 
(duration: ~5 ns; 355 nm (third harmonics); 1.4 × 1016 photons cm–2). 
 

3-7. Summary of Chapter 3 
 

The author synthesized amide-functionalized norcorrole Ni(II) complex 3-2. 

Spectroscopic and microscopic measurements revealed that self-assembled 3-2 forms a 

one-dimensional array via hydrogen-bonding interactions and π–π stacking. The stacking 

conformation of the norcorrole π-systems was investigated using VT-1H NMR and 

UV/vis/NIR analyses, as well as DFT simulations. Importantly, self-assembled 3-2 

exhibits superior charge-transporting ability compared to that of Zn(II) porphyrin 

analogue 3-11. It should also be noted here that ester-functionalized norcorrole Ni(II) 

complex 3-3 and Ni(II) meso-di(4-dodecyloxyphenyl)norcorrole 3-4 exhibits no charge-

transporting abilities. These results demonstrate that the supramolecular polymerization 
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of antiaromatic molecules represents a promising strategy for the development of 

effective carrier-transport materials. 
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4-1. Introduction 
 

Electronic characters of solid materials dramatically change depending on the type 

and arrangement of their constituent atoms and molecules. In particular, solid molecular 

materials enable a greater diversity of material designs than inorganic materials due to 

their flexibility in tuning the electronic structure and the shape of the constituent 

molecules. The challenge of developing solid-state materials based on organic molecules 

in the first stages focused on creating conductive functions. Half a century of scientists' 

efforts to control the electronic structure and crystallinity of molecules has succeeded in 

the development of organic metals1 and organic superconductors.2  

“Charge-Transfer (CT) complexes” are aggregates composed of electron donors 

and electron acceptors. In recent years, charge transfer complexes have attracted much 

attention over the last few decades because of their potential for electronic properties such 

as semiconductivity,3, ferroelectricity,4 photoresponsivity,5 and stimuli responsivity.6 In 

addition, CT complexes often form higher-order aggregates in the solid state, where both 

stacking pattern and ionicity are important factors dominating their electronic properties 

(Figure 4-1).7  

 
Figure 4-1. Formation of charge transfer complexes and typical observed two types 
stacking structures (a) segregate stack (b) alternate stack; D: donor A: acceptor. 
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To form the CT complexes, polycyclic aromatic hydrocarbons (PAHs: such as 

perylene and pyrene) were used as donors in early studies (Figure 4-2a).8 However, the 

charge-transfer complexes of PAHs with strong oxidants gradually decompose due to the 

instability of the aggregates. Consequently, strongly electron-donating compounds that 

form stable CT complexes are necessary for material applications. Weitz-type is well 

known for strong donors and charge-stabilizing properties due to the formation of stable 

aromatic rings upon oxidation.9 However, there are limited examples of molecules that 

can exhibit such properties and the TTF analogues have been the most commonly used 

electron donor in this field (Figure 4-2b).  

 
Figure 4-2. Structure of electron donors (a) perylene and pyrene examined in early 
studies (b) TTF analogues and redox-mechanism. 

 

Against this background, the author focused on antiaromatic compounds. These 

compounds have a destabilized HOMO and a stabilized LUMO, thus they would possess 

potentials for excellent electron donors and acceptors.10 However, antiaromatic molecules 

are inherently unstable and require kinetic stabilization by bulky substituents, which 

hamper effective intermolecular interactions between donors and acceptors in 

aggregates.11  

Ni(II) meso-dimesitylnorcorrole is a stable and distinctly antiaromatic molecule 
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with a 16 π-electronic system, which exhibits reversible multi-redox abilities due to their 

narrow HOMO–LUMO energy gap.12,13 Furthermore, Ni(II) norcorrole exhibits high 

stability despite the lack of steric protection by bulky meso-substituents, as discussed in 

Chapter 2.14 These features well satisfy the requirements for CT complex formation. In 

Chapter 4, the author describes the formation of CT complexes based on antiaromatic 

Ni(II) norcorrole (Figure 4-1).  

 
Figure 4-3. Formation of CT complexes based on antiaromatic Ni(II) norcorroles. 
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4-2. Preparation of CT complexes 
 

Trial and error are necessary to obtain single crystals of CT complexes suitable for 

X-ray structural analysis. Furthermore, the raw material should be pure and available in 

sufficient quantities to obtain a single crystal reproducibly. To satisfy these requirements, 

Ni(II) meso-diphenylnorcorrole 4-1 was chosen as the antiaromatic molecule.15 In 2020, 

the author reported that 4-1 shows excellent stability in solution without bulky 

substituents stabilization. In addition, 4-1 can be easily synthesized without purification 

using silica gel column chromatography.14 Next, the first oxidation and reduction 

potentials of 4-1 obtained from the CV measurements were evaluated to judge whether 

4-1 is a suitable donor or acceptor molecule (Figure 4-4). The first oxidation wave of 4-

1 was observed at 0.0 V vs. a ferrocene/ferrocenium couple (Fc/Fc+) in CH2Cl2. This 

value shows that 4-1 has superior donor properties than common aromatic molecules such 

as pyrene, perylene, and coronene. The value is comparable to TTF (–0.01 V). On the 

other hand, the first reduction wave of 4-1 was observed at –0.82 V vs. Fc/Fc+, which 

means 4-1 would be a weaker acceptor compared to benzoquinone, TCNE, and TCNQ. 

According to these considerations, Formation of CT complexes was carried out using 4-

1 as a donor. 
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Figure 4-4. Redox potentials of 4-1 along with those of various donors and acceptors. 

 

A mixture of 4-1 and an acceptor in solution was co-crystallized by vapor diffusion. 

As a result, four co-crystals of 4-1•chloranil, 4-1•bromanil, 4-1•fluoranil, and 4-1•TCNE 

were obtained, of which structures were unambiguously elucidated by single-crystal X-

ray structure analysis. All of these co-crystals contained 4-1 and the acceptor in a ratio of 

1:1. All the co-crystals with benzoquinones showed an alternate stacking structure (Figure 

4-3, 4-4, and 4-5). In the co-crystals of 4-1•chloranil and 4-1•bromanil, a highly symmetric 

crystal system (trigonal) was observed than 4-1•fluoranil (monoclinic), in which the 

stacked columns were arranged in a hexagonal pattern. The co-crystal of 4-1•TCNE 

showed a brickwork structure with a partial contact between the norcorrole π-planes 

(Figure 4-6). 
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Figure 4-5. X-ray crystal structure of 4-1•chloranil co-crystal (a) top (b) side view. 
Thermal ellipsoids are drawn at the 50% probability level. All hydrogen atoms are omitted for 
clarity. 
 

 
Figure 4-6. X-ray crystal structure of 4-1•bromanil co-crystal (a) top (b) side view. 
Thermal ellipsoids are drawn at the 50% probability level. All hydrogen atoms are omitted for 
clarity. 

 
Figure 4-7. X-ray crystal structure of 4-1•fluoranil co-crystal (a) top (b) side view. 
Thermal ellipsoids are drawn at the 50% probability level. All hydrogen atoms are omitted for 
clarity. 
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Figure 4-8. X-ray crystal structure of 4-1•TCNE co-crystal (a) top (b) side view. Thermal 
ellipsoids are drawn at the 50% probability level. All hydrogen atoms are omitted for clarity. 
 

4-3. Charge transport properties 
 

The author examined the electronic photo-conduction of Ni(II) meso-

diphenylnorcorrole 4-1•benzoquinones (fluoranil, bromanil, and chloranil) and 4-

1•TCNE co-crystals by flash-photolysis time-resolved microwave conductivity (FP-

TRMC) measurement in their microcrystalline states. Electrodeless photocarrier injection 

was performed upon excitation at 355 nm where the electronic transitions of the series of 

molecules are minimum, securing the homogeneous photocarrier distribution in their 

crystalline states. The observed photoconductivity transients are shown in Figure 4-9. The 

4-1•TCNE co-crystal showed the highest photoconductivity than the other benzoquinone 

co-crystals in all-time ranges up to ~100 μs. Notably, the TRMC signal of 4-1•TCNE co-

crystal was highly stable over a long period of time, which suggests that a long conductive 

pathway stabilizes the generated carriers. 
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Figure 4-9. Photoconductivity transients recorded in microcrystalline 4-1•TCNE (blue), 
4-1•bromanil (pink), 4-1•bromanil (light blue), and 4-1•fluoranil (red), respectively upon 
excitation at 355 nm, 0.2–1.3 × 1015 photons cm–2, r.t. 
 

4-4. ESR measurements 
 

To observe the carrier generation by the charge transfer, solid ESR measurements 

were carried out at room temperature (Figure 4-10). Weak ESR signals were observed for 

the Ni(II) meso-diphenylnorcorrole 4-1•benzoquinones (fluoranil, bromanil, and 

chloranil), suggesting that the charge transfer in these complexes is almost negligible. In 

contrast, a stronger ESR signal was observed for 4-1•TCNE than for 4-1•benzoquinones. 

Next, the spin density was estimated to be ca. 0.2% for each benzoquinone, while a value 

of 2.4% was estimated for 4-1•TCNE.16 In addition, the g-values of 2.005, 2.005, 2.004, 

and 2.005 were obtained for 4-1•TCNE, 4-1•bromanil, 4-1•chloranil, and 4-1•fluoranil, 

which indicates that the electronic spins are delocalized over the norcorrole unit and each 

acceptor. 



Chapter 4 

 90 

 
Figure 4-10. ESR measurements of 4-1•TCNE (blue), 4-1•bromanil (pink), 4-1•chloranil 

(light blue), and 4-1•fluoranil (red) in the solid state at room temperature. 
 

4-5. Conductivity of TCNE co-crystal 
 

TRMC and ESR measurements revealed the formation of conductive pathways and 

the generation of carriers in the Ni(II) meso-diphenylnorcorrole 4-1•TCNE co-crystal. 

Then, the author investigated the electrical conductivity of the single crystal. However, 

large crystals could not be obtained with 4-1•TCNE co-crystal. Therefore, the 

conductivity was investigated by the two-terminal method the following procedure: 

placing a crystal on a silicon substrate and then coating silver paste on both ends of the 

crystal and contacting the electrodes (Figure 4-11a,b).  
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Figure 4-11. (a) Schematic diagram of conductivity measurement. (b) Microscope picture. 
The bar is 50 μm. (c) Measurement of conductivity in the 4-1•TCNE co-crystal (blue) and a silicon 
substrate (red) under air, r.t. 
 

Upon applying a voltage to the crystal, the current was almost proportional to the 

voltage. In contrast, the conductivity of the silicon substrate was not observed, which 

supports the conductive nature of the TCNE co-crystal (Figure 4-11c). Furthermore, no 

hysteresis currents were observed, despite the atmospheric conditions. These results of 

TRMC and conductivity measurements indicate that the carriers are sufficiently stable.  

To determine the conductivity, the crystal size was estimated. The surface area was 

determined from the microscopic measurement (Figure 4-11b). The height of the crystal 

was measured by atomic force microscopy (AFM) and the topology phase image of the 
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crystal showed the presence of a smooth flat surface (Fig. 4-12a). The height profile is 

shown along the white line in Fig. 4-10a. A step with the substrate was observed, the 

height was determined to be about ca. 300 nm (Fig. 4-10b). From these results, the 

conductivity was estimated to be 0.9 × 10–3 S cm–1, which value is much higher than those 

of most of single-component closed-shell aromatic molecules but lower than those of the 

segregated stacked charge-transfer complexes.17 The overlap between the TCNEs may 

not act as a conduction pathway due to the small π-systems. In other words, the 

conduction pathway in 4-1•TCNE co-crystal is mainly formed by the overlap norcorrole 

π-systems. 

 
Figure 4-12. (c) AFM topological image of a 4-1•TCNE co-crystal onto silicon. (b) Height 
profile of the fibers measured along the white line in the AFM image. 
 

4-6. Summary of Chapter 4 
 

In summary, the formation of CT complexes based on antiaromatic Ni(II) meso-

diphenylnorcorrole 4-1 as a donor was successful. Alternate stacking was observed in co-

crystals with benzoquinones as an acceptor. Interestingly, 4-1•chloranil and 4-1•bromanil 

co-crystals exhibited a highly symmetric crystal system, in which the stacked columns 

were arranged in a hexagonal pattern. In co-crystal with TCNE, brickwork stacking was 
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observed. X-ray structure analysis and TRMC measurements revealed that stable 

conductive pathways were formed in the 4-1•TCNE co-crystal. The co-crystal exhibited 

moderate conductivity. These results indicate the potential of CT complexes based on 

Ni(II) norcorroles as electronic materials in the future. 
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5-1. Introduction 
 

The development of both p-type and n-type organic semiconductors is essential for 

the creation of next-generation materials such as organic transistors, diodes, and solar 

cells.1 However, practical n-type organic materials with high electron mobility are fewer 

than p-type ones, thus being an attractive research target.2 One general guideline to realize 

high carrier mobility is to suppress structural change upon charge injection, leading to 

small reorganization energies.3 Consequently, the creation of π-conjugated molecules 

with small structural changes upon electron injection should be attractive targets. 

Ni(II) meso-dimesitylnorcorrole 5-1 is a stable and distinctly antiaromatic molecule 

with a 16 π-electronic system, which exhibits multi-redox abilities due to their narrow 

HOMO–LUMO energy gap (Figure 5-1).4 Owing to the excellent reversibility of its redox 

process, rechargeable batteries were successfully fabricated using 5-1 as the electrode 

active material.5 Furthermore, the author demonstrated that meso-dimethylnorcorrole 5-

2 formed one-dimensional π-stacking in the solid state, leading to its n-type 

semiconducting property as shown in Chapter 2.6 Against this background, isolation and 

characterization of the radical ion species are required to understand the redox process of 

norcorroles. However, the isolation of a radical anion of norcorrole without electronic 

modulation has not been reported. The isolation of radical anion has been limited to the 

work of Li, Chmielewski, and co-workers in 2016, in which they reported the synthesis 

of Ni(II) meso-dimesityl tetranitronorcorrole 5-3 and succeeded in isolation of its radical 

anion 5-4 stabilized by the electron-withdrawing substituents.7 
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Figure 5-1. Structure of Ni(II) meso-dimesitylnorcorrole 5-1, Ni(II) meso-
dimethylnorcorrole 5-2, nitrated Ni(II) norcorrole 5-3, and radical anion 5-4. 
 

In Chapter 5, the author described that one-electron reduction of Ni(II) meso-

dimesitylnorcorrole 5-1 with cobaltocene (CoIICp2) provided its radical anion 5-5. Even 

without thermodynamic stabilization with electron-withdrawing groups, 5-5 exhibited 

high stability in the solid state and can be handled in a degassed solution for a long period. 

Furthermore, the X-ray diffraction analysis of radical anion 5-5 elucidated that one-

electron reduction of 5-1 resulted in small changes in its bond lengths. The small 

reorganization energy upon one-electron injection has been further supported by 

theoretical calculations. 

 

5-2. Chemical reduction of 5-1 
 

The first reduction wave of 5-1 was observed at –0.92 V vs a ferrocene/ferrocenium 

couple (Fc/Fc+).4 Accordingly, CoIICp2, whose first oxidation potential is –1.33 V (vs 

Fc/Fc+) in CH2Cl2, was selected as a one-electron reducing agent.8 Treatment of 5-1 with 

CoIICp2 afforded its radical anion salt 5-5 in 95% yield as a green solid (Scheme 5-1). 

The 1H NMR spectrum of 5-5 was broad because of its paramagnetic nature. A peak for 

the counter cation ([CoⅢCp2]+) was detected at δ = 5.85 ppm (Figure 5-2). 
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Scheme 5-1. Reduction of 5-1 to provide radical anion 5-5. 

 

Figure 5-2. 
1
H NMR spectrum of 5-5 in DMSO-d6 at 25 °C. *Solvent peaks. 
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5-3. Structural analysis 
 

The structure of 5-5 was unambiguously elucidated by single-crystal X-ray 

structure analysis (Figure 5-3). The single crystal was obtained by slow evaporation of 

DMSO under reduced pressure. The norcorrole radical anion accompanied the counter 

ion ([CoⅢCp2]+) in a ratio of 1:1. Norcorrole radical anion 5-5 exhibits a highly planer 

structure with the mean plane deviation (MPD) of 0.011 Å, which is comparable to that 

of neutral Ni(II) meso-dimesitylnorcorrole 5-2 (0.041 Å). This high planarity is suitable 

for the effective delocalization of electronic spin over the norcorrole π-systems. In the 

crystal packing, the norcorrole radical anion and cobaltocenium are alternatively stacked. 

The magnetic interaction between norcorrole radical anions and cobaltocenium cation is 

assumed to be negligible. 

 

Figure 5-3. X-ray crystal structure of 5-5. (a) Top and (b) side view of 5-5. Thermal 
ellipsoids are drawn at the 50% probability level. All hydrogen atoms are omitted for clarity. 
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5-4. Electronic structure 
 

The electronic structure was evaluated using UV/vis/NIR absorption spectroscopy. 

The UV/vis/NIR absorption spectra of Ni(II) meso-dimesitylnorcorrole 5-1 and 5-5 in 

DMSO are shown in Figure 5-4. Neutral norcorrole 5-1 exhibited broad and weak 

absorption bands tailing to 900 nm. Radical anion 5-5 exhibited a sharp and strong 

absorption band at 924 nm along with weak absorption tailing to ca. 1400 nm. In addition, 

new peaks at 488 and 649 nm appeared. These absorption changes are consistent with 

those previously observed by the spectroelectrochemical measurements.5a Time-

dependent density functional theory (TD-DFT) calculations at the UB3LYP/6-

31G(d)+SDD level suggested that the strong absorption at 924 nm is originated from the 

SOMO→LUMO transition (Figure 5-5). 

 
Figure 5-4. UV/Vis/NIR absorption spectra of 5-1 (red) and 5-5 (blue) in DMSO. λ = 
wavelength.  
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Figure 5-5. Simulated absorption spectrum of 5-5 calculated at the UB3LYP/6-
31G(d)+SDD level. 

 

The stability of 5-5 in solution under ambient conditions was investigated by 

monitoring the absorption changes. The absorption of a DMSO solution of 5-5 gradually 

changed with the decrease at 924 nm and the increase at 432 nm (Figure 5-6). A clear 

isosbestic point was observed at 512 nm. These results suggest that radical anion 5-5 was 

oxidized by dioxygen to form neutral species 5-1. The estimated half-life time based on 

the absorption decrease at 924 nm is ca. 17 h. The stability of 5-5 in the solid state was 

also investigated. The solid sample of 5-5 was stored for 12 months under ambient 

conditions without detectable degradation. These experimental results indicate that 

radical anion 5-5 has reasonable stability in the solution state and high stability in the 

solid state. 
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Figure 5-6. a) Time dependence of UV/vis/NIR absorption changes of 5-5 in DMSO under 
air at room temperature. b) at 924 nm. 
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5-5. Electronic structure 
 

To obtain information on the magnetic property of 5-5, the author conducted 

electron spin resonance (ESR) measurements. The ESR spectra of 5-5 recorded in a 

DMSO solution10 at 15 K exhibited a signal at g-value 2.0026, indicating that the 

electronic spin is delocalized on the norcorrole ligand (Figure 5-7). The spin-density 

distribution of 5-5 was calculated at the UB3LYP/6-31G+SDD level (Figure 5-8a,b). 

Negligible spin-densities were detected on the nickel center, which result explains well 

the g-value obtained by ESR measurements. On the other hand, the electronic spin is 

highly delocalized over the norcorrole π-systems. 

 
Figure 5-7. ESR spectrum of 5-5 recorded in DMSO at 15 K. 
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Figure 5-8. (a) Spin-density distribution of 5-5 calculated at the UB3LYP/6-31G+SDD 
level (isovalue: 0.001, blue: positive spin, green: negative spin). (b) The value of the positive 
spin-density assigned to each atom. (c) LUMO of 5-5 calculated at the B3LYP/6-31G+SDD level 
(isovalue: 0.03). 

 
5-6. Reorganization energy 
 

The detailed structure of 5-5 was compared with those of Ni(II) meso-

dimesitylnorcorrole 5-1 to obtain more insight into the structural changes upon electron-

injection (Figure 5-9). There were no significant changes except for a decrease in bond 

length alternation around meso-positions. The harmonic oscillator model of aromaticity 

(HOMA)11 value of 5-5 is 0.57, which is slightly higher than the neutral species 5-5 (0.43). 

These results suggest that the structural change of Ni(II) norcorrole 5-1 is small for one-

electron reduction. 
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Figure 5-9. Bond lengths in X-ray crystal structures of 5-1 and 5-5. Mesityl groups are 
omitted for clarity. 
 

Encouraged by the small structural change during electron doping, the author 

conducted the DFT calculations to evaluate the reorganization energy at the CAM-

B3LYP/6-31G(d)+SDD level (Table 5-1). The reorganization energy was evaluated based 

on the adiabatic potential energy surfaces method.13 The reorganization energy of 5-1, C60 

fullerene, and Zn(II) porphyrin for one-electron reduction and oxidation processes were 

calculated by the CAM-B3LYP/6-31G(d)+SDD level (Table 5-1). Reorganization energy 

was estimated based on following equations Eq. 5-1 and Eq. 5-2. 

 

 
 

Here, E(0)(M) and E(0)(M•– or M•+) are the energies of the neutral and radical ion states 

in their ground states, respectively. E(1)(M) is the energy of the neutral molecule in the 

optimized geometry of the radical ion and E(1)(M•– or M•+) is the energy of the radical 

ions at the optimized geometry of the neutral molecule. The total reorganization energy 

was determined by the sum of the relaxation energies of λ(1) and λ(2). 

The reorganization energy of 5-1 through the one-electron reduction process was 
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calculated to be 149 meV, of which value is comparable to that of C60 (183 meV) and 

smaller than that of aromatic Zn(II) porphyrin (259 meV). The author also calculated the 

reorganization energy for the one-electron oxidation process of 5-1 to be 246 meV, which 

is larger than that of the one-electron reduction process. Chao and co-worker proposed 

that the enhanced non-bonding character in frontier orbitals is related to the decrease in 

the reorganization energy.12 In this regard, the LUMO of 5-1 exhibits nonbonding feature 

except for the two C–C bonds between pyrrole rings (Figure 5-8c). 

 

Table 5-1. Relaxation energies (λ(1) and λ(2)) and reorganization energy (λ(1)+λ(2)) (meV). 

5-1 λ(1) λ(2) λ(1)+λ(2) 

Reduction 74.8 74.7 149 

Oxidation 111 135 246 
 

C60 fullerene λ(1) λ(2) λ(1)+λ(2) 

Reduction 89.7 92.8 183 

Oxidation 89.8 91.0 181 
 

Zn(II) porphyrin λ(1) λ(2) λ(1)+λ(2) 

Reduction 151 108 259 

Oxidation 60.4 60.9 121 
 

 
Figure 5-10. Structure of Zn(II) porphyrin and C60 fullerene used for calculation of 
the reorganization energy.  
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5-7. Summary of Chapter 5 
 

In summary, Ni(II) meso-dimesitylnorcorrole radical anion 5-5 was isolated 

through chemical reduction of the corresponding neutral species 5-1. The radical anion 

5-5 can be stored for long periods in the solid state, indicating its highly stable nature. 

The structure of 5-5 was elucidated by X-ray structure analysis, which indicates the small 

structural change between neutral species 5-1 and radical anion 5-5. The DFT calculations 

elucidated the small reorganization energy of norcorrole 5-1 upon one-electron injection. 

The current study highlights attractive features of norcorrole, namely (1) high stability of 

radical anion, (2) small reorganization energy upon electron-injection, and (3) good 

electron-affinity as seen in its reduction potential of –0.92 V (vs Fc/Fc+). These properties 

should be helpful for the development of high-performance n-type semiconductors in the 

future. 
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6-1. Introduction 
 

The stacking of antiaromatic π-systems exhibits three-dimensional aromaticity due 

to the effective orbital interactions through space.1 In fact, the three-dimensional 

aromaticity of stacked Ni(II) norcorroles has been demonstrated.2 Notably, a cyclophane 

type Ni(II) norcorrole linked by two flexible alkyl chains 6-1 exhibits a stronger attractive 

interaction than that of aromatic Ni(II) porphyrin 6-2 (Figure 6-1).2c However, such linker 

assistances are not suitable for dense integration and crystal structure control. 

Consequently, other approaches are necessary to form the higher-order structures based 

on the interactions of antiaromatic compounds.  

 

Figure 6-1. Structure of Ni(II) cyclophane type Ni(II) norcorrole 6-1 and Ni(II) porphyrin 
6-2, Ni(II) meso-di(pentafluorophenyl)norcorrole 6-3.  
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Against this background, the author focused on the introduction of electron-

withdrawing groups to norcorroles. In general, the introduction of electron-withdrawing 

groups (F, CN, and NO2) for π-systems promote π-π stacking formation due to the 

reduction of the π-electron repulsions.4 In Chapter 6, the author describes the introduction 

of C6F5 groups5 into Ni(II) norcorrole at meso-positions 6-3 to form close distance π-π 

stacking without linkers. 

 

6-2. Synthesis of Ni(II) meso-di(pentafluorophenyl)norcorrole 
 

As mentioned in Chapter 1, norcorroles with electron-withdrawing groups at meso-

positipons could not be obtained because of their inherent instability.7 In Chapter 5, the 

author reported that the norcorrole radical anion shows high stability due to its deep-lying 

LUMO and effective delocalized spin over the norcorrole π-system. According to these 

results, the author speculates that in the synthesis of Ni(II) norcorrole, after the reductive 

coupling reaction of the dipyrine precursor, the radical anion of Ni(II) norcorrole should 

be formed by one-electron reduction of neutral Ni(II) norcorrole by excess Ni(0) species 

in the reaction solution. This situation should be particularly the case for norcorroles with 

electron-withdrawing groups at meso-positions. Then, the author expected to convert 

radical anion species to norcorroles with an oxidant before the work-up process. Chloranil 

was selected as the oxidant for this purpose because it did not react with norcorroles, as 

shown in Chapter 4. In fact, reductive coupling of 6-4 with Ni(cod)2 followed by chloranil 

oxidation provided Ni(II) meso-di(pentafluorophenyl)norcorrole 6-3 in 65% yield 

(Scheme 6-1).8 
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Scheme 6-1. Synthesis of Ni(II) meso-di(pentafluorophenyl)norcorrole 6-3. 

 
6-3. Structural analysis 
 

The structure of Ni(II) meso-di(pentafluorophenyl)norcorrole 6-3 was 

unambiguously elucidated by single-crystal X-ray structure analysis (Figure 6-2). The 

two norcorrole skeletons were stacking closely. The interplanar distance was 3.27 Å, 

which is shorter than the sum of van der Waals radii of sp2-hybridized carbon atoms. 

Notably, the norcorroles were completely stacked face-to-face π-π stacking. This 

orientation is similar to one of the polymorphs in the cyclophane type Ni(II) norcorrole 

linked by two flexible alkyl chains (See Chapter 1: Figure 1-12c ). On the other hand, 

meso-diphenylnorcorrole exhibited twisted stacking. The introduction of electron-

withdrawing groups could promote the formation of face-to-face π-π stacking.2a 

In the stacking structure of 6-3, the harmonic oscillator model of aromaticity 

(HOMA)3 value is 0.78, which is distinctly larger than that of the Ni(II) meso-

dimesitylnorcorrole (0.43)6, and comparable to that of the face-to-face stacking 
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conformation of cyclophane type Ni(II) norcorrole 6-1 (0.69)2c and Ni(II) porphyrin 6-2 

(0.77)2c. These results implies that 6-3 exhibits three-dimensional aromaticity in the π-π 

stacking structure. 

 
Figure 6-2. X-ray crystal structure of 6-3. (a) Top and (b) side view of 6-3. Thermal 
ellipsoids are drawn at the 50% probability level. All hydrogen atoms are omitted for clarity. 
 

6-4. Electronic structure 
 

The electronic structure was evaluated using DFT calculations at the B3LYP/6-

31G(d)+SDD level of theory (Figures 6-3), which suggested that orbitals of norcorrole 

units interact each other through space in HOMO and HOMO–1. To evaluate the 

aromaticity of 6-3, NICS(0) values are calculated at all rings. In the monomer structure 

6-3, positive values from 4.81 to –45.41 ppm for all rings were obtained (Figure 6-4). On 

the other hand, the dimer structure 6-3, negative values from –7.81 to –32.38 ppm for all 

rings were obtained (Figure 6-4). These results indicate that the dimeric structure 6-3 

exhibits three-dimensional aromaticity.2 
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Figure 6-3. Frontier orbital distribution of HOMO (a: side, b: top view) and HOMO–1 (c: 
side, d: top view) of 6-3. Calculations were conducted at the B3LYP/6-31G(d)+SDD level of 
theory. 
 

 

Figure 6-4. NICS(0) values of monomer and dimer structure 6-3. Calculations were 
carried out at the B3LYP/6-31G(d)+SDD level of theory. 
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6-5. Summary of Chapter 6 
 

In summary, the synthesis of Ni(II) meso-di(pentafluorophenyl)norcorrole 6-3 was 

succeeded. The structure of 6-3 was elucidated by X-ray structure analysis, which 

revealed the face-to-face stacking dimer conformation. In addition, the π-π stacking 

distance was 3.27 Å. The DFT calculations elucidated the dimer structure of 6-3 

exhibited aromaticity. This result shows that the introduction of electron-withdrawing 

groups into Ni(II) norcorroles enables the control of the stacking orientation without the 

linkers. This approach should be helpful for the development of high-order structures of 

norcorroles based on antiaromatic interactions.2 
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Chapter 7 

Summary of this thesis 

 

This thesis demonstrated that antiaromatic norcorroles are handled without using 

bulky meso-substituent for kinetic protection. This insight allowed the integration of 

norcorrole by various methods. In addition, the aggregates exhibited reversible self-

assembly, charge transport functions, and electrical conductivity. 

Chapter 2 described that Ni(II) norcorrole can be stably handled without the bulky 

protection at the meso-position. The single-crystal X-ray analysis revealed that the methyl 

groups substituted norcorrole at the meso-position form a one-dimensional stacking 

structure in the solid-state and exhibited n-type charge transport properties. 

Chapter 3 disclosed the formation of a one-dimensional supramolecular polymer 

from an antiaromatic Ni(II) norcorrole constructed by hydrogen bonding. The polymer 

exhibited high charge transport properties than that of supramolecular polymer 

constituted of aromatic Zn(II) porphyrins. 

Chapter 4 discussed the formation of CT complexes of Ni(II) norcorrole with 

various acceptors. X-ray crystal analysis of the CT complex with TCNE revealed the 

formation of a conduction pathway between the Ni(II) norcorrole units through a partial 

overlap of the π-planes. 

Chapter 5 described the reduction of Ni(II) meso-dimesitylnorcorrole to its isolable 

radical anion with cobaltocene (CoIICp2). X-ray crystal analysis of the radical anion 

revealed that the structural change by one-electron reduction is marginal. DFT 
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calculations elucidated that the reorganization energy of Ni(II) norcorrole upon one-

electron injection is smaller than those of Zn(II) porphyrin and C60 fullerenes. 

Chapter 6 disclosed the introduction of pentafluorophenyl groups to Ni(II) 

norcorrole at meso-positions. X-ray analysis of the C6F5-substituted norcorrole revealed 

that the structure of closely stacked face-to-face dimer formed without linkers. 

The research on materials based on aromatic compounds has been developed over 

half a century because of their high stability and flexible structure modification. On the 

other hand, the research on antiaromatic compounds has been limited due to their 

instability despite their excellent potentials for electronic devices. The author believes 

that the present study on the integration of norcorroles would inspire the prospects of 

antiaromatic molecules-based materials. 
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E-1. Instruction and materials 
 

1H NMR (500 MHz), 13C NMR (126 MHz), and 19F NMR (471 MHz) spectra were 

recorded on a Bruker AVANCE III HD spectrometer. Chemical shifts were reported as 

the delta scale in ppm relative to CHCl3 (δ = 7.26 ppm) for 1H NMR and CDCl3 (δ = 

77.16 ppm) for 13C NMR. UV/vis/NIR absorption spectra were recorded on a Shimadzu 

UV-2550 or JASCO V 670 spectrometer. High-resolution atmospheric pressure chemical 

ionization time-of-flight (APCI-TOF) and electrospray ionization time-of-flight (ESI-

TOF) mass spectra were taken on a Bruker microTOF instrument using a positive 

ionization mode. High-resolution matrix assisted laser desorption and ionization time-of-

flight (MALDI-TOF) mass spectra were taken on a Bruker autoflex max using a negative 

ionization mode. X-ray diffraction data were taken on a Rigaku CCD diffractometer 

(Rigaku VariMax Saturn) with Varimax Mo optics using graphite monochromated Mo-

Kα radiation (λ = 0.71073 Å). The structures were solved using a direct method 

(SHELXT) and refined by a full-matrix least-squares method on F2 for all reflections 

using the programs of SHELXL-2014. All nonhydrogen atoms were refined with 

anisotropic displacement parameters. The hydrogen atoms were placed in idealized 
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positions and refined as riding models with the relative isotropic displacement parameters. 

Crystallographic data have been deposited with the Cambridge Crystallographic Data 

Centre as a supplementary publication. Transmission electron microscopy (TEM) was 

performed with a JEM-1400EM (JEOL) using an acceleration voltage of 80 kV. Fourier 

transform infrared (FT-IR) spectroscopic analysis was performed on a JASCO FT/IR-

4200 spectrometer. All calculations were carried out using the Gaussian 09 or 16 

programs.1,2 Calculations were performed with Becke’s three-parameter hybrid exchange 

functional and the Lee–Yang–Parr correlation functional (B3LYP)3,4 or hybrid exchange–

correlation functional using the Coulomb-attenuating method (CAM-B3LYP)5 and a basis 

set consisting of SDD6 for Ni. Unless otherwise noted, materials obtained from 

commercial suppliers were used without further purification. 5-Methyldipyrromethane,7 

3,4,5-tridodecyloxybenzoic,8 5-(4-hydroxyphenyl)dipyrromethane9 and Ni(II) meso-

pentafluorophenyl-α,α'-dibromodipyrrin10 were synthesized according to the literature. 

Unless otherwise noted, materials obtained from commercial suppliers were used without 

further purification. 

 

E-2. Charge transfer properties (Chapter 2) 
 

E-2-1. TRMC Measurements 

Transient photoconductivity was measured by an FP-TRMC setup. A resonant 

cavity with Q ~ 2500 was used to obtain a high degree of sensitivity in the conductivity 

measurement. Proving microwave frequency and power were set at ~9.1 GHz and 3.0 

mW, respectively, such that the electric field of the microwave was sufficiently small not 

to disturb the translational motion of charge carriers. The observed value of 

photoconductivity converted to the product of the quantum yield φ and the sum of charge-
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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 per m2), 

a correction factor (m–1) and transient photoconductivity, respectively. The sample was 

set at the point of electric field maximum in a resonant cavity. FP-TRMC experiments 

were performed at room temperature under O2 or Ar saturated conditions by continuous 

flowing > 10 min. The measurements of all the samples were performed for 

polycrystalline samples. These samples were fixed on a quartz substrate by poly(vinyl 

alcohol) binders. 

 

E-2-2. Calculation of Intermolecular Charge Transfer Integrals  
 

The values of intermolecular charge transfer integrals were calculated with the 

corresponding dimer structures in the crystal packing of each Ni(II) norcorrole complex 

with the PW91/LANL2DZ level using CATNIP in conjunction with the Gaussian 16 

package.2,11 The non-hybrid PW9112 functional was used as the basis sets for transfer 

integral calculation, which has been known to give better estimates of transfer integral 

and reduce the calculation cost.13  

 

E-3. Synthetic procedures and compounds data 
 

Ni(II) meso-diphenylnorcorrole 2-3 

Ni(II) meso-diphenyl-α,α'-dibromodipyrrin (352 mg, 0.40 mmol), bis(1,5-

cyclooctadiene)nickel (275.5 mg, 0.40 mmol), and 2,2’-bipyridyl (155.8 mg, 0.4 mmol) 

were dissolved in degassed and dehydrated THF (80 mL) in an argon-filled glovebox. 

The solution was stirred for 3 h at room temperature under argon. The reaction mixture 

was filtered through a short pad of Celite® (CHCl3 as eluent). The solvent was removed 
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in vacuo. The residue was washed with acetone, which afforded 2-3 in 54% (106 mg, 

0.215 mmol) as a green solid. 

The compound data was consistent with the reported ones.14 1H NMR (CDCl3, 

25 °C): δ 6.89 (t, J = 7.5 Hz, 2H, Ph), 6.68 (t, J = 7.5 Hz, 4H, Ph), 6.00 (d, J = 7.5 Hz, 

4H, Ph), 2.20 (d, J = 4.0 Hz, 4H, β-H), 1.84 (d, J = 4.0 Hz, 4H, β-H) ppm; 13C NMR 

(CDCl3, 25 °C): δ 167.8, 158.6, 147.4, 131.8, 131.0, 131.0, 127.8, 120.3, 114.7 ppm. 

 

Ni(II) meso-methyl-α,α'-dibromodipyrrin 2-12 

A two-necked flask containing 5-methyldipyrromethane 2-11 (2.20 g, 13.7 mmol) 

was evacuated and then refilled with N2. To the flask, dry THF (100 mL) was added. The 

solution was cooled to –78 °C. N-Bromosuccinimide (NBS, 4.89 g, 27.4 mmol) was 

added to the solution in three portions with a 10 min interval. The mixture was stirred for 

1 h. To the mixture, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 3.23 g, 15.1 

mmol) was added. After stirring at –78 °C for 1 h, Ni(OAc)2·4H2O (1.21 g, 6.85 mmol) 

was added to the solution and warmed to room temperature. After stirring at room 

temperature for 1 h, the reaction mixture was filtered through a short pad of alumina 

column (CH2Cl2 as eluent). The solvent was removed under reduced pressure. The residue 

was purified by silica-gel column chromatography (CH2Cl2/hexane = 1/4 as eluent), 

which afforded 2-13 in 10% (532 mg, 7.73 mmol) as a red powder.  

HR-MS (ESI-MS): m/z = 684.7402, calcd for (C20H14N4Br4Ni)+ = 684.7378 [M + 

H]+. The 1H NMR spectrum was too broad to be assigned because of the paramagnetic 

nature of 2-13. 

 

Ni(II) meso-dimethylnorcorrole 2-4 

Dipyrrin complex 2-13 (50 mg, 0.073 mmol), bis(1,5-cyclooctadiene)nickel (20 
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mg, 0.18 mmol), and 2,2’-bipyridyl (28 mg, 0.18 mmol) were dissolved in dehydrated 

THF (13 mL) in an argon-filled glovebox. The solution was stirred for 4 h at room 

temperature under argon. The reaction mixture was filtered through a short pad of Celite® 

(CHCl3 as eluent). The solvent was removed in vacuo. The residue was purified by silica-

gel column chromatography (CH2Cl2/hexane = 1/4 as eluent), and the collected yellow-

brown band was concentrated, which afforded 2-4 in 26% (7.0 mg, 19 μmol) as a black 

powder.  

1H NMR (CDCl3, 25 °C): δ 3.11 (d, J = 4.0 Hz, 4H, β-H), 2.42 (d, J = 4.0 Hz, 4H, 

β-H), –0.96 (s, 6H, methyl) ppm; λmax (ɛ(M−1 cm−1)) 422 (34,000), 504 (17,000) nm; HR-

MS (ESI-MS): m/z = 368.0555, calcd for (C20H14N4Ni)+ = 368.0566 [M]+. The 13C NMR 

spectrum was not obtained because of the low solubility of 2-4. 

 

N-(3-Bromopropyl)-3,4,5-tridodecyloxybenzamide 3-6 

3,4,5-Tri(dodecyloxy)benzoic acid (1.5 g, 1.9 mmol) was dissolved in CH2Cl2 (20 

mL). To the solution, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(EDCI•HCl, 505 mg, 2.64 mmol) and 4-dimethylaminopyridine (DMAP, 30 mg, 0.24 

mmol) were added. Then 3-bromopropylamine hydrochloride (482 mg, 2.20 mmol) was 

added, and the mixture was stirred for 30 min at room temperature. After the reaction was 

completed, the reaction mixture was washed with water. The organic layer was dried over 

Na2SO4 and filtered and concentrated. The obtained crude product was purified by silica-

gel column chromatography (hexane/EtOAc = 7/1, Rf = 0.50) to obtain 3-6 (769 mg, 

51%) as a white solid. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 6.94 (s, 2H), 6.21 (t, J = 5.9 Hz, 1H), 3.95–

4.05 (m, 6H), 3.60 (q, J = 6.5 Hz, 2H), 3.50 (t, J = 6.6 Hz, 2H), 2.21 (quin, J = 6.5 Hz, 

2H), 1.77–1.85 (m, 4H), 1.70–1.76 (m, 2H), 1.42–1.51 (m, 6H), 1.20–1.40 (m, 48H), 0.88 
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(t, J = 8.8 Hz, 9H) ppm; 13C NMR (126 MHz, CDCl3, 298 K): δ = 167.6, 153.1, 141.3, 

129.3, 105.7, 73.5, 69.4, 38.8, 32.2, 31.2, 31.1, 30.3, 29.8, 29.7, 29.6, 29.4, 26.1, 22.7, 

14.1 ppm; HR-MS (APCI): [M+H]+ Calcd for C46H8579BrNO4 794.5656; Found 794.5566. 

 

N-(3-Bromopropyl)-3,4,5-tridodecyloxybenzoate 3-7 

3,4,5-Tri(dodecyloxy)benzoic acid (200 mg, 0.296 mmol) was dissolved in CH2Cl2 

(4 mL). To the solution, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(EDCI•HCl, 68 mg, 0.36 mmol) and 4-dimethylaminopyridine (DMAP, 3.6 mg, 0.015 

mmol) were added. Then, 3-bromo-1-propanol (50 mg, 0.36 mmol) was added, and the 

mixture was stirred for 12 h at room temperature. After the reaction was completed, the 

reaction mixture was washed with water. The organic layer was dried over Na2SO4 and 

filtered and concentrated. The obtained crude product was purified by recrystallization 

from (CH2Cl2/MeOH) to obtain 3-7 (150 mg, 63%) as a white solid. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.24 (s, 2H), 4.44 (t, J = 6.5 Hz, 2H), 3.95–

4.05 (m, 6H), 3.53 (t, J = 6.5 Hz, 2H), 2.32 (q, J = 6.5 Hz, 2H), 2.21 (quin, J = 6.5 Hz, 

2H), 1.77–1.85 (m, 4H), 1.70–1.76 (m, 2H), 1.42–1.51 (m, 6H), 1.20–1.40 (m, 46H), 0.88 

(t, J = 8.8 Hz, 9H) ppm; 13C NMR (126 MHz, CDCl3, 298 K): δ = 166.3, 152.9, 142.6, 

124.5, 108.1, 73.5, 69.2, 62.8, 31.9, 29.8, 29.6, 29.4, 29.3, 26.1, 22.7, 29.4, 14.1 ppm; 

HR-MS (APCI): [M]+ Calcd for C46H8379BrO5 794.5418; Found 794.5417. 

 

Amide-functionalized dipyrromethane 3-8a 

To a solution of 5-(4-hydroxyphenyl)dipyrromethane 3-5 (100 mg, 0.420 mmol) in 

THF/DMF (1/4, 100 mL), Cs2CO3 (1.37 g, 4.20 mmol) and 3-6 (668 mg, 0.841 mmol) 

were added. The mixture was stirred for 2.5 h at 50 °C. After the reaction was completed, 

the reaction mixture was extracted with EtOAc and washed with water. The organic layer 
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was dried over Na2SO4 and filtered and concentrated. The obtained crude product was 

purified by silica-gel column chromatography (hexane/EtOAc = 2/1, Rf = 0.45) to obtain 

3-8a (344 mg, 86%) as a brown solid. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.95 (br, 2H), 7.12 (d, J = 8.6 Hz, 2H), 6.96 

(s, 2H), 6.84 (d, J = 8.6 Hz, 2H), 6.68 (dd, J = 3.2, 2.8 Hz, 2H), 6.50 (t, J = 5.4 Hz, 1H), 

6.14 (q, J = 2.8 Hz, 2H), 5.88–5.92 (m, 2H), 5.42 (s, 1H), 4.05–4.15 (m, 4H), 4.00 (t, J = 

6.5 Hz, 6H), 3.64 (q, J = 6.2 Hz, 2H), 1.70–1.85 (m, 6H),1.40–1.51 (m, 6H), 1.23–1.37 

(m, 48H), 0.89 (t, J = 7.1 Hz, 9H) ppm; 13C NMR (126 MHz, CDCl3, 298 K): δ = 167.4, 

157.5, 153.1, 141.2, 134.8, 132.7, 129.6, 129.5, 117.2, 114.6, 108.5, 107.1, 105.7, 

73.5, .69.4, 66.9, 43.2, 38.4, 31.9, 30.3, 29.8, 29.7, 29.6, 29.4, 26.1, 22.7, 14.1 ppm; HR-

MS (APCI): [M]+ Calcd for C61H97N3O5 951.7423; Found 951.7427. 

 

Ester-functionalized dipyrromethane 3-8b 

To a solution of 5-(4-hydroxyphenyl)dipyrromethane 3-5 (100 mg, 0.420 mmol) in 

THF/DMF (1/2, 21 mL), Cs2CO3 (819 mg, 2.52 mmol) and 3-7 (401 mg, 0.500 mmol) 

were added. The mixture was stirred for 2 h at 50 °C. After the reaction was completed, 

the reaction mixture was extracted with EtOAc and washed with water. The organic layer 

was dried over Na2SO4 and filtered and concentrated. The obtained crude product was 

purified by silica-gel column chromatography (hexane/EtOAc = 4/1, Rf = 0.53) to obtain 

3-8b (330 mg, 83%) as a brown solid. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.94 (br, 2H), 7.25 (s, 2H), 7.11 (d, J = 8.5 

Hz, 2H), 6.85 (d, J = 8.5 Hz, 2H), 6.68 (dd, J = 3.2, 2.8 Hz, 2H), 6.16 (q, J = 2.8 Hz, 2H), 

5.88–5.92 (m, 2H), 5.42 (s, 1H), 4.49 (t, J = 6.5 Hz, 2H), 4.10 (t, J = 6.5 Hz, 2H), 3.95–

4.05 (m, 6H), 2.25 (quin, J = 6.2 Hz, 2H), 1.70–1.90 (m, 6H),1.44–1.55 (m, 6H), 1.23–

1.37 (m, 48H), 0.89 (t, J = 7.1 Hz, 9H) ppm; 13C NMR (126 MHz, CDCl3, 298 K): δ = 
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166.4, 157.7, 152.9, 142.5, 134.5, 132.8, 129.4, 124.7, 117.1, 114.5, 108.4, 107.1, 

73.6, .69.3, 64.5, 61.9, 43.2, 32.0, 30.4, 30.0, 29.7, 29.6, 29.4, 29.3, 28.9, 26.1, 22.7, 14.1 

ppm; HR-MS (APCI): [M+H]+ Calcd for C61H97N2O6 953.7341; Found 953.7434. 

 

5-(4-Dodecyloxyphenyl)dipyrromethane 3-8c 

To a solution of 5-(4-hydroxyphenyl)dipyrromethane 3-5 (300 mg, 1.26 mmol) in 

THF/DMF (1/4, 5 mL), Cs2CO3 (492 mg, 1.50 mmol) and 1-bromododecane (374 mg, 

1.50 mmol) was added. The mixture was stirred for 2.5 h at 50 °C. After the reaction was 

completed, the reaction mixture was extracted with EtOAc and washed with water. The 

organic layer was dried over Na2SO4 and filtered and concentrated. The obtained crude 

product was purified by recrystallization from (CH2Cl2/MeOH) to obtain 3-8c (309 mg, 

60%) as a white solid. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 9.73 (br, 2H), 7.21 (d, J = 8.4 Hz, 2H), 6.96 

(d, J = 8.4 Hz, 2H), 6.77–6.79 (m, 2H), 6.08 (q, J = 2.7 Hz, 2H), 5.81–5.84 (m, 2H), 5.48 

(s, 1H), 4.07 (t, J = 6.5 Hz, 2H), 1.82–1.90 (m, 2H), 1.54–1.65 (m, 2H), 1.35–1.51(m, 

16H), 1.00 (t, J = 6.8 Hz, 3H) ppm; 13C NMR (126 MHz, acetone-d6, 298 K): δ = 158.2, 

134.1, 133.1, 129.4, 117.2, 114.6, 108.4, 107.2, 68.2, 43.2, 32.0, 29.8, 29.7, 29.5, 29.4, 

26.2, 22.8. 14.2 ppm; HR-MS (APCI): [M]+ Calcd for C27H38N2O 406.2979; Found 

406.2981. 

 

Amide-functionalized Ni(II) α,α'-dibromodipyrrin 3-10a 

A two-necked flask containing dipyrromethane 3-8a (377 mg, 0.350 mmol) was 

evacuated and then refilled with N2. To the flask, dry THF (106 mL) was added. The 

solution was cooled to –78 °C. N-Bromosuccinimide (NBS, 125 mg, 0.700 mmol) was 

added to the solution in three portions with a 10 min interval. The mixture was stirred for 



 
 
 

 133 

1 h. To the mixture, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 87 mg, 0.39 

mmol) was added. After stirring at –78 °C for 1 h, Ni(OAc)2·4H2O (120 mg, 0.484 mmol) 

was added to the solution and warmed to room temperature. After stirring at room 

temperature for 1 h, the reaction mixture was filtered through a short pad of alumina 

column (CH2Cl2 as eluent). The solvent was removed under reduced pressure, and the 

residue was purified by recrystallization from (CH2Cl2/MeOH) to afford 3-10a in 71% 

(284 mg, 0.125 mmol) as a red powder. 

HR-MS (ESI): [M+Na]+ Calcd for C122H18479Br4N6NiO10Na 2290.0053; Found 

2290.0001. The 1H NMR spectrum was too broad to be assigned because of the 

paramagnetic nature of 3-10a. 

 
Ester-functionalized Ni(II) α,α'-dibromodipyrrin 3-10b  

A two-necked flask containing dipyrromethane 3-8b (285 mg, 0.300 mmol) was 

evacuated and then refilled with N2. To the flask, dry THF (120 mL) was added. The 

solution was cooled to –78 °C. N-Bromosuccinimide (NBS, 36 mg, 0.20 mmol) was 

added to the solution in three portions with a 10 min interval. The mixture was stirred for 

1 h. To the mixture, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 74 mg, 0.33 

mmol) was added. After stirring at –78 °C for 1 h, Ni(OAc)2·4H2O (22 mg, 0.090 mmol) 

was added to the solution and warmed to room temperature. After stirred at room 

temperature for 1 h, the reaction mixture was filtered through a short pad of alumina 

column (CH2Cl2 as eluent). The solvent was removed under reduced pressure and the 

residue purified by silica-gel column chromatography (hexane/EtOAc = 7/1, Rf = 0.60) 

to obtain 3-10b (200 mg, 64%) as a viscous red liquid.  

HR-MS (ESI): [M+Na]+ Calcd for C122H18279Br4N4NiO12Na 2291.9733; Found 

2291.9752. The 1H NMR spectrum was too broad to be assigned because of the 
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paramagnetic nature of 3-10b. 

 

Ni(II) meso-(4-dodecyloxyphenyl)-α,α'-dibromodipyrrin 3-10c 

A two-necked flask containing dipyrromethane 3-8c (263 mg, 0.648 mmol) was 

evacuated and then refilled with N2. To the flask, dry THF (20 mL) was added. The 

solution was cooled to –78 °C. N-Bromosuccinimide (NBS, 125 mg, 0.700 mmol) was 

added to the solution in three portions with a 10 min interval. The mixture was stirred for 

1 h. To the mixture, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 162 mg, 0.713 

mmol) was added. After stirring at –78 °C for 1 h, Ni(OAc)2·4H2O (55 mg, 0.44 mmol) 

was added to the solution and warmed to room temperature. After stirring at room 

temperature for 1 h, the reaction mixture was filtered through a short pad of alumina 

column (CH2Cl2 as eluent). The solvent was removed under reduced pressure, and the 

residue was purified by recrystallization from (CH2Cl2/MeOH) to afford 3-10c in 98% 

(250 mg, 0.125 mmol) as a red powder. 

HR-MS (APCI): [M+H]+ Calcd for C54H6779Br4N4NiO2 1177.1345; Found 

1177.1189. The 1H NMR spectrum was too broad to be assigned because of the 

paramagnetic nature of 3-10c. 

 
Amide-functionalized Ni(II) norcorrole 3-2 

Dipyrrin complex 3-10a (283 mg, 0.125 mmol), bis(1,5-cyclooctadiene)nickel (85.5 

mg, 0.311 mmol), and 2,2’-bipyridyl (48.6 mg, 0.311 mmol) were dissolved in dehydrated 

THF (50 mL) in an argon-filled flask. The solution was stirred for 4 h at room temperature 

under argon. The reaction mixture was filtered through a short pad of Celite® (CHCl3 as 

eluent). The solvent was removed in vacuo. The residue was purified with column 

chromatography using amino-functionalized silica-gel (hexane/CHCl3 = 2/3 as eluent), 
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and the collected yellow-brown band was concentrated to afford 3-2 in 22% (53 mg, 27 

μmol) as a green powder.  

1H NMR (CDCl3, 298 K): δ = 6.82 (s, 4H), 6.15–6.25 (m, 6H), 6.03 (d, J = 8.5 Hz, 

4H), 3.96 (t, J = 6.6 Hz, 4H), 3.91 (t, J = 6.4 Hz, 8H), 3.80 (t, J = 5.6 Hz, 4H) 3.46 (q, J 

= 6.2 Hz, 4H), 2.43 (d, J = 4.2 Hz, 4H), 2.06 (d, J = 4.2 Hz, 4H), 1.91 (t, J = 6.2 Hz, 4H), 

1.75–1.85 (m, 12H), 1.20–1.40 (m, 108H), 0.80–0.95 (m, 18H) ppm; 13C NMR (126 MHz, 

CDCl3, 298 K): δ = 167.3, 166.99, 161.31, 157.98, 153.06, 146.31, 141.23, 130.58, 

129.38, 124.12, 114.25, 113.00, 105.62, 73.50, 69.40, 66.47, 37.89, 32.03, 29.87, 29.77, 

29.73, 29.61, 29.49, 29.40, 26.14, 22.76, 14.16 ppm; λmax (ɛ (M−1 cm−1)) = 425 (41,000), 

492 (50,000) nm; MALDI-TOF-MS: [M]+ Calcd for C122H184N6NiO10 1951.3422; Found 

1951.2585. 

 

Ester-functionalized Ni(II) norcorrole 3-3 

Dipyrrin complex 3-10b (200 mg, 0.0880 mmol), bis(1,5-cyclooctadiene)nickel 

(61 mg, 0.022 mmol), and 2,2’-bipyridyl (34 mg, 0.022 mmol) were dissolved in 

dehydrated THF (35 mL) in an argon-filled flask. The solution was stirred for 2 h at room 

temperature under argon. The reaction mixture was filtered through a short pad of Celite® 

(CH2Cl2 as eluent). The solvent was removed in vacuo. The residue was purified with 

silica-gel column chromatography (hexane/EtOAc = 7/1, Rf = 0.33) and the collected 

yellow-brown band was concentrated to afforded 3-3 in 58% (100 mg, 0.0512 mmol) as 

a green solid.  

1H NMR (CDCl3, 298 K): δ = 7.12 (s, 4H), 6.19 (d, J = 8.9 Hz, 4H), 6.03 (d, J = 

8.9 Hz, 4H), 4.30 (t, J = 6.3 Hz, 4H), 3.91 (t, J = 6.4 Hz, 8H), 3.98 (t, J = 6.5 Hz, 4H) 

3.81 (t, J = 6.3 Hz, 4H), 2.52 (d, J = 4.2 Hz, 4H), 2.12 (d, J = 4.2 Hz, 4H), 1.70–1.85 (m, 

16H), 1.20–1.40 (m, 108H), 0.80–0.95 (m, 18H) ppm; 13C NMR (126 MHz, CDCl3, 298 
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K): δ = 166.7, 166.25, 161.52, 157.95, 152.78, 146.12, 142.54, 130.58, 124.51, 123.98, 

122.85, 114.20, 112.98, 73.51, 69.21, 32.00, 30.32, 29.82, 29.76, 29.75, 29.72, 29.48, 

29.46, 29.41, 29.32, 28.50, 26.13, 22.75, 14.16 ppm; λmax (ɛ (M−1 cm−1)) = 425 (41,000), 

492 (50,000) nm; MALDI-TOF-MS: [M]+ Calcd for C122H182N4NiO12 1955.3102; Found 

1953.2107 

 

Ni(II) meso-di(4-dodecyloxyphenyl)norcorrole 3-4 

Dipyrrin complex 3-10c (250 mg, 0.212 mmol), bis(1,5-cyclooctadiene)nickel (146 

mg, 0.53 mmol), and 2,2’-bipyridyl (82 mg, 0.53 mmol) were dissolved in dehydrated 

THF (85 mL) in an argon-filled flask. The solution was stirred for 4 h at room temperature 

under argon. The reaction mixture was filtered through a short pad of Celite® (CHCl3 as 

eluent). The solvent was removed in vacuo. The residue was purified by silica-gel column 

chromatography (hexane/CH2Cl2 = 4/1 as eluent), and the collected yellow-brown band 

was concentrated. The crude product was purified by recrystallization from CHCl3 to 

afford 3-4 in 11% (21 mg, 24 μmol) as green needle crystals.  

1H NMR (CDCl3, 298 K): δ = 6.18 (d, J = 9.0 Hz, 4H), 6.04 (d, J = 9.0 Hz, 4H), 

3.64 (t, J = 6.4 Hz, 4H), 2.51 (d, J = 4.0 Hz, 4H), 2.11 (d, J = 4.0 Hz, 4H), 1.15–1.30 (m, 

40H), 0.86 (t, J = 6.9 Hz, 6H) ppm; 13C NMR (126 MHz, CDCl3/CS2 = 1/3, 298 K): δ = 

166.96, 162.15, 158.42, 146.17, 130.61, 123.65, 122.62, 114.23, 112.98, 67.83, 32.33, 

30.16, 30.05, 29.99, 29.94, 29.71, 29.27, 26.30, 23.27, 14.59 ppm; λmax (ɛ (M−1 cm−1)) = 

423 (43,000), 515 (49,000) nm; MALDI-TOF-MS: [M]+ Calcd for C54H66N4NiO2 

860.4534; Found 860.4779. Single crystals were obtained by vapor diffusion of hexane 

into a chloroform solution of 3-4. Crystallographic data: C54H66N4NiO2, Mw = 861.81, 

triclinic, space group P–1, a = 7.4541(2), b = 8.9928(2), c = 17.4427(4) Å, α = 89.460(2), 

β = 89.460(2), γ = 76.481(2)°, V = 1109.85(5) Å3, Z = 1, Dcalc = 1.289 g cm–3, T = 93 K, 
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R1 = 0.0472 (I > 2.0 σ(I)), wR2 = 0.1296 (all data), GOF = 1.035, CCDC-2107508. 

 

Amide-functionalized porphyrin 3-12 

A two-necked flask containing dipyrromethane 3-8a (107 mg, 0.110 mmol) was 

evacuated and then refilled with N2. To the flask, trimethyl orthoformate (0.42 mL, 3.9 

μmol) and dry CH2Cl2 (30 mL) were added. The flask was wrapped in aluminum foil, 

and the mixture was stirred. A solution of trifluoroacetic acid (0.19 mL, 2.5 mmol) in 

CH2Cl2 (12 mL) was added dropwise over 15 min. The resulting solution was stirred in 

the dark for 4 h. After the reaction was completed, the reaction mixture was quenched 

with triethylamine (0.45 mL). Finally, air was bubbled into the solution for 10 min, and 

the reaction mixture was stirred for 1 h under ambient conditions. The solvent was 

removed, and the obtained crude product was purified with silica-gel column 

chromatography (hexane/EtOAc = 1/1) to obtain 3-12 in 12% (25 mg, 13 μmol) as a 

purple solid. 

1H NMR (CDCl3, 298 K): δ = 10.29 (s, 2H), 9.38 (d, J = 6.0 Hz, 4H), 9.08 (d, J = 

6.0 Hz, 4H), 8.18 (d, J = 11 Hz, 4H), 7.34 (d, J = 11 Hz, 4H), 7.12 (s, 4H), 6.78 (t, J = 6.5 

Hz, 2H), 4.43 (t, J = 6.5 Hz, 4H), 4.09 (t, J = 8.2 Hz, 8H), 4.02 (t, J = 8.2 Hz, 4H), 3.86 

(q, J = 7.7 Hz, 4H), 2.34 (quin, J = 7.3 Hz, 4H), 1.80–1.90 (m, 8H),1.75–1.80 (m, 4H), 

1.40–1.50 (m, 12H), 1.20–1.40 (m, 96H), 0.80–0.90 (m, 18H), –3.08 (s, 2H) ppm; 13C 

NMR (126 MHz, CDCl3, 298 K): δ = 167.58, 158.51, 153.24, 147.44, 145.13, 141.28, 

135.96, 134.24, 131.60, 130.93, 129.74, 118.59, 113.08, 105.81, 105.25, 73.57, 69.50, 

67.33, 38.65, 31.90, 30.37, 29.76, 29.70, 29.61, 29.45, 29.42, 29.33, 29.20, 26.14, 22.68, 

14.13 ppm; MALDI-TOF-MS: [M]+ Calcd for C124H188N6O10 1922.4460; Found 

1922.4546. 
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Amide-functionalized Zn(II) porphyrin 3-11 

Porphyrin 3-12 (25 mg, 13 μmol) and Zn(OAc)2 (26 mg, 0.14 mmol) were loaded 

in a round-bottomed flask and dissolved in THF (10 mL). The mixture was heated to 

reflux and stirred 12 h under argon. The mixture was then allowed to cool to room 

temperature and the solvent was removed under reduced pressure. The crude product was 

further purified with silica-gel column chromatography (hexane/EtOAc = 1/1) to obtain 

11 in 90% (25 mg, 13 μmol) as a purple solid. 1H and 13C NMR data were consistent with 

those reported in the literature.15  

1H NMR (CDCl3, 298 K): δ = 10.27 (s, 2H), 9.41 (d, J = 4.5 Hz, 4H), 9.13 (d, J = 

4.5 Hz, 4H), 8.18 (d, J = 8.5 Hz, 4H), 7.32 (d, J = 8.5 Hz, 4H), 6.81 (s, 4H), 6.56 (t, J = 

5.0 Hz, 2H), 4.39 (t, J = 5.5 Hz, 4H) 3.95–4.05 (m, 12H), 3.52 (q, J = 5.7 Hz, 4H), 2.21 

(quin, J = 6.0 Hz, 4H), 1.76–1.85 (m, 12H), 1.40–1.50 (m, 12H), 1.20–1.40 (m, 96H), 

0.80–0.90 (m, 18H) ppm; 13C NMR (126 MHz, CDCl3, 298 K): δ = 167.48, 158.28, 

153.13, 150.40, 149.45, 141.21, 135.74, 135.60, 132.41, 131.70, 129.48, 119.49, 112.71, 

106.19, 105.66, 73.54, 69.46, 67.38, 38.56, 31.92, 31.92, 31.87, 30.34, 29.74, 29.74, 

29.72, 29.68, 29.62, 29.58, 29.43, 29.40, 29.38, 29.30, 29.10, 26.12, 22.68, 22.65, 14.10 

ppm; MALDI-TOF-MS: [M]+ Calcd for C124H186N6O10Zn 1983.3516; Found 1983.3535. 

 

Ni(II) norcorrole radical anion 5-5 

Ni(II) meso-dimesitylnorcorrole (92 mg, 0.16 mmol) and cobaltocene (CoIICp2) (33 

mg, 0.17 mmol) were dissolved in dehydrated CH2Cl2 (50 mL) in an argon-filled flask. 

The solution was stirred for 10 min at room temperature under argon. The precipitate was 

collected by filtration and washed with CH2Cl2, affording 5-5 (116 mg, 0.15 mmol, 95%) 

as a green solid. The 1H NMR spectrum of the product was not detected because of the 

paramagnetic nature of 5-1. A peak for the counter cation ([CoⅢCp2]+) was also detected 
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at δ = 5.85 ppm.16 The single crystal of 5-5 was obtained by slow evaporation of DMSO 

under reduced pressure. 

 

Ni(II) meso-di(pentafluorophenyl)norcorrole 6-3 

Dipyrrin complex 6-4 (120 mg, 0.121 mmol), bis(1,5-cyclooctadiene)nickel (134 

mg, 0.48 mmol), and 2,2’-bipyridyl (75 mg, 0.48 mmol) were dissolved in dehydrated 

THF (50 mL) in an argon-filled glovebox. The solution was stirred for 4 h at room 

temperature under argon followed by addition chloranil (148 mg, 0.601 mmol) to the 

reaction mixture. The reaction mixture was filtered through a short pad of Celite® (CH2Cl2 

as an eluent). The solvent was removed in vacuo. The residue was purified by silica-gel 

column chromatography (CH2Cl2/hexane = 1/4 as an eluent) and the collected yellow-

brown band was concentrated, which afforded 6-3 in 65% (53 mg, 79 μmol) as a black 

powder.  

1H NMR (CDCl3, 298 K): δ 3.11 (br, 4H, β-H), 3.83 ppm; 19F NMR (CDCl3, 298 

K): δ = 129.49 (m, 4F), 148.14 (t, J = 22 Hz, 2F), 154.91 (m, 4F) ppm; HR-MS (ESI-

MS): m/z = 671.9917, calcd for (C30H8F10N4Ni)+ = 671.9937 [M]+. The 13C NMR 

spectrum was not obtained because of the low stability of 6-3. 
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E-4. Crystallographic data 
 
 
 
 
 
Chapter 2 
 

 2-9 2-4 

empirical formula C54H40Br8N8Ni2 C10H7N2Ni0.5 
moiety formula C27H20Br4N4Ni C10H7N2Ni0.5 
crystal system monoclinic monoclinic 
space group C2/c (#15) I12/a1 (#15) 

a (Å) 35.7513(7) 19.3223(7) 
b (Å) 8.3470(1) 4.6693(1) 
c (Å) 36.6094(5) 17.6807(6) 

a (°) 90 90 

b (°) 95.428(1) 112.336(4) 

g (°) 90 90 
V (Å3) 10875.8(3) 1475.50(9) 

Z 8 8 
D (g/cm3) 1.903 1.661  

R1 (I > 2s(I)) 0.0328 0.0450 
wR2 (all data) 0.0919 0.1253 

GOF 1.046 1.076 
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Chapter 3 
 

 3-4 

empirical formula C54H66N4NiO2 
moiety formula C54H66N4NiO2 
crystal system triclinic 
space group P–1 

a (Å) 7.4541(2) 
b (Å) 8.9928(2) 
c (Å) 17.4427(4) 

a (°) 89.460(2) 

b (°) 89.460(2) 

g (°) 76.481(2) 
V (Å3) 1109.85(5) 

Z 1 
D (g/cm3) 1.289 

R1 (I > 2s(I)) 0.0472 
wR2 (all data) 0.1296 

GOF 1.035 
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Chapter 4 
 

 4-1・ 
chloranil 

4-1・ 
bromanil 

4-1・ 
fluoranil 

4-1・ 
TCNE 

empirical 
formula 

C36H18Cl4N4NiO2 C36H18Br4N4NiO2 C36H18F4N4NiO2 C36H18N8Ni 

moiety 
formula 

C30H18N4Ni· 
C6Cl4O2 

C30H18N4Ni· 
C6Br4O2 

C30H18N4Ni· 
C6F4O2 

C30H18N4Ni· 
C6N4 

crystal 
system 

trigonal trigonal monoclinic monoclinic 

space 
group 

R3 (#146) R3 (#146) P21/c (#14) C2/c (#15) 

a (Å) 32.8424(8) 32.9871(5) 11.0999(8) 9.6608(6) 
b (Å) 32.8425(8) 32.9871(5) 6.5541(4) 25.9352(16) 
c (Å) 7.0973(3) 7.2606(2) 18.9951(11) 11.2626(8) 

a (°) 90 90 90 90 

b (°) 90 90 101.014(2) 106.689(2) 

g (°) 120 120 90 90 
V (Å3) 6629.7(4) 6842.1(3) 1356.44(15) 2703.0(3) 

Z 9 9 2 4 
D (g/cm3) 1.666 2.003 1.648 1.527 

R1 (I > 

2s(I)) 

0.0231 0.0307 0.0396 0.0390 

wR2 (all 
data) 

0.0556 0.0851 0.0853 0.0774 

GOF 1.041 1.070 1.042 1.059 
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Chapter 5 
 

 5-5 

empirical formula C46H40N4NiCo 
moiety formula C36H30N4Ni·C10H10Co 
crystal system monoclinic 
space group C2/c (#15) 

a (Å) 13.6473(7) 
b (Å) 19.0724(7) 
c (Å) 14.5929(7) 
a (°) 90 
b (°) 107.031(5) 
g (°) 90 

V (Å3) 3631.8(3) 
Z 4 

D (g/cm3) 1.402 
R1 (I > 2s(I)) 0.0527 
wR2 (all data) 0.1180 

GOF 1.126 
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Chapter 6 

 6-3 

empirical formula C60H16F20N8Ni2 
moiety formula C60H16F20N8Ni2 
crystal system triclinic 
space group P–1 (#2) 

a (Å) 14.6135(5) 
b (Å) 10.8506(4) 
c (Å) 14.8429(7) 
a (°) 90 
b (°) 102.385(4) 
g (°) 90 

V (Å3) 2298.80(16) 
Z 2 

D (g/cm3) 1.945 
R1 (I > 2s(I)) 0.0485 
wR2 (all data) 0.1151 

GOF 1.018 
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