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1-1. Polycyclic aromatic hydrocarbons (PAHs) 

Benzene is the most important and fundamental motif in the chemistry since its discovery in 1825. Its de-
rivatives are widely used in pharmaceuticals and organic materials.1,2 Polycyclic aromatic hydrocarbons 
(PAHs) which are consisted with annulated several benzene rings are key materials in the field of organic-, 
physical-, environmental-, and biochemistry for more than 100 years.3 Since Clar and Scholl reported their 
pioneering works for the synthesis and characterization of PAHs, various PAHs have been developed. Pho-
tophysical and electrochemical properties of PAHs depend on the number and arrangement of fused rings 
(Figure 1-1).4,5 In the last 20th century, the discovery of electrical conductivity in organic materials6 fasci-
nated organic and physical chemists to elucidate the synthesis and properties of PAHs as promising candi-
dates for organic materials such as organic light emitting diodes (OLED),7 organic field effect transistors 
(OFET),8 organic photovoltaic cells (OPVs),9 and organic solid lasers (OSLs).10  

 

Figure 1-1. Polycyclic aromatic hydrocarbons. 

Peripheral substituents of PAHs play an important role to tune their optical and electrochemical proper-

ties. For example, the parent pyrene shows weak fluorescence (F = 0.29) in THF because the S1→S0 transi-
tion is symmetry forbidden. On the other hand the introduction the tert-butylphenyl groups into 1,3,6 and 8 

positions of the pyrene core dramatically increase their fluorescence quantum yield (F = 0.90) because the 
symmetry is broken by introduction of peripheral substituents and S1 S0 transition becomes symmetry al-
lowed (Figure 1-2-a).11 Perylene is a widely investigated PAH. Generally, perylene is electron donating 
molecule as represented by the perylene-bromine complex.6a On the other hand, perylene diimides (PDIs) 
exhibit the high electron deficient nature. Therefore, PDI derivatives have been studied as candidates for the 
n-type semiconductor or the electron-accepting unit for supramolecular structures (Figure 1-2-b).12 

Peripheral substituents can also increase the solubility and chemical stability of compounds and modify 
the aggregation behavior of PAHs in solution and solid state. Pentacene is one of the representative PAHs 
which exhibits high charge transporting ability.13 Parent pentacene is insoluble in typical organic solvents 
and easily oxidized in ambient atmosphere. On the other hand, the introduction of triisopropylsilylethynyl 
(TIPS-ethynyl) groups to 6 and 13 positions of pentacene increase the solubility due to the bulky silyl 
groups and improve the oxidative stability by stabilizing the HOMO level with ethynyl groups. Furthermore, 
the installation of substituents also changes the packing structure from herringbone to 2D brickwork ar-

Pyrene Perylene Coronene
Naphthalene Pentacene
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rangement (Figure 1-3).14 Consequently, the developments of efficient substituent introduction methods are 
important topics in organic chemistry.  

  

Figure 1-2. Peripheral functionalization of PAHs. 

 

Figure 1-3. (a) The chemical structure of pentacene. (b) The chemical structure of pentacene with 
TIPS groups. (c) Packing structure of parent pentacene. (d) Packing structure of pentacene with TIPS 

groups. Hydrogen atoms and TIPS groups are omitted for clarity. 
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Transition metal-catalyzed cross-coupling reactions are useful methods for the introduction the peripheral 
substituents to PAHs. The use of the cross-coupling reactions enables the diversity-oriented synthesis of 
PAHs. In other words, one synthetic intermediate is transformed to a variety of peripherally functionalized 
PAHs. Aryl halides are commonly employed as the synthetic intermediate, where halogen atoms work as 
leaving groups. Recently, phenol derivatives are also applicable for the electrophilic coupling partners by 
using nickel catalysts. In 1979, Wenkert reported the pioneering work of the cross-coupling reaction of an-
isole derivatives with aryl Grignard reagents using NiCl2(PPh3)2 catalyst (Scheme 1-1a). In 2008, Garg et al. 
demonstrated the cross-coupling reactions of naphthalene derivatives with pivaloxy groups in the presence 
of NiCl2(PCy3)2 (Scheme 1-1b). Tobisu, Chatani, and co-workers developed the cross-coupling reaction for 
the alkylation of anisole derivatives (Scheme 1-1c). Consequently, PAHs with ether or ester groups on their 
peripheral area can be useful intermediates to synthesize various derivatives of them.

 

Scheme 1-1. Cross-coupling reactions of phenol derivatives. 

1-2. Nitrogen containing PAHs (aza-PAHs) 

Introduction of heteroatoms into PAHs backbones substantially alters their electronic nature and imparts 
novel functions derived from introduced heteroatoms.15 Nitrogen is an attractive element to introduce to 

p-conjugated systems because of (1) the larger electron negativity than carbon, (2) the existence of a lone 
pair, and (3) the similar van der Waals radius to that of carbon. Consequently, incorporation of nitrogen 
atoms into PAHs renders the electron-deficient nature, coordination ability, and nucleophilicity without 
significant change of the structure of the parent PAHs. 
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Figure 1-4. Nitrogen containing PAHs. 

Scheme 1-2 shows examples of the synthetic method for aza-PAHs. Intramolecular Vilismeier reaction of 
biaryl compounds with amide moiety is one of the basic method to provide quinoline-annulated PAHs 
(Scheme 1-2a).16 The condensation of o-quinone derivatives with aromatic diamines effectively affords the 
corresponding pyrazine-annulated acenes (Scheme 1-2b).17 The reductive aromatization reaction of imide 
compounds is known as one of the synthetic method for pyridine with acetyl groups.18 In this reaction, ace-
tyl groups can be introduced by the reaction with acetic anhydride after constructing the pyridine skeleton 
(Scheme 1-2c).18 

 

Scheme 1-2. (a) A synthetic method for quinoline annulated PAHs. (b) A synthetic method for pyra-
dine annulated acene compounds. (c) A synthetic method for peripherally functionalized pyridine. 

Peripheral modification is also a useful method for tuning the electronic nature of aza-PAHs. On the other 
hand, the modifications on nitrogen atoms such as the coordination to the metal or quaternarization using 
the lone pair of nitrogen atoms in aza-PAHs are efficient methods to modify the photophysical and elec-

tronic properties of p-conjugated systems. Coordination of Lewis basic nitrogen atoms of N-PAH with 
Lewis acidic boron center is effective method for reducing the LUMO level of the coordinated N-PAH. 
Consequently, B–N units are often employed in the molecular design toward organic n-type semiconductor. 
Dou, Dong, and Liu et al. reported the synthesis of dibenzooctaacene containing four B–N units via one pot 
multifold boron complexation on the dibenzotetraazaoctacene with four amino groups (Scheme 1-3). This 
boron complex exhibits low LUMO level as low as –4.58 eV which facilitates the efficient electron injec-
tion. Furthermore, the boron complex shows high electron mobility up to 1.60 cm2 V–1 s–1.19 
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Scheme 1-3. Boron complexation of the azaacene compound. 

Intramolecular B–N bond formation is also used to lock the two aromatic rings configurationally. Waka-
miya and Yamaguchi et al. synthesized the boron complex of thienyl thiazole (scheme 1-4). The intramo-
lecular B–N bond formation constrained the thiophene and thiazole moieties in s-cis conformation. In addi-
tion, the coordination bond locked the π-conjugated skeleton in planar with dihedral angle of 7.4°.20 

 

Scheme 1-4. Boron complexation of thienyl thiazole. 

Quaternarization of imine-type nitrogen atoms is an efficient method to lower the LUMO level of the 
aza-PAHs reflecting their cationic nature. Consequently, PAHs with cationic nitrogen are often used as 
electron receptor and components of charge-transfer complexes. The simple synthetic method to create cat-
ionic nitrogen is the alkylation of peripheral imine-type nitrogen atoms of PAHs. For instance, Fukuzumi 
and Lemmetyinen et al. reported that 9-mesityl-10-methylacridinium ion which has an electron-donating 
mesityl group and an electron-accepting methylacridinium unit afforded the electron-transfer state with long 
lifetime upon photoirradiation (Scheme 1-5).21 

 

Scheme 1-5. Irradiation of 9-mesityl-10-methylacridinium salt. 

N,N'-Dialkylated 4,4'-bipyridyls have been employed as components of supramolecular structures such as 
catenanes or rotaxanes using donor acceptor interaction. In 1989, Stoddart et al. reported the synthesis of 
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[2]catenane using donor–acceptor interaction between N,N'-dialkylated 4,4'-bipyridyls and 
1,4-dialkoxybenzene as a template.22 The structure was clearly determined by X-ray analysis (Figure 1-5). 
Each 4,4'-bipyridyl and 1,4-dialkoxybenzene unit exists at the center of each ring with the distance between 

the p-planes of ca. 3.5 . 

 

Figure 1-5. Crystal structure of the [2]catenane. Hydrogen atoms and counterions are omitted for 
clarity. 

1-3. Pyrenes 

Pyrene is a well-studied PAH. Pyrene has excellent optical properties such as high fluorescence efficien-
cy and efficient excimer emission. Pyrene derivatives are promising candidates for organic materials. For 
instance, as described in the earlier part of this chapter, pyrene derivatives with four aryl groups on 1,3,6, 
and 8-positions were developed as the emitter for OLEDs.11 Receptor-introduced pyrene can be used as a 
chemical sensor using excimer emission caused by the association with guest molecules such as heavy met-
als.23 Recently, pyrenes have also been developed as organic semiconductors. The thiophene derivative of 
pyrene exhibits decent hole mobility of 2.1 cm–2 V–1 S–1.24 
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Figure 1-6. Applications of pyrene derivatives. 

These successful studies on pyrene are due to not only excellent optical properties of pyrene and its de-
rivatives but also the established peripheral modification methods for pyrene. In particular, 1,3,6,8-positions 
are functionalized via various cross-coupling reactions followed by the regioselective bromination reac-
tion.25 Accordingly, pyrene derivatives with various substituents on 1,3,6,8-positions have been synthesized 
and investigated. 

1-4. Back ground of 2,7-diazapyrenes  

As the author mentioned in previous section, pyrene has excellent optical properties. The incorporation 
of nitrogen atoms to pyrene skeleton is expected to impart the electron deficient nature, coordination 
ability, and nucleophilicity. Consequently, various types of nitrogen containing pyrenes have been syn-
thesized and characterized. 2,7-Diazapyrene is regarded as not only nitrogen analogous to pyrene but also 

p-extended 4,4'-bipyridine. Thus 2,7-diazapyrene and its derivatives are expected to exhibit optical prop-
erties derived from pyrene skeleton and electron deficient nature, coordination ability and reactivity de-
rived from 4,4'-bipyridine skeleton.  

The first synthesis of a parent 2,7-diazapyrene was achieved in 1968 via dehydrogenation of 
[2.2]-(3,5)-pyridinophane (Scheme 1-6a).26 In 2000, Sotiriou-Leventis et al. developed the efficient syn-
thetic method for the parent 2,7-diazapyrene via oxidative aromatization followed by reduction of car-
bonyl groups of naphthalene diimide (Scheme 1-6b).27 Peripheral functionalization of 2,7-diazapyrene 
with siloxy groups was achieved by Sachidev (Scheme 1-6c).28  
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Scheme 1-6. Synthetic methods for 2,7-diazapyrenes. 

Similar to pyrene, modification of the peripheral area should be important for exploring functions of 
2,7-diazapyrenes. However, unfortunately, peripheral functionalization of the parent 2,7-diazapyrene has 
not been achieved. This is because the poor solubility of the parent 2,7-diazapyrene hinder the introduc-
tion of substituents into the peripheral area of the diazapyrene skeleton. Although the diazapyrene with 
siloxy groups has been synthesized, the siloxy groups cannot be used as a leaving group for 
cross-coupling reactions because they are easily hydrolyzed. 

1-5. Overview of this thesis 

Reductive aromatization shown in Scheme 1-2c is an effective method to synthesize peripherally substi-
tuted pyridines. The author envisaged that application of the reductive aromatization to naphthalene diimide 
should provide 2,7-diazapyrene with leaving groups on 1,3,6 and 8-positions which are used as synthetic 
intermediates capable of synthesizing various derivatives. This thesis describes the novel synthetic methods 
for peripherally functionalized 2,7-diazapyrenes and the investigation of 2,7-diazapyrene derivative. In 
chapter 2 and chapter 3, the author attempted to establish efficient synthetic methods for aryl- and al-
kyl-introduced 2,7-diazapyrenes at the peripheral positions, respectively. In chapter 2, the synthesis of 
tetraaryl-2,7-diazapyrenes is discussed. Reductive aromatization of naphthalene diimide with pivalic anhy-
dride as an electrophile afforded 2,7-diazapyrene with pivaloxy groups. Introduced pivaloxy groups were 
available for transformation to other aryl groups via cross-coupling reactions with arylboronic acids. In 
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chapter 3, the author discloses the synthesis of tetraalkyl-2,7-diazapyrenes. 2,7-Diazapyrene having meth-
oxy groups was synthesized by reductive aromatization as the synthetic intermediate of 
tetraalkyl-2,7-diazapyrenes. Subsequent cross-coupling reactions with alkyl Grignard reagents afforded 
tetraalkyl-2,7-diazapyrenes. In chapter 4 and chapter 5, the functionalization on nitrogen atoms of 
2,7-diazapyrenes was explored. In chapter 4, synthesis of 2,7-diazapyrene boron complex are discussed. 
Boron complexation of 2,7-diazapyrene with o-hydroxyphenyl groups afforded corresponding bo-
ron-diazapyrene complex of syn-form and anti-form respectively. The author disclosed that anti-form quan-
titatively isomerizes to the syn-form under heating conditions, and that the syn-form forms a dimer in solu-
tion and solid. In chapter 5, synthesis of N,N'-dimethyl-2,7-diazapyrenium dications with peripheral aryl 
groups and two-electron reduction of them are discussed. Dimethyldiazapyrenes exhibited significantly 
low-lying LUMO level reflecting their dicationic nature. Furthermore, two-electron reduced 

N,N'-dimethyl-2,7-diazapyrenium dications showed antiaromatic character derived from peripheral 16p 
electron conjugation. 
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Synthesis of tetraaryl-2,7-diazapyrenes via reductive aromati-
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2-1. Introduction 

Nitrogen-doped PAHs are promising candidates for organic materials such as n-type semiconductors due 
to their electron-deficient nature and stimuli responsive materials derived from the reactivity of nitrogen 
atoms.1-5 2,7-Diazapyrenes are attractive molecules because they should show electron affinity and 
Brønsted basicity due to nitrogen atoms with excellent optical properties of pyrene. However peripheral 
functionalization has not been achieved because of the lack of efficient synthetic methods of 
2,7-diazapyrenes. In this chapter, the author discloses the reductive aromatization of naphthalene diimide. 
The reductive aromatization of naphthalene diimide provides a 2,7-diazapyrene with leaving groups on 
1,3,6, and 8 positions, which serves as a synthetic intermediate for the synthesis of a versatile 
2,7-diazapyrenes. 

 

Scheme 2-1. Synthetic strategy for peripherally functionalized 2,7-diazapyrenes via reductive aroma-
tization of naphthalene diimide. 

2-2. Synthesis of peripherally functionalized 2,7-diazapyrenes 

Scheme 2-2 shows the synthesis of 2,7-diazapyrene with pivaloxy groups. Treatment of naphthalene 
diimide with 16 equiv of zinc powder and 16 equiv of pivalic anhydride (Piv2O) provided pivaloxydiazapy-
rene (2-1) in 85% yield. Ni-catalyzed cross-coupling reactions successfully transformed the introduced 
pivaloxy groups into various aryl groups.7 

 

Scheme 2-2. Reductive aromatization of naphthalene diimide. 
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The synthetic route to diazapyrenes 2-2a-f is shown in Scheme 2-3. The reaction of 2-1 with 
4-tert-butylphenylboronic acid in the presence of Ni(cod)2 (cod: 1,5-cyclooctadiene), tricyclohex-
ylphosphine (PCy3), and K3PO4 in toluene at 60 °C for 18 h afforded the corresponding diazapyrene (2-2a) 
in 59% yield. A variety of arylboronic acids were applicable to this reaction system, and 2-2b-f were ob-
tained in moderate yields.  

 

Scheme 2-3. Cross-coupling reactions of 2-1. 

Unfortunately, attempts to use alkylboronic acids for the introduction of alkyl groups were not successful. 
However, 2-3 was prepared in 77% yield from the desulfurization of the thiophene rings of 2-2f with Raney 
nickel (Scheme 2-4).  

 

Scheme 2-4. Desulfurization of 2-2f into 2-3. 

2-3. Structural analyses 

X-ray diffraction analyses clearly revealed the molecular structures of 2-2a, 2-2f, and 2-3. The MPD val-
ue of the diazapyrene core in 2-2a is 0.079 Å, which indicates that diazapyrene core adopts the highly pla-
nar conformation of the diazapyrene core (Figure 2-1a). The dihedral angles (~32–33°) between the pyri-

N

N

PivO OPiv

OPivPivO

ArB(OH)2 (16 equiv)
Ni(cod)2 (40 mol%)
PCy3 (80 mol%)
K3PO4 (16 equiv)

toluene
60 °C, 18 h

N

N

Ar Ar

ArAr
2-1 2-2a-f

2-2a (Ar = C6H5): 26%
2-2b (Ar = 4-t-Bu-C6H4): 59%
2-2c (Ar = 4-OMe-C6H4): 50%
2-2d (Ar = 2-OMe-C6H4): 30%
2-2e (Ar = 4-CF3-C6H4): 18%

2-2f (Ar =                       ): 30%
S Me

N

N

N

N

H11C5 C5H11

C5H11H11C5
S

SS

S

Me Me

MeMe

Raney Ni
(excess)

2-2f

2-3
77%

toluene
60 °C, 5 h



Chapter 2 

 
 

20 

dine rings and peripheral 4-tert-butylphenyl groups of 2-2a are smaller than those corresponding pyrene 
(51–55°). This result clearly shows that the replacement of the C–H moieties at the 2 and 7 positions in py-
rene with nitrogen atoms reduces the steric repulsion between the central core and the peripheral aryl 
groups. Diazapyrene 2-2f (mean plane deviation: 0.056 Å) also has a planar core and the dihedral angles 
(~15-18°) between the pyridine moiety and thiophene rings in 2-2f are smaller than those of 2-2a (Figure 

2-1a and d). These dihedral angles in 2-2a and 2-2f clearly show the presence of p-conjugation through the 
tetraaryl diazapyrenes. The packing structure of 2-3 is different from those of 2-2a and 2-2f (Figure 2-1h 

and i). While p-stacking between the diazapyrene cores was not observed for molecules of 2-2a and 2-2f, 
those of 2-3 are stacked in a face-to-face manner with an interplanar distance of 3.406 Å. 

 

(a) (b)

(c)

(d) (e)

(f)
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Figure 2-1. Molecular structures of 2-2a, 2-2f, and 2-3. (a) Top view, (b) top view of the packing, 
and (c) side view of the packing of 2-2a. (d) Top view, (e) top view of the packing, and (f) side view of the 
packing of 2-2f. (g) Top view, (h) top view of the packing, and (i) side view of the packing of 2-3. Hydro-
gen atoms are omitted for clarity. Thermal ellipsoids are set to 50% probability. 

2-4. Optical properties 

Figure 2-2a exhibits the UV-vis absorption spectra of 2-2a-f and 2-3 in CH2Cl2. The longest-wavelength 
absorption bands of aryl groups introduced 2,7-diazapyrenes exhibit a bathochromic shift compared to that 

of 2-3, suggesting an efficient p-conjugation between aryl groups on the peripheral area and the diazapy-
rene skeleton. In CH2Cl2, diazapyrenes 2-2a-f and 2-3 exhibit fluorescence (F = 0.13~0.47) spectra (Figure 
2-2b).  

(g) (h)

(i)
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Figure 2-2. (a) UV-vis absorption spectra of 2-2b-f and 2-3 in CH2Cl2. (b) Emission spectra of 
2-2b-f and 2-3 in CH2Cl2. 
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Table 2-1. Excited wavelengths and absolute fluorescence quantum yields of 2-2b-f and 2-3 in 
CH2Cl2. 

 

2-5. Protonation behavior 

To investigate the potential of 2-3 to serve as an acid-responsive material, protonation experiments of 2-3 
in CH2Cl2 were performed (Figure 2-3). The addition of trifluoroacetic acid (TFA) to a CH2Cl2 solution of 
2-3 resulted to appear a new absorption band at 427 nm (Figure 2-3a). The observation of isosbestic points 
supports the direct transformation of 2-3 into the monoprotonated species A (Figure 2-3e). After 2.5 equiv 
of TFA had been added, the absorption band bathochromically shifted to 444 nm as shown in Figure 2-3b. 
For the sake of comparison, the author prepared the diprotonated compound 2-4 (OTs = p-toluenesulfonate), 
which exhibited a similar absorption band at 441 nm (Figure 2-4); this result confirms that the absorption 
band at 444 nm in Figure 2-3b originates from the diprotonated species B. Similar changes were also ob-
served in the fluorescence spectra of 1g upon protonation (Figure 2-3c and d). On the basis of these titration 
experiments, the equilibrium constant of the first step was estimated to be 270000, and the second step was 
estimated to be 1200 from the absorption spectrum. 
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Figure 2-3. Spectral changes in the absorption spectra of 2-3 in CH2Cl2 (2.7×10–5 M) upon addition 
of TFA (a) (0–2.5 equiv) and (b) (2.5–1132 equiv). Spectral changes in the fluorescence spectra of 2-3 in 
CH2Cl2 (2.7×10–6 M) upon addition of TFA (c) (0–2.5 equiv) and (d) (2.5–1132 equiv). (e) Stepwise proto-
nation of 2-3. 
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Figure 2-4. Absorption spectra of 2-4 and 2-3 with 1132 equivalent of TFA. 

2-6. Cyclic voltammetry 

Figure 2-5 shows results of cyclic voltammetry measurement in 2-3 and 2-5. Diazapyrene 2-3 exhibits 
one reversible reduction potential (2.56 V; vs. Fc/Fc+), while a reduction peak was not observed for pyrene 
2-5 up to 3.0 V, supporting the notion that the LUMO level of 2-3 is lower than that in 2-5. 

 

Figure 2-5. Cyclic voltammogram of 2-3 and 2-5 in THF. 
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2-7. Electron mobility 

The electron mobility of 2-3 was measured using FI-TRMC measurements.8 Using FI-TRMC, the intrin-
sic carrier mobility at semiconductor-insulator interfaces was evaluated by monitoring microwaves reflected 
by a simple metal-insulator-semiconductor (MIS) device that contains the target semiconductor materials. 
Here, a hexane solution of 2-3 was spin-coated onto poly(methyl methacrylate)/SiO2 layers to form a thin 
film, and gold electrodes were deposited to inject charge carriers. A powder X-ray diffraction analysis re-
vealed that 2-3 exhibits a lamellar periodicity of 14.4 Å (Figure 2-6), suggesting that the 2,7-diazapyrene 
cores form 2D π-electron layers parallel to the substrate. Upon applying a gate bias to the MIS devices, 
current flows were observed (Figure 2-7), indicating that the injection of electrons into the 2-3 layer and the 
reflected microwave power changed simultaneously (Figure 2-8). The number of charge carriers (Ne) was 
calculated from the integration of the flow current, while the pseudoconductivity (Neµe) was estimated from 
the reflected microwave power.8a The Ne and Neµe values were plotted as a function of the gate bias, and the 
slope of the resulting plots describes the electron mobility (Figure 2-9a). For 2-3, a value of µe = 0.6 cm2 V–

1 s–1 (electron mobility) was estimated. In sharp contrast, pyrene 2-5 showed little microwave response for 
both holes and electrons, i.e., the mobilities were below the instrument detection limit (< 0.1 cm2 V–1 s–1) 
(Figure 2-9b and 2-10). This is due to the 2D alignment of 2,7-diazapyrene cores in parallel with the semi-
conductor-insulator interfaces which is advantageous to suppress thermal breakdown of in-plane electron 
conductive pathways. This clear contrast suggests that nitrogen-doping PAHs dramatically alters their elec-
tronic properties, inducing e.g. electron mobility in the solid state. It should be noted that the devices were 
prepared by spin-coating from a non-halogenated solvent, the use of which has not been demonstrated for 
common n-type materials such as arylene diimides. 

 

Figure 2-6. X-ray diffraction patterns of 2-3-based MIS device used in FI-TRMC measurements. 
The estimated d values from the three peaks were d001 = 14.4 Å, d002 = 7.2 Å, and d003 = 4.8 Å. 
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Figure 2-7. (a) Flowed electric current plot against the time in 2-3-based MIS device by injecting 
electrons. (b) An number of accumulated charges plotted against the time by electron injection to the time 
in 2-3-based device.  The charge amount was calculated from integration of the value of flowed current. 

 

Figure 2-8. The change in reflected microwave power by electron injection plotted against the time 
in 2-3-based MIS device. 
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Figure 2-9. Tthe pseudo-electrical conductivity (Nµ) plotted against the amount of injected electrons 
(N) in MIS devices using (a) 2-3 and (b) 2-5. 

 

Figure 2-10. The pseudo-electrical conductivity (Nhµh) plotted against the amount (Nh) of injected 
holes in 2-5-based MIS device. 

2-8. Summary of Chapter 2 

In summary, a novel protocol for the synthesis of various 2,7-diazapyrenes was accomplished on the ba-
sis of a combination of a reductive aromatization of naphthalene diimide and Ni-catalyzed cross-coupling 
reactions. 2,7-Diazapyrene with pentyl groups 2-3 exhibited acid-responsive changes in the absorption and 
fluorescence spectra. The electrochemical studies of 2-3 confirmed that the electronegativity of the nitrogen 
atoms lowers the LUMO level. Furthermore, FI-TRMC measurements clearly demonstrated a higher elec-
tron mobility for 2-3 compared to pyrene, suggesting that diazapyrenes 2 should be promising n-type or-
ganic semiconductors. 

2-9. Refenences 

1. (a) Tonzola, C. J.; Alam, M. M.; Kaminsky, W.; Jenekhe, S. A. J. Am. Chem. Soc. 2003, 125, 
13548-13558. (b) Winkler, M.; Houk, N. K.; J. Am. Chem. Soc. 2007, 129, 1805-1815. (c) Laksh-
minarayana, A. N.; Ong, A.; Chi, C.; J. Mater. Chem. C 2018, 6, 3551-3563. 

2. (a) Lemaur, V.; da Silva Filho, D. A.; Coropceanu, V.; Lehmann, M.; Geerts, Y.; Piris, J.; Debije, M. 
G.; van de Craats, A. M.; Senthilkumar, K.; Siebbeles, L. D. A.; Warman, J. M.; Brédas, J.-L.; Cornil, 
J. J. Am. Chem. Soc. 2004, 126, 3271-3279. (b) Kaafarani, B. R.; Kondo, T.; Yu, J.; Zhang, Q.; Dattilo, 
D.; Risko, C.; Jones, S. C.; Barlow, S.; Domercq, B.; Amy, F.; Kahn, A.; Brédas, J.-L.; Kippelen, B.; 
Marder, S. R. J. Am. Chem. Soc. 2005, 127, 16358-16359. 

3. Martens, S. C.; Zschieschang, U.; Wadepohl, H.; Klauk, H.; Gade, L. H. Chem. Eur. J. 2012, 18, 
3498-3509.  



Chapter 2 

 
 

29 

4. a) Li, Y.; Li, Y.; Li, J.; Li, C.; Liu, X.; Yuan, M.; Liu, H.; Wang, S. Chem. Eur. J. 2006, 12, 8378-8385. 
(b) He, B.; Dai, J.; Zherebetskyy, D.; Chen, T. L.; Zhang, B. A.; Teat, S. J.; Zhang, Q.; Wang, L.; Liu, 
Y. A. Chem. Sci. 2015, 6, 3180-3186. (c) Hattori, Y.; Kimura, S.; Kusamoto, T.; Maeda, H.; Nishihara, 
H. Chem.Commun. 2018, 54, 615-618. (d) Hisaki, I.; Suzuki, Y.; Gomez, E.; Ji, Q.; Tohnai, N.; 
Nakamura, T.; Douhal, A. J. Am. Chem. Soc. 2019, 141, 2111−2121. 

5. (a) Würthner, F.; Sautter, A.; Thalacker, C. Angew. Chem., Int. Ed. 2000, 39, 1243-1245. (b) Sautter, 
A.; Thalacker, C.; Würthner, F. Angew. Chem., Int. Ed. 2001, 40, 4425-4428. (c) Sautter, A.; Schmid, 
D. G.; Jung, G.; Würthner, F. J. Am. Chem. Soc. 2001, 123, 5424-5430. (d) Würthner, F.; Sautter, A.; 
Schilling, J. J. Org. Chem. 2002, 67, 3037-3044. 

6. Poschenrieder, H.; Stachel, H. -D.; Wiesend, B.; Polborn, K. J. Heterocyclic Chem. 2003, 40, 61-69. 

7. Quasdorf, K. W.; Tian, X.; Garg, N. K. J. Am. Chem. Soc. 2008, 130, 14422-14423. 

8. (a) Honsho, Y.; Miyakai, T.; Sakurai, T.; Saeki, A.; Seki, S. Sci. Rep. 2013, 3, 3182. (b) Tsutsui, Y.; 
Schweicher, G.; Chattopadhyay, B.; Sakurai, T.; Arlin, J.-B.; Ruzié, C.; Aliev, A.; Ciesielski, A.; 
Colella, S.; Kennedy, A. R.; Lemaur, V.; Olivier, Y.; Hadji, R.; Sanguinet, L.; Castet, F.; Osella, S.; 
Dudenko, D.; Beljonne, D.; Cornil, J.; Samorì, P.; Seki, S.; Geerts, Y. H.; Adv. Mater. 2016, 28, 
7106-7114. (c) Inoue, J.; Tsutsui, Y.; Choi, W.; Kubota, K.; Sakurai, T.; Seki, S.; ACS Omega 2017, 2, 
164-170. 

  



Chapter 2 

 
 

30 

9.  



Chapter 3 

 
 

31 

Chapter 3. 

Synthesis and crystal packing structures of 
tetraalkyl-2,7-diazapyrenes 

 

Contents 

3-1. Introduction ...........................................................................................................................32 

3-2. Synthesis of tetraalkyl-2,7-diazapyrenes ................................................................................32 

3-3. Structural analyses ................................................................................................................33 

3-4. Optical properties ..................................................................................................................35 

3-5. Electrochemical properties ....................................................................................................38 

3-6. Electron mobility ...................................................................................................................39 

3-7. Summary of Chapter 3 ..........................................................................................................42 

3-8. References.............................................................................................................................43 
  

N

N

H
N

N
H

OO

O O

MeO OMe

OMeMeO

Reductant
MeOTf

N

N

R R

RR

OMe R



Chapter 3 

 
 

32 

 
3-1. Introduction 

In Chapter 2, it was described that 2,7-diazapyrene with pentyl groups exhibits the moderate the electron 
mobility. This result suggests tetraalkyl-2,7-diazapyrenes are promising candidates for n-type semiconduc-
tor. To investigate the potential of 2,7-diazapyrenes for electron transporting materials, their arrangement in 
the solid state should be engineered by the proper peripheral alkyl groups.1 However, the desulfurization 
strategy is not straightforward route for the synthesis of 2,7-diazapyrenes with various alkyl groups. Fur-
thermore, this method only provides 2,7-diazapyrenes with alkyl groups longer than a butyl group (Scheme 
2-4). 

To overcome the shortcomings, a more efficient method for the introduction of various alkyl groups at 
the peripheral position of 2,7-diazapyrenes is desirable. This Chapter discloses the reductive aromatization 
of naphthalene diimide into 1,3,6,8-tetramethoxy-2,7-diazapyrene 3-1 (Scheme 3-1). Furthermore, the 
transformation of the methoxy groups to alkyl groups via cross-coupling reaction with alkyl Grignard rea-
gents is described.2-4 

 

 

Scheme 3-1. Synthetic strategy for tetraalkyl-2,7-diazapyrenes via reductive aromatization of naph-
thalene diimide and cross-coupling reaction. 

3-2. Synthesis of tetraalkyl-2,7-diazapyrenes 

Scheme 3-2 shows the synthetic procedure of 2,7-diazadiazapyrene with methoxy groups 3-1. The reac-
tion of naphthalene diimide with 6 equiv of methyl triflate (MeOTf) in the presence of 16 equiv of zinc 
powder provided tetramethoxy-2,7-diazapyrene (3-1) in 41% yield.  

N

N

H
N

N
H

OO

O O

MeO OMe

OMeMeO

Zn
MeOTf

N

N

R R

RR

Reductive
aromatization

Cross-coupling
reaction

[Ni] cat.
RMgI



Chapter 3 

 
 

33 

 

Scheme 3-2. Reductive aromatization of naphthalene diimide with methyl triflate. 

The methoxy groups in 3-1 were readily converted to various alkyl groups through the cross-coupling re-
action with alkyl Grignard reagents to provide tetraalkyl-2,7-diazapyrenes 3-2a-c.3e Treatment of 3-1 with 
methylmagnesium iodide, catalytic amounts of Ni(cod)2 (cod: 1,5-cyclooctadiene) and 
bis(dicyclohexylphosphino)ethane (dcype) afforded tetramethyldiazapyrene (3-2a) in 37% yield. The use of 
ethyl and propyl Grignard reagents furnished tetraethyldiazapyrene (3-2b) and tetrapropyldiazapyrene 
(3-2c) in 16% and 12% yields, respectively. 

 

Scheme 3-3. Cross-coupling reaction of 3-1. 

3-3. Structural analyses 

X-ray analysis successfully revealed structures of 3-1, 3-2a, and 3-2b (Figure 3-1). The diazapyrene core 
in 3-1, 3-2a, and 3-2b adopts highly planar conformation. Each molecule of 3-2b adopts the slipped stack-
ing formation in packing structure. The distance between π-planes is 3.364 Å (Figure 3-1h, i). This packing 
structure is similar to that of 2-3. In sharp contrast, 3-2a forms face-to-face stacking in the crystal with an 
interplanar distance of 3.385 Å (Figure 3-1e, f). A brickwork packing structure was observed in 3-1 (Figure 
3-1b, c). The distance between π-planes in 3-1 (3.448 Å) is longer than those of 3-2a and 3-2b having alkyl 
groups. It is noteworthy that such small differences in peripheral substituents dramatically changed the 
morphology of the solid state. 
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Figure 3-1. Molecular structures of 3-1, 3-2a, and 3-2b. (a) Top view, (b) top view of the packing, 
and (c) side view of the packing of 3-1. (d) Top view, (e) top view of the packing, and (f) side view of the 
packing of 3-2a. (g) Top view, (h) top view of the packing, and (i) side view of the packing of 3-2b.  

3-4. Optical properties 

Figure 3-2a shows electronic absorption spectra of 3-1 and 3-2a-c in CH2Cl2. While the change of the al-
kyl groups did not alter the absorption spectra of tetraalkyldiazapyrene 3-2a-c, bathochromic shift was ob-
served in tetramethoxydiazapyrene 3-1. Diazapyrenes 3-1 and 3-2a-c show fluorescence (Φ = 0.28–0.49) in 
CH2Cl2. In accordance with the absorption spectra, the emission band of 3-1 also bathochromically shifted 
compared to 3-2a-c (Figure 3-2b).  
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Figure 3-2. (a) Electronic absorption spectra of 3-1 and 3-2a-c in CH2Cl2. (b) Emission spectra of 
3-1 and 3-2a-c in CH2Cl2. 

Table 2-1. Excited wavelengths and absolute fluorescence quantum yields of 3-1 and 3-2a-c in 
CH2Cl2. 

 

As the concentration increased, a new emission band was observed around 500 nm in 3-2a (Figure 3-3a).5 
The emission lifetime measured at 425 nm in a dilute solution was 6.5 ns, while the lifetime measured at 
500 nm in a concentrated solution was 26 ns. These results clearly suggest that the newly observed emission 
was the excimer emission. Interestingly, the stronger excimer emission of 3-2a was observed than that of 
2-3 which has longer alkyl groups (Figure 3-3d). This result clearly indicates that peripheral substituents 
affect the ease of the formation of excimer.5 
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Figure 3-3. (a) Emission spectra of 3-2a in CH2Cl2. Photo images of 3-2a in CH2Cl2 (2.0×10–5 M) 
under excitation (lex = 360 nm) at (b) 2.0×10–5 M and (c) 2.0×10–2 M. (d) Emission spectra of 2-3 in 

CH2Cl2. Photo images of 2-3 in CH2Cl2 under excitation (lex = 360 nm) at (e) 2.0×10–5 M and (f) 2.0×10–2 
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M. Triangular fluorescence cell (T-81 TOSOH QUARTS) was used for the measurement of the excimer 
emission.  

Figure 3-4.  

3-5. Electrochemical properties 

The reduction potentials of 3-1 and 3-2a-c were evaluated with cyclic voltammetry and differential-pulse 
voltammetry (Figure. 3-4). Diazapyrene 3-2a exhibits one reversible reduction potential (–2.58 V; vs 
[Fc]/[Fc]+), which is similar to those of 3-2b and 3-2c. While no reduction wave was observed in 3-1 up to 
–3.0 V. These results suggest that the introduction of methoxy groups to the diazapyrene core raises the 
LUMO level.  

 

Figure 3-5. Cyclic voltammogram of 3-1 and 3-2a-c in THF. 
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3-6. Electron mobility 

The unique face-to-face packing structure of 3-2a in its single crystal stimulated the author to investigate 
its conductivity. The FI-TRMC technique was employed to investigate the local-scale charge transport proper-
ties for both positive (hole) and negative (electron) carriers.6 A CHCl3 solution of 3-2a was spincoated to form 
a thin film on polyimide-coated SiO2 insulating layers on gold electrode-patterned quartz substrate. A top gold 
electrode was deposited on the 3-2a layer to fabricate the metal–insulator–semiconductor (MIS) device. The 
metal–insulator–semiconductor device, placed on the resonant cavity, was monitored by microwave spectros-
copy. With a square wave gate bias applied to the MIS devices, current flows were appeared (Figure 3-5a), 
indicating the injection of electrons to the 3-2a layer. By integrating the flow current, the profiles of the num-
ber of accumulated charges were obtained (Figure 3-5b). The amount of injected charge carriers (Ninj) was 
calculated from the saturated values in each bias voltage. Accordingly, the reflected microwave power 
changed in response to the accumulated charges (Figure 3-5c). The pseudoconductivity (ΔNµe) was estimated 
based on the saturated reflected microwave power.18a As the Ninj and ΔNµe values were plotted at each gate 
bias, the slope of the resulting plots represents electron mobility (Figure 3-5d), yielding µe = 0.07 cm2 V–1 s–1 
for films in 3-2a. Similarly, the charge carrier mobility of a spincoated film of 3-2b was evaluated by the 
FI-TRMC method, recording µe = 0.06 cm2 V–1 s–1 (Figure 3-6). These values are almost same as the electron 
mobility of 2-3 measured under the similar conditions (µe = 0.09 cm2 V–1 s–1) (Figure. 3-7). Powder X-ray dif-
fraction (PXRD) measurements of the spincoated film of 3-2a revealed that the packing structure in the film 
was close to that of the single crystal (Figure. S11a). On the other hand, the patterns obtained from the spin-
coated film and simulation from the single crystal data were different for 3-2b (Figure. 3-8). Control of the 
packing structures and the degree of crystallinity in the film state are worthy of further investigation. Never-
theless, the comparable electron mobility values evaluated for 3-2a and 3-2b suggests that the overlaps of low 
LUMOs of the 2,7-diazapyrene derivatives contribute to the observed good electron mobility for 3-2a and 
3-2c. 
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Figure 3-6. (a) Time profiles of the flowed electric current in 3-2a-based MIS device by injecting 
electrons. (b) Time profiles of accumulated charge amounts by electron injection in 3-2a-based device.  
The charge amount was calculated from integration of the value of flowed current. (c) The change in re-
flected microwave power by electron injection plotted against the time in 3-2a-based MIS device. (d) 
Pseudo-electrical conductivity (ΔNµ) plotted against the amount of injected electrons (Ninj). 
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Figure 3-1. (a) Time profiles of the flowed electric current in 3-2b-based MIS device by injecting 
electrons. (b) Time profiles of accumulated charge amounts by electron injection in 3-2b -based device.  
The charge amount was calculated from integration of the value of flowed current.  (c) The change in 
reflected microwave power by electron injection plotted against the time in 3-2b-based MIS device.  
(d) Pseudo-electrical conductivity (ΔNµ) plotted against the amount of injected electrons (Ninj). 

Figure 3-2.  

 

Figure 3-3. (a) Time profiles of the flowed electric current in 2-3-based MIS device by injecting electrons. (b) 

Time profiles of accumulated charge amounts by electron injection in 2-3-based device. The charge amount was cal-

culated from integration of the value of flowed current. (c) Time profiles of change in reflected microwave power by 

electron injection in 2-3-based MIS device. (d) Correlation between the pseudo-electrical conductivity (ΔNµ), and the 

number of injected electrons (Ninj). 
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Figure 3-4. Experimental (blue) and simulated (red) XRD patterns of (a) 3-2a and (b) 3-2b. The experi-
mental patterns were obtained from spincoated films, while simulated patterns were calculated from the single 

crystal structural analysis. 

 

3-7. Summary of Chapter 3 

In summary, this chapter developed the synthesis of 1,3,6,8-tetramethoxy-2,7-diazapyrene 3-1 through 
reductive aromatization of naphthalene diimide. The methoxy groups were converted to a variety of alkyl 
units via Kumada-Tamao cross-coupling reaction with alkyl Grignard reagents. The X-ray crystallographic 
analysis of 3-2 elucidated that the length of the alkyl groups dramatically affected the packing structure in 
the solid state. Tetramethyl-2,7-diazapyrene 3-2a exhibited more distinct excimer emission as compared to 
tetrapentyl-2,7-diazapyrene 2-3, indicating that the length of the alkyl groups modulates the intermolecular 
interactions in solution. Furthermore, FI-TRMC measurements clearly revealed the intrinsic high electron 
mobility of 3-2a and 3-2b.  
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Chapter 4. 

Complexation of 2,7-diazapyrene with boron for structural and 
electronic tuning 
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4-1. Introduction 

As the author described in chapter 2, the protonation of tetrapentyldiazapyrene changes its UV-vis ab-
sorption and emission spectra, suggesting that modification of nitrogen atoms of 2,7-diazapyrenes is an ef-
fective method to modify their optical properties. Coordination of nitrogen atoms in 2,7-diazapyrene cores 
to boron center is a useful method to tune their electronic nature. Here, the author describes the synthesis of 
boron-diazapyrene complexes and the role of the peripheral aryl groups in the complexation. Optical and 
electrochemical properties as well as aggregation behaviors of boron-diazapyrene complexes are also inves-
tigated. 

4-2. Synthesis of characterization of boron diazapyrene complex 4-1 

First, diazapyrene-boron trifluoride complex (4-1) was synthesized as shown in Scheme 4-1. Treatment 
of 2-2b with 6 equiv of boron trifluoride-ethyl ether complex (BF3•Et2O) afforded 4-1 in 57% yield. Figure 
4-1 shows the electronic absorption and emission spectra of 2-2b and 4-1 in THF and CH2Cl2 respectively. 
Absorption and fluorescence spectra of 4-1 in CH2Cl2 were bathochromically shifted compared to those of 
2-2b. On the other hand, optical spectra of 4-1 in THF exactly matched the absorption and fluorescence 
spectra of 2-2b. These results suggest that B–N bonds in the boron complex 4-1 are dissociated in THF. 

 

 

Scheme 4-1. Synthesis of boron-diazapyrene complex 4-1. 
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Figure 4-1. (a) UV-vis absorption and (b) emission spectra of 2-2b and 4-1 in CH2Cl2 and THF.  
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Table 4-1. Summary of optical properties of 2-2b and 4-1. 

 

 

4-3. Synthesis of boron-diazapyrene complexes 4-3 

As described in the precious section, the dissociation of boron–nitrogen coordination bonds occurred eas-
ily in the presence of the coordinative solvents such as THF. The introduction of the additional coordination 
sites at the peripheral position of 2,7-diazapyrene ligands is a promising method for the stabilization of the 
boron complexes. Bidentate and tridentate ligands for organoboron compounds play an important role to 
establish their rigid structure to control the physical properties.1-3 In particular, 
2,2’-(pyridine-2,6-diyl)diphenolate (dppy) is a well-studied tridentate ligand to afford tetracoordinate boron 
complexes (Figure. 4-2a).4-6 Consequently, the use of pyridine annulated π-conjugated molecules as ligands 
with boron is an attractive strategy for the tuning of their properties because the coordination of the nitrogen 
atom to a boron center results in the electronic perturbation to π-conjugated cores. Oda and Hatakeyama et 
al. have synthesized the pyrazine-based boron complexes to apply them to the cathode active materials for a 
lithium ion battery (Figure. 4-2b).6 Based on this consideration, the author aimed to synthesize the bo-
ron-diazapyrene complex with dppy moiety to obtain the stable boron complex (Figure 4-2c). 

 

Figure 4-2. (a) Complexation of dppy with boron, (b) complexation of pyrazine with boron centers, 
and (c) complexation of 2,7-diazapyrene with boron centers. 
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The synthetic routes to boron-2,7-diazapyrene complexes 4-3 are shown in Scheme 4-2. Demethylation 
of 2-2d with pyridine hydrochloride effectively provided 1,3,6,8-tetra(2-hydroxyphenyl)-2,7-diazapyrene 
(4) in 84% yield (Scheme 4-2a). The reaction of 4-2 with boron tribromide, and then the addition of 
PhMgBr afforded the target boron complex as a mixture of two stereoisomers. These isomers were separat-
ed by silica-gel column purification to furnish anti-4-3 and syn-4-3 as in 58% and 7% yields (Scheme 
4-2b).6 On the other hand, syn-4-3 was obtained as a major product under different reaction conditions 
(Scheme 4-2c). The reaction of 4-2 with 8 equiv of phenyboronic acid in the presence of triethylamine pro-
vided anti-4-3 and syn-4-3 in 10% and 68% yield, respectively.4b Both boron-diazapyrene complexes an-
ti-4-3 and syn-4-3 are stable under ambient conditions. 
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Scheme 4-2. Reduction reaction of N,N’-dimethyl-2,7-diazapyrenium dications. 

4-4. Structural analyses 

X-ray diffraction analysis unambiguously confirmed the molecular structures of anti-4-3 and syn-4-3 
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(1.613(6)-1.614(4) Å) around boron atoms are comparable to those of the bis(2-hydroxyphenyl)pyridyl bo-
ron complexes and pyrazine boron complex (B–O: 1.442(3)–1.477(3) Å, B–N: 1.594(5)–1.613(3) Å, B–C: 
1.614(5)–1.624(4) Å).4b,6 Diazapyrene cores in anti-4-3 and syn-4-3 adopt the highly planar structures 
whose the mean plane deviations are 0.022 Å (anti-4-3) and 0.077 and 0.11 Å (syn-4-3). In the crystal 
packing, molecules of anti-4-3 adopt a slipped-parallel one-dimensional alignment (Figure 4-3c). In con-
trast, syn-4-3 forms a face-to-face stacked dimer, where one molecule is orthogonal to the other (Figure 
4-3e, f). The distance between the diazapyrene cores in the dimer is 3.384 Å, which is shorter than sum of 
van der Waals radii of two carbon atoms. This value implies that attractive interaction exists between two 
molecules of syn-4-3.   

 

Figure 4-3. Molecular structures of anti-4-3 and syn-4-3. (a) Top view, (b) side view, and (c) pack-
ing structure of anti-4-3. (d) Top view, (e) top and (f) side view of packing structures of syn-4-3.  
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To investigate the reasons for the dimer formation of syn-4-3, theoretical calculations were performed. 
The electrostatic potential map of syn-4-3 dimer suggested the electron-deficiency of the diazapyrene core 
reduced electrostatic repulsion between two diazapyrene cores (Figure 4-4).  

 

Figure 4-4. Electrostatic potential map of syn-4-3 dimer. (a) top view and (b) side view of syn-4-3 
dimer calculated at B3LYP/6-31G(d) level of theory. 

4-5. Association behavior 

Interestingly, the chemical shift of the diazapyrene core of syn-4-3 in CDCl3 at 30 °C up-field shifted as 
concentration increased (Figure 4-5b). The chemical shift of the aromatic proton (Ha) in syn-4-3 shifted 
from 8.58 to 8.29 ppm as the concentration increased from 0.63 mM to 12 mM. The upfield shift suggests 
the self-association of syn-4-3 in CDCl3. In sharp contrast, anti-4-3 exhibited no change of its NMR spectra 
depending on concentrations (Figure 4-5a). The association constant of K2 for syn-4-3 was estimated using 
the dimer model under monomer−dimer equilibrium.7,8 The curve fitting based on (eq 1) and (eq 2) was ap-
plied to estimate K2; in these equations, the chemical shift of monomer syn-4-3, the chemical shift of dimer 
(syn-4-3)2 and the total concentration of the substrate were represented by δm, δd, and C respectively. Figure 
4-6 shows the dilution curve of syn-4-3. The K2 value at 303 K was estimated to be 14497 ± 351 M−1. The 
1H-NMR spectra of syn-4-3 were also dependent on temperatures. The van’t Hoff plot estimated thermo-
dynamic parameters ΔG, ΔH, and ΔS at 303 K as –24.2 kJ mol–1, –30.8 kJ mol–1, and –21.9 J mol–1 K–1, re-
spectively  (Figure 4-7). These values indicate that the dimer formation of syn-4-3 was enthalpically driv-
en owing to the low π-electron density induced by complexation of the diazapyrene core to the Lewis acidic 
boron center. The dimeric arrangement of syn-4-3 in solution could be similar to that of the solid state 
structure of syn-4-3 (Figure 4-3e, f)  
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Figure 4-5. Concentration-dependent 1H-NMR spectra of (a) anti-4-3 and (b) syn-4-3 in CDCl3 at 
30 °C. 
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Table 4-2. Summary of chemical shifts of Ha of syn-4-2 in CDCl3, calculated association constants 
(K2), and calculated chemical shifts of Ha proton for oligomer (dd) and monomer (dm). 
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Figure 4-6. Curve fitting of syn-4-3 in CDCl3 at different temperatures. 

 

Figure 4-7. van’t Hoff plots of syn-4-3 in CDCl3. 
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that of 2-2b due to the boron complexation. Both diazapyrene boron complexes anti-4-3 and syn-4-3 were 

emissive, of which quantum yields were F = 0.25 and 0.41, respectively. Bathochromic shift was also ob-
served in emission spectra of anti-4-3 and syn-4-3 compared with 2-2b. 

 

Figure 4-8. (a) Electronic absorption spectra of anti-4-3, syn-4-3, and 2-2b in CH2Cl2. (b) Emission 
spectra of anti-4-3, syn-4-3, and 2-2b in CH2Cl2. 
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Table 4-3. Summary of optical properties of anti-4-3 and syn-4-3. 

 

4-7. Electrochemical properties 

Electrochemical properties of anti-4-3, syn-4-3, and 2-2b were investigated by cyclic voltammetry (Fig-
ure 4-9). Two reversible reduction potentials were observed for anti-4-3 (Ered

1 = –1.42 and Ered
2 = –1.88 V) 

and syn-4-3 (Ered
1 = –1.44 and Ered

2 = –1.98 V) in THF. These values are shifted to higher potential field 
compared to diazapyrene 2-2b (Ered

1 = –2.14 and Ered
2 = –2.53 V), indicating that the boron complexation 

enhances the electron deficient nature of the diazapyrene core. 

 

Figure 4-9. Cyclic voltammogram of 2-2b, anti-4-3, and syn-4-3 in THF. 

4-8. Isomerization behavior 

The author founds that boron complex anti-4-3 underwent thermal isomerization into syn-4-3 in both so-
lution and solid state. The isomerization behavior of anti-4-3 into syn-4-3 in 1,2-dichlorobenzene-d4 was 
monitored by 1H-NMR measurement under heating conditions (at 130 °C). After 12 h, complete conversion 
of anti-4-3 into syn-4-3 was observed. Theoretical calculations revealed the multi-step isomerization path-
way (Figure 4-10), indicates the rate-limiting step is the dissociation of the dative B–N bond to form a tri-
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coordinate boron center in the transition state (TS3). The activation energy of 23.7 kcal mol–1 was calculat-
ed from anti-4-3. Interestingly, the isomerization of anti-4-3 proceeded even in the solid state. Figure 4-11 
shows the DSC measurement of anti-4-3. An exothermic peak was observed around 360.9 °C. 1H-NMR 
measurement of the resulting sample revealed that anti-4-3 was transformed to syn-4-3 quantitatively. 

 

Figure 4-10. Energy diagram for the isomerization pathway of anti-4-3 to syn-4-3. Free energies ΔG 
relative to anti-4-3 are given in kcal mol–1 (B3LYP/6-31G(d)). 

INT1
(+3.8)

syn-1
(0)

INT2
(+6.2)

TS3
(+27.6)

TS2
(+10.3)

anti-1
(+3.9)

TS1
(+7.3)

Energy
(kcal/mol)



Chapter 4 

 
 

59 

 

Figure 4-11. The DSC curve of anti-4-3. 

4-9. Summary of Chapter 4 

In summary, the author found the complexation of diazapyrene to boron centers provides the tetracoordi-
nate boron complexes as separable stereoisomers anti-4-3 and syn-4-3. Structural and electronical tune by 
the coordination is also found to perturbate the physical properties. In solution, syn-4-3 exhibited the 
self-association behavior, while no association of anti-4-3 was observed. Isomerization from anti-4-3 to 
syn-4-3 proceeded smoothly under heating conditions in the solution and solid states. Theoretical calcula-
tions revealed that the isomerization process occurred via a planar tricoordinate boron species in the transi-
tion state. 
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5-1. Introduction 

Viologens, which are N,N'-disubstituted 4,4'-bipyridyls, have attracted significant attention as the prom-
ising candidates for organic materials such as electrochromic materials, redox flow batteries, and organic 
field effect transistors because of their highly electron-deficient nature.1-4 Viologens also work as suitable 
acceptor units in donor/acceptor charge transfer complexes, which are often applied as the key component 
to construct the catenanes and the rotaxanes.5 Two-step redox event of viologens provides three forms, the 
dication, the radical cation, and the neutral form.6 Because methyl viologen 
(N,N'-dimethyl-4,4'-bipyridinium dication; abbreviated as MV2+) is a representative viologen, the structures 
and optical properties of three forms of methyl viologen extensively studied until now. Kochi and 
co-workers reported that its two-electron reduced form (MV0) has a dearomatized para-quinoid structure 
(Scheme 5-1a).6b  

The connection between the two pyridine rings in the viologen core by the bridging units is a promising 
strategy for the tuning of their electronic nature. For example, the phosphorus-bridged viologen exhibits 
higher electron affinity than the parent viologen.7 Oshita and co-workers have also reported that the silicon- 
and germanium-bridged viologens exhibited the enhanced phosphorescence in the solid state.8  

N,N'-Dimethyl-2,7-diazapyrenes (MDAP2+) can be regarded as p-extended MV2+, where the two pyridine 
rings are bridged by two ethene units. Larger cross-section of MDAP2+ than MV2+ should provide the 
stronger host-guest association with electron donors.9 Furthermore, MDAP2+ can be used as fluorescent 
probe to detect organic molecules using donor-acceptor interaction because it exhibits strong emission due 

to the rigid p-conjugation system.10 On the other hand, the two-electron reduced form (MDAP0) is also an 
attractive target because MDAP0 would exhibit the antiaromatic character owing to the 16p electron conju-
gation via peripheral bridging units. In 1996, Wardör and Kaim reported the detection of MDAP0 through 
the two-electron reduction of MDAP2+ by its absorption spectrum. However, the isolation of MDAP0 has 
been unsuccessful and its structure and electrochemical properties have remained unexplored.11 In this study, 
the author synthesized peripherally substituted MDAP2+ via N-methylation of tetraaryl-2,7-diazapyrenes to 
explore effects of the quaternization of nitrogen atoms. Furthermore, the two-electron reduced form 
MDAP0 was investigated. 
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Scheme 5-1. (a) Dication and neutral forms of MV. (b) Dication and neutral forms of MDAP. 

 
5-2. Synthesis and properties of N,N'-dimethyl-2,7-diazapyrenium dications 

Scheme 5-2 shows the synthetic procedure of N,N’-dimethyl-2,7-diazapyrenium dications (5-1). 
Treatment of diazapyrenes 2-2a and 2-2b with 6 equiv of methyl triflate (MeOTf) in 1,2-dichloroethane 
at 80 °C for 6 h afforded 5-1a and 5-1b in 50% and 81% yield, respectively.  

  

Scheme 5-2. Synthesis of N,N’-dimethyl-2,7-diazapyrenium dications. 

The existence of two triflate anions as counter ions demonstrated the dicationic nature of 5-1a (Figure 
5-1). N,N’-Dimethyl-2,7-diazapyrenium dication 5-1a has a highly planar structure. Dihedral angles be-
tween diazapyrene core and peripheral phenyl groups (65–67°) are larger than those of 2-2b (33–34°) due 
to the steric repulsion between methyl groups on the nitrogen atoms and peripheral phenyl groups.  
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Figure 5-1. Molecular structures of 5-1a. (a) Top view and (b) side view. Hydrogen atoms, solvent 
molecules, and counterions in (a) are omitted for clarity. 

Figure 5-2 represents the UV-vis absorption and fluorescence spectra for 2-2b and 5-1b in CH2Cl2. In 
absorption spectrum of 5-1b, bathochromic shift and the vibrational coarse structure were observed com-

pared to 2-2b. The emission quantum yield of 5-1b (F = 0.78) was larger than 2-2b (F = 0.38). These 
changes in optical properties result from not only the electric perturbation by the quaternization of nitrogen 
atoms but also the suppression of the rotation of the peripheral aryl groups due to the steric repulsion be-
tween methyl groups on the nitrogen atoms. 
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Figure 5-2. Electronic absorption (solid line) and fluorescence (dotted line) spectra of 1-2b (black) 
and 5-1b (blue) in CH2Cl2. 

Table 5-1. Summary of optical properties of 1-2b and 5-1b. 

  

Electrochemical properties of 2-2b, 5-1a and 5-1b were investigated with using cyclic voltammetry (Fig-
ure 5-4). Two reduction potentials were observed at Ered

1 = –0.97 V, Ered
2 = –1.29 V in 5-1a and Ered

1 = –
1.01 V, Ered

2 = –1.34 V in 5-2b. These values are drastically shifted to the higher potential side than 2-2b 
(Ered

1 = –2.14 V, Ered
2 = –2.53 V), indicating the highly electron accepting nature of 5-1. 

 

Figure 5-3. Cyclic voltammograms of 2-2b (black line), 5-1a (red line) and 5-1b (blue line) in THF. 

Table 5-2. Summary of reduction potentials of 2-2b, 5-1a and 5-1b in THF. 
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5-3. Reduction of N,N'-dimethyl-2,7-diazapyrenium dications and their 
properties 

We conducted the two-electron reduction of 5-1 (Scheme 5-3). The reaction of 5-1a and 5-1b with 3 
equiv of bis(pentamethylcyclopentadienyl)cobalt(II) (CoCp*2) in THF at room temperature for 3 h afforded 
the corresponding two-electron reduce forms 5-2a and 5-2b in 78 and 52% yields, respectively. 

  

Scheme 5-3. Reduction reaction of N,N’-dimethyl-2,7-diazapyrenium dications. 

The structure of 5-2a was clearly determined X-ray analysis. Unlike the structure of 2-2b and 5-1a, 5-2a 
adopts the slightly curved geometry with the mean plane deviation of 0.16 Å (Figure 5-4). Methyl groups 
on nitrogen atoms are displaced by 0.818 and 1.046 Å out of the nitrogen-based plane. This is in sharp con-
trast with MV0, in which the methyl groups exist in the same plane of the six-membered rings including ni-

trogen atom.6b The structural distortion of 5-2a would be caused by reducing 16p electron conjugation of 
the central core. In the packing structure, CH-p interaction between one methyl group and diazapyrene core 
of adjacent molecule was observed (Figure 5-4c).  
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Figure 5-4. Molecular structures of 5-2a. (a) Top view, (b) side view and (c) packing structure. Hy-
drogen atoms and solvent molecules are omitted for clarity.  

Bond lengths of 5-2a are summarized in Table 5-3. Compared to 2-2b, the C13–C14 bond shortened 
(5-2a: 1.367(3) Å, 2-2b: 1.436(2) Å),	while the C–N bonds in the core became longer (5-2a: 1.404(3)–
1.413(3) Å, 2-2b: 1.341(2)–1.343(2) Å). In other bonds of 5-2b, red bonds in Table 5-3 became shorter and 
black bonds became longer in comparison with those of 2-2b. These values clearly indicate that 5-2a adopts 
the quinoidal structure. The degree of bond length alternations in each ring was evaluated by harmonic os-
cillator model of aromaticity (HOMA) values (Figure 5-5).12 In comparison with 2-2b, the HOMA value of 
5-2a decreased in each ring, supporting the clear bond length alternations of 5-2a. 
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Table 5-3. Summary of the selected bond length in the obtained from the crystal structure of 2-2b 
and 5-2a. 

 

  

Figure 5-5. HOMA values for 2-2b and 5-2a.  

5-4. Electrochemical properties 

N,N’-Dimethyl-2,7-diazapyrenium dications 5-1 exhibits the high electron deficient nature derived from 
cationic imine-type nitrogen atoms. On the other hand, the two-electron reduced forms 5-2 should show 
electron-rich character. To evaluate the effects of converting cationic imine-type nitrogen to amine-type ni-
trogen, electrochemical properties of 5-2 were investigated with cyclic voltammetry. Both 5-2a and 5-2b 
shows two reversible oxidation waves in THF (Table 5-4). These values represent the high electron donat-
ing nature of 5-2. 
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Figure 5-6. Cyclic voltammograms of 5-2a (red line) and 5-2b (blue line) in THF. 
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Table 5-4. Summary of oxidation potentials of 5-2a and 5-2b in THF. 

 

 

5-5. Optical properties 

Figure 5-7 shows UV-vis-NIR absorption spectra of 2-2b and 5-2b in THF. The absorption tail of 2-2b 
was observed around 480 nm. In sharp contrast, 5-2b exhibited the weak and broad absorption band reached 
to 1200 nm. According to the TD-DFT calculations (B3LYP/6-31G(d)), the lowest energy band of 5-2a was 
assigned to the forbidden HOMO–LUMO transition. The HOMO–LUMO gap was estimated to be 1.87 eV
which is significantly smaller than that of aromatic 2,7-diazapyrene (3.08 eV). This result supports that 5-2a 
have narrow HOMO–LUMO gap, which is the characteristic feature of antiaromatic compounds.  

 

Figure 5-7. UV-vis-NIR absorption spectra of 1b (black) and 3b (red) in THF. 

 

Table 5-5. Calculated excited wavelength (λ) and oscillator strength (f) of the lowest energy transi-
tions of 2-2a and 5-2a calculated at the RB3LYP/6-31G(d) level of theory. 
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Figure 5-8. MO diagrams for 2-2a and 5-2a (RB3LYP/6-31G(d)) level of theory. 
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5-6. Evaluation of antiaromatic character 

The magnitude of the magnetically induced ring current is one of the criteria to evaluate the antiaromatic 
character of cyclic π-conjugation systems. The proton on the diazapyrene core of 5-2b in toluene-d8 drasti-
cally high-field shifted to 4.5 ppm as compared to that of 2-2b (Figure 5-9). This result suggests the pres-
ence of a paratropic ring current on 5-2b derived from its antiaromatic character. To evaluate the paratropic 
ring current, NICS values were calculated using the optimized structure of 5-2a.13 As a result, 5-2a exhibit-
ed positive values of the NICS(0) (8-19 ppm) at the center of the each ring (Figure 5-10a). ACID plot also 
supported the existence of paratropic ring current on 5-2a (Figure 5-10b).14 These experimental and theo-
retical results clearly revealed the antiaromatic character of 5-2. 

 

 

 

Figure 5-9. 1H NMR spectra of 2-2b (top) and 5-2b (bottom) in toluene-d6. 
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Figure 5-10. (a) NICS(0) values of 5-2a calculated at the UB3LYP/6-31G(d) level of theory using 
X-ray crystal geometry. (b) The ACID-derived induced ring current map of 5-2a calculated at the 

UB3LYP/6-31G(d) level of theory using X-ray crystal geometry. 

5-7. Summary of Chapter 5 

In summary, the author achieved the synthesis and characterization of N,N’-dimethyl-2,7-diazapyrenium 
dications 5-1 and the two-electron reduced forms 5-2 via methylation of tetraaryldiazapyrenes and 
two-electron reduction of 5-1. Electrochemical analysis revealed highly electron-deficient nature of 5-1 re-
flecting dicationic character. X-ray analysis of 5-2a elucidated its distorted geometry and quinoidal struc-
ture. The chemical shift of the proton on the diazapyrene core of 5-2b in its 1H NMR spectrum was 
high-field shifted compared with that of 2-2b. Theoretical calculations supported the effect of the anti-
clockwise paratropic ring current. These results demonstrate that the two-electron reduced forms 5-2 exhibit 

the antiaromatic character owing to 16p electron conjugation. 
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Chapter 6. 

Summary of this thesis 

In this thesis, the author described that the efficient synthetic methods for peripherally functionalized 
2,7-diazapyrenes via reductive aromatization of naphthalene diimide as the key reaction and exploration of 
their properties and functions. 

In Chapters 2 and 3, the author has developed efficient synthetic methods for aryl- and alkyl-introduced 
2,7-diazapyrenes at the peripheral positions, respectively. In Chapter 2, the synthetic method for tetraar-
yl-2,7-diazapyrenes has been discussed. Reductive aromatization of naphthalene diimide with pivalic anhy-
dride successfully provided 2,7-diazapyrene with pivaloxy groups as the useful synthetic intermediate. In-
troduced pivaloxy groups were converted to various aryl groups through Ni-catalyzed cross-coupling reac-
tions. Tetrapentyl-2,7-diazapyrene was also synthesized by desulfurization of 2,7-diazapyrene with me-
thylthienyl groups. Tetrapentyldiazapyrene showed spectral changes by protonation on nitrogen atoms. 
Moreover, FI-TRMC measurement revealed that diazapyrene with pentyl groups exhibited electron mobili-
ty. In Chapter 3, the synthetic method for tetraalkyl-2,7-diazapyrenes was described. Reductive aromatiza-
tion of naphthalene diimide with methyl triflate afforded 2,7-diazapyrene with four methoxy groups. The 
cross-coupling reaction with alkyl Grignard reagents transformed methoxy groups into alkyl groups. X-ray 
analysis revealed that the length of peripheral alkyl groups dramatically affected their packing structure in 
the solid state. Furthermore, methyl and ethyl diazapyrene showed the electron mobility. 

In Chapters 4 and 5, modification on nitrogen atoms of 2,7-diazapyrenes has been investigated. In Chap-
ter 4, the author disclosed that the boron complexation of diazapyrene is an effective method to tune the 
structural and electronical properties of 2,7-diazapyrenes. The boron complexation of 2,7-diazapyrene with 
o-hydroxyphenyl groups afforded stable boron-diazapyrene complexes as stereoisomers of anti and syn 
form. Compared to the parent tetraaryl-2,7-diazapyrene, boron-diazapyrene complexes exhibited low-lying 
LUMO level and bathochromically shifted absorption and emission spectra. It was found that the 
syn-isomer forms the dimer in solution and solid state. The author also revealed that anti-form isomerizes to 
syn-form quantitatively under heating conditions. In Chapter 5, the author focused on the synthesis of 
N,N'-dimethyl-2,7-diazapyrenium dications with peripheral aryl groups and two-electron reduction of them. 
Quaternization of the two nitrogen atoms in diazapyrene was found to reduce the LUMO level in compari-
son with 2,7-diazapyrenes. Two-electron reduction of N,N'-dimethyl-2,7-diazapyrenium dications provided 
the corresponding reduced compounds. The X-ray analysis, 1H NMR measurement, and theoretical calcula-
tions revealed that the two-electron reduced compounds exhibits antiaromatic character derived from the 

peripheral 16p electron conjugation including the lone pair electrons on nitrogen atoms. 

Through this thesis, the author demonstrated the utility of the reductive aromatization of the naphthalene 
diimide for the construction of 2,7-diazapyrene skeleton and subsequent Ni-catalyzed cross-coupling reac-
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tions for peripheral modifications. The reductive aromatization that is the key reaction in this thesis should 
be applicable to other aromatic diimide compounds. Consequently, the combination of reductive aromatiza-
tion with the cross-coupling reaction provides peripherally functionalized aza-PAHs with various skeletons. 
Aza-PAHs have been widely studied because they are promising candidates for organic materials such as 
n-type semiconductor, stimuli-responsive materials, and components of supramolecular structures. The au-
thor hopes that the studies in this thesis accelerate the research on the synthesis and properties of aza-PAHs 
by offering the simple and efficient synthetic method. 

In addition, the author disclosed that 2,7-diazapyrenes possess not only excellent optical properties de-
rived from the pyrene skeleton, but also electron-deficient nature, Brønsted basicity, and Lewis basicity 

owing to the introduction of imine-type nitrogen atoms into the p-skeleton. The author expects that 
2,7-diazapyrenes should be applied to photocatalysts or stimuli-responsive optical materials in the near fu-
ture. 
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E-1. Instrumentation and materials 

1H NMR (500 MHz), 13C NMR (126 MHz), 19F NMR (470 MHz), and 11B NMR (160 MHz) spectra were 
recorded on a Bruker AVANCE III HD spectrometer, and chemical shifts were reported as the delta scale in 

ppm relative to CDCl3 (d = 7.260 ppm), C6D6 (d = 7.160 ppm), toluene-d8 (d = 2.080 ppm), CD3CN (d = 
1.940 ppm), and DMSO-d6 (d = 2.500 ppm) for 1H NMR, CDCl3 (d = 77.16 ppm), C6D6 (d = 128.06 ppm), 
CD3CN (d = 118.26 ppm), and DMSO-d6 (d = 39.52 ppm) for 13C NMR, hexafluorobenzene (δ = –164.90 
ppm, as external standard) for 19F NMR, and BF3•OEt2 (δ = 0.00 ppm, as external standard) for 11B NMR 
respectively. UV/vis absorption spectra were recorded on a JASCO V670 spectrometer. Emission spectra 
were recorded using a JASCO FP-6500 spectrometer, and absolute fluorescence quantum yields were 
measured by the photon-counting method using an integration sphere. Fluorescence lifetimes were also 
measured on HAMAMATSU Photonics Quantaurus-Tau C11367-25. Mass spectra were recorded on a 
Bruker microTOF using positive mode for solid state with APCI-TOF methods and acetonitrile solutions 
with ESI-TOF method. X-ray data were taken on a Bruker D8 QUEST X-ray diffractometer equipped with 
PHOTON 100 CMOS active pixel sensor detector and IµS microfocus source using Mo-Kα radiation (λ = 
0.71073 Å) or a Rigaku CCD diffractometer (Saturn 724 with MicroMax-007) with Varimax Mo optics us-
ing graphite monochromated Mo-Kα radiation (λ = 0.71075 Å). Melting points were measured by a SRS 
MPA100 OptiMelt Automated Melting Point System. Cyclic voltammograms were recorded on ALS elec-
trochemical analyzer 612C. Measurements were performed in freshly distilled dichloromethane with 0.1 M 
tetrabutylammonium hexafluorophosphate as electrolyte. A three-electrode system was used and consisted 
of a grassy carbon as the working electrode, a platinum wire as the counter electrode, and an Ag/AgClO4 as 
the reference electrode. All potentials are referenced to the potential of ferrocene/ferrocenium cation couple. 
The DSC measurement was recorded using NETZSCH DSC3500 Sirius at a heating rate of 10 K min–1. 
Unless otherwise noted, materials obtained from commercial suppliers were used without further purifica-
tion. All of reactions were conducted under argon atmosphere. Unless otherwise noted, materials obtained 
from commercial suppliers were used without further purification. Naphthalene diimide was prepared ac-
cording to the literature.1 

E-2. Theoretical calculations 

All calculations were performed using the Gaussian 09 program.2 Initial geometries were obtained from 
the X-ray structure. Full optimization was performed without any symmetric restriction with Becke's 
three-parameter hybrid exchange functional and the Lee-Yang-Parr correlation functional (B3LYP)3 and the 
6-31G(d) basis set for C, H, N, B and O atoms. In Chapter 4, the vibrational frequencies were calculated at 
the same level to check whether each optimized structure is an energy minimum (no imaginary frequency) 
or a transition state (one imaginary frequency) and to evaluate its zero-point vibrational energy (ZPVE) and 
thermal corrections at 298.15 K. The intrinsic reaction coordinates (IRC) were calculated using the global 
reaction route mapping (GRRM17) program4 to track minimum energy paths from transition structures to 
the corresponding local minima. 
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E-3. Synthetic procedures and compound data 

Chapter 2 

Reductive aromatization of naphthalene diimide with pivalic anhydride (2-1) 

In a 50 mL J-Young tube were placed naphthalene diimide (266 mg, 1.0 mmol), Zn (1.05 g, 16 mmol), 
pivalic anhydride (3.25 mL, 16 mmol), and 1,4-dioxane (10 mL) under Ar. The reaction mixture was stirred 
for 24 h at 120 °C. The suspension was filtrated through celite. The solution was concentrated in vacuo. 
Then, the remaining precipitate was washed with hexane. The residue was purified by column chromatog-
raphy (SiO2) with CH2Cl2 as an eluent. After recrystallization from CH2Cl2/hexane, 2-1 (512 mg, 0.85 
mmol, 85% yield) was obtained. 

2-1: A white solid, m.p. 194.9 °C (decomp.). 1H NMR (CDCl3): d 7.98 (s, 4H), 1.55 (s, 36H). 13C NMR 
(CDCl3): δ 176.6, 150.3, 132.1, 122.4, 117.9, 39.8, 27.4. HRMS(ESI) Calcd. For C34H41N2O8 [M+H]: 
605.2857. Found: 605.2858. 

1,3,6,8-tetra(4-tert-butylphenyl)-2,7-diazapyrene (2-2b) 

Typical procedure for nickel-catalyzed cross-coupling reaction of 2-1 with a arylboronic acid is described 
below. In a 50 mL J-Young tube was placed K3PO4 (340 mg, 1.6 mmol) and was heated under the reduced 
pressure (120 °C, 1.0 Torr) for 1 h. After drying of K3PO4, 1b (60.4 mg, 0.10 mmol) and 
4-tert-butylphenylboronic acid (284.5 mg, 1.6 mmol) were added to the tube, and then Ni(cod)2 (11.1 mg, 
0.040 mmol), tricyclohexylphosphine (22.3 mg, 0.080 mmol), and toluene (3 mL) were taken in the reac-
tion container in the globe box. The reaction mixture was stirred for 18 h at 60 °C. 10% Aqueous solution 
of ethylene diamine (3 mL) was added to the reaction mixture and the resulting solution was extracted with 
CHCl3 (30 mL × 3). The combined organic layer was dried over Na2SO4 and concentrated in vacuo. The 
residue was purified by column chromatography (SiO2) with CHCl3/hexane (1/3) to give 2-2b (43.3 mg, 
0.059 mmol, 59% yield) 

2-2b: A yellow solid, m.p. 209.9 °C (decomp.). 1H NMR (CDCl3): d 8.36 (s, 4H), 7.89 (d, 8H, J = 8.5 
Hz), 7.60 (d, 8H, J = 8.5 Hz), 1.42 (s, 36H). 13C NMR (CDCl3): d 153.4, 151.7, 137.2, 130.7, 129.7, 126.2, 
125.6, 122.6, 34.9, 31.5. HRMS(ESI) Calcd. For C54H57N2 [M+H]: 733.4516. Found: 733.4512. 

Isolated yields and spectroscopic data of other products are as follows: 

1,3,6,8-Tetraphenyl-2,7-diazapyrene (2-2a) 

2-2a: 26% yield (Purified by column chromatography (SiO2) with CH2Cl2/hexane (1/20)). A pale yellow 
solid, m.p. 258.2 °C (decomp.). 1H NMR (CDCl3): δ 8.34 (s, 4H), 7.96-7.94 (m, 8H), 7.60 (t, 8H, J = 7.0 
Hz), 7.54-7.51 (m, 4H). 13C NMR could not be obtained due to the poor solubility. HRMS (APCI) Calcd. 
For C38H25N2 [M+H]: 509.2018. Found: 509.2031. 
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1,3,6,8-Tetra(4-methoxyphenyl)-2,7-diazapyrene (2-2c) 

2-2c: 50% yield (Purified by column chromatography (SiO2) with CHCl3 and recrystallization from 

CHCl3/hexane). A yellow solid, m.p. 219.1 °C (decomp.). 1H NMR (CDCl3): d 8.30 (s, 4H), 7.90 (d, 8H, J 
= 8.8 Hz), 7.12 (d, 8H, J = 8.8 Hz), 3.92 (s, 12H). 13C NMR (CDCl3): d 160.2, 152.9, 132.6, 132.3, 129.9, 
126.0, 122.3, 114.1, 55.6. HRMS(ESI) Calcd. For C42H33N2O4 [M+H]: 629.2435. Found: 629.2429. 

1,3,6,8-Tetra(2-methoxyphenyl)-2,7-diazapyrene (2-2d) 

2-2d: 30% (Purified by column chromatography (amino-SiO2) with CH2Cl2/hexane (1/1)). A pale yellow 

solid, m.p. 225.8 °C (decomp.). 1H NMR (CDCl3 at 50 °C): d 7.83 (s, 4H), 7.61 (br, 4H), 7.46 (dt, J = 1.8 
and 8.0 Hz, 4H), 7.15 (t, J = 7.4 Hz, 4H), 7.08 (d, J = 8.1 Hz, 4H), 3.71 (s, 12H). 13C NMR (CDCl3): d157.8, 
151.7, 132.6, 130.0, 129.7, 127.9, 126.4, 124.3, 121.2, 111.7, 55.9. HRMS(APCI) Calcd. For C42H33N2O4 
[M+H]: 629.2435. Found: 629.2439. 

1,3,6,8-Tetra(4-trifluoromethylphenyl)-2,7-diazapyrene (2-2e) 

2-2e: 18% yield (Purified by column chromatography (SiO2) with CHCl3 and recrystallization from 

CHCl3/hexane). A yellow solid, m.p. 151.0 °C (decomp.). 1H NMR (CDCl3): d 8.36 (s, 4H),  8.08 (d, 8H, J 

= 8.1 Hz), 7.88 (d, 8H, J = 8.1 Hz). 19F NMR (CDCl3): d –65.76. HRMS(ESI) Calcd. For C42H21F12N2 
[M+H]: 781.15131. Found: 781.15166. 

1,3,6,8-Tetra(5-methylhienyl)-2,7-diazapyrene (2-2f) 

2-2f: 30 % yield (at 70 °C) (Purified by column chromatography (SiO2) with CHCl3 and recrystallization 

from CHCl3/hexane). A red solid, m.p. 110.1 °C (decomp.). 1H NMR (CDCl3): d 8.63 (s, 4H), 7.62 (d, 4H, J 
= 3.6 Hz), 6.93 (dd, 4H, J = 3.6, 1.0 Hz), 3.92 (s, 12H). 13C NMR (CDCl3): d 146.1, 143.9, 141.8, 130.4, 
129.1, 126.6, 125.6, 120.9, 15.8. HRMS(ESI) Calcd. For C34H25N2S4 [M+H]: 589.0895. Found: 589.0880. 

Chapter 3 

Reductive aromatization of naphthalene diimide with pivalic anhydride (3-1) 

In a 50 mL Schlenk was placed naphthalene diimide (266 mg, 1.0 mmol), Zn (1.05 g, 16 mmol), methyl 
triflate (0.66 mL, 6 mmol), and 1,4-dioxane (20 mL) under argon. The reaction mixture was stirred for 24 h 
at 60 °C. The suspension was filtrated through Celite. The filtrate was purified by alumina column chroma-
tography with CH2Cl2 as eluent before concentration to give 3-1 (133 mg, 0.41 mmol, 41% yield). 

3-1: A yellow solid, m.p. 199.2 °C (decomp.). 1H NMR (C6D6): d 8.10 (s, 4H), 3.89 (s, 12H). 13C NMR (C6D6): d 

155.3, 133.89, 119.08, 109.74, 53.6. HRMS(APCI) Calcd. For C18H17N2O4 [M+H]: 325.1183. Found: 325.1190 

1,3,6,8-Tetramethyl-2,7-diazapyrene (3-2a) 

Typical procedure for nickel-catalyzed cross-coupling reaction of 3-1 with Grignard reagents is described 
below. In a flame-dried 50 mL J-Young tube was placed 3-1 and methylmagnesium iodide (0.77 mL, 0.6 
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mmol) and then Ni(cod)2 (11.1 mg, 0.040 mmol), dicyclohexylphosphinoethane (17.1 mg, 0.040 mmol), 
and toluene (3 mL) were taken in the reaction container in the globe box. The reaction mixture was stirred 
for 24 h at 80 °C. 10% Aqueous solution of ethylene diamine (3 mL) was added to the reaction mixture and 
the resulting solution was extracted with CHCl3 (30 mL × 3). The combined organic layer was dried over 
Na2SO4 and concentrated in vacuo. The residue was purified by column chromatography (SiO2) with 
CHCl3/ ethyl acetate (5/1) to afford 3-2a (10.9 mg, 0.042 mmol, 42% yield).  

3-2a: A pale yellow solid, m.p. 219.9 °C (decomp.). 1H NMR (CDCl3): d 8.15 (s, 4H), 3.16 (s, 12H). 13C 
NMR (CDCl3): d151.1, 127.8, 123.8, 122.8, 22.3. HRMS(APCI) Calcd. For C18H17N2 [M+H]: 261.1386. 
Found: 261.1397. 

Isolated yields and spectroscopic data of 3-2b and 3-2c are as follows: 

1,3,6,8-Tetraethyl-2,7-diazapyrene (3-2b) 

3-2b: 16% yield (Purified by column chromatography (SiO2) with CHCl3/ethyl acetate (10/1). A 

pale-yellow solid, m.p. 132.9 °C (decomp.). 1H NMR (C6D6): d 7.90 (s, 4H), 3.46 (q, 8H, J = 7.5 Hz), 1.58 
(t, 12H, J = 7.5 Hz). 13C NMR (CDCl3): d 156.0, 129.0, 123.36, 122.08, 28.7, 14.5. HRMS(APCI) Calcd. 
For C22H25N2 [M+H]: 317.2012. Found: 317.2019. 

1,3,6,8-Tetrapropyl-2,7-diazapyrene (3-2c) 

3-2c: 12% yield (Purified by column chromatography (SiO2)) with CHCl3. A pale-yellow solid, m.p. 

151.0 °C (decomp.). 1H NMR (CDCl3): d 8.20 (s, 4H),  3.46 (t, 8H, J = 7.5 Hz), 1.96 (sextet, 8H, J = 7.5 
Hz), 1.09 (t, 12 H, J = 7.5 Hz). 13C NMR (CDCl3): d 155.2, 128.7, 123.6, 122.3, 37.6, 24.3, 14.4. 
HRMS(APCI) Calcd. For C26H33N2 [M+H]: 373.2638. Found: 373.2655. 

Chapter 4 

Complexation of 2-2b with boron trifluoride 

In a 20 mL Schlenk tube was placed compound 2-2b (36.6 mg, 0.050 mmol). Then, dichloromethane (2 
mL) and boron trifluoride-ethyl ether complex (50 µL, 0.20 mmol) were added under argon. After the reac-
tion mixture was stirred for 1 h at 40 °C, the resultant mixture was added to toluene. The precipitates were 
filtered and washed with toluene to afford compound 4-1 (24.8 mg, 0.029 mmol, 57% yield).  

4-1: A yellow solid, m.p. 151.0 °C (decomp.). 1H NMR (CD3CN): d  8.57 (s, 4H), 7.90 (d, 8H, J = 8.6 
Hz), 7.85 (d, 8H, J = 8.6 Hz), 1.46 (s, 36H). 13C NMR (CD3CN): d 156.5, 151.2, 132.3, 130.9, 129.8, 128.6, 
127.3, 127.1, 35.8, 31.3. 11B NMR (CD3CN): d 1.48. 19F NMR (CD3CN) δ –152.3. 

Demethylation of 2-2d 

In a test tube were placed 2-2d (62.9 mg, 0.10 mmol) and pyridine hydrochloride (1.85 g, 16 mmol). The 
mixture was stirred for 5 h at 200 °C. Aqueous solution of NaHCO3 (50 mL) was added to the reaction 
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mixture, and the resulting solution was extracted with ethyl acetate (50 mL × 3). The combined organic 
layer was dried over Na2SO4 and concentrated in vacuo. The residue was purified by column chromatog-
raphy (SiO2) with CH2Cl2/ ethyl acetate (10/1) to give 4 (48.1 mg, 0.084 mmol, 84% yield)  

4-2: A pale yellow solid, m.p. 250.8 °C (decomp.). 1H NMR (DMSO-d6 containing 0.05% of TMS): d 
9.99 (s, 4H), 8.04 (s, 4H), 7.56 (dd, J = 1.7 and 7.6 Hz, 4H), 7.40 (dt, J = 1.7 and 7.8 Hz, 4H), 7.09 (dd, J = 
0.9 and 8.2 Hz, 4H), 7.05 (dt, J = 1.0 and 7.5 Hz, 4H). 13C NMR (DMSO-d6 containing 0.05% of TMS): 

d 155.3, 151.0, 132.0, 130.1, 127.5, 126.2, 125.7, 122.8, 119.2, 116.2. HRMS(APCI) Calcd. For 
C38H24N2O4 [M]: 572.1731. Found: 572.1737. 

Complexation of 4-2 with BBr3 and sequential reaction with Grignard reagent 

A 20 mL Schlenk tube containing 4-2 (28.6 mg, 0.050 mmol) was evacuated and then refilled with N2. A 
solution of BBr3 (10.8 mmol, 12 mL, 17% CH2Cl2 solution) was added to the tube at 0 °C. The mixture was 
stirred at r.t. for 5 h. The volatiles were removed in vacuo and the tube was refilled with N2. Dry and de-
gassed toluene (2 mL) was added. To the solution was added phenylmagnesium bromide (0.30 mmol, 0.33 
mL, 0.89 M THF solution) at 0 °C. After stirring at room temperature for 18 h, 20 mL of 1 M aq. HCl was 
added to the solution. The aqueous layer was separated and extracted with dichloromethane (20 mL × 3). 
The combined organic layer was concentrated in vacuo. The residue was purified by column chromatog-
raphy (SiO2) with CH2Cl2 to give anti-4-3 (21.6 mg, 0.029 mmol, 58% yield) and syn-4-3 (2.60 mg, 0.0035 
mmol, 7% yield) 

anti-4-3: A pale yellow solid. 1H NMR (CDCl3): d 9.03 (s, 4H), 7.99 (dd, J = 1.4 and 7.9 Hz, 4H), 7.44 
(td, J = 1.5 and 7.8 Hz, 4H), 7.23 (dd, J = 1.1 and 8.2 Hz, 4H), 7.15 (dd, J = 1.6 and 7.5 Hz, 4H), 7.05 (td, J 

= 1.1 and 8.1 Hz, 4H), 6.97-6.93 (m, 6H). 11B NMR (CDCl3): d 6.65. HRMS(ESI) Calcd. For 
C50H31N2O4B2 [M+H]: 745.2480. Found: 745.2479. 

syn-4-3: A pale yellow solid. 1H NMR (CDCl3): d 8.30 (s, 4H), 7.60 (d, J = 7.3 Hz, 4H), 7.24 (td, J = 1.4 
Hz, 7.8 Hz, 4H), 7.00 (td, J = 1.1 Hz, 7.6 Hz, 4H), 6.88-6.80 (m, 14H). 11B NMR (CDCl3): d 6.07. 
HRMS(ESI) Calcd. For C50H31N2O4B2 [M+H]: 745.2480. Found: 745.2466. 

Complexation of 4-2 with phenylboronic acid  

In a 20 mL Schlenk tube, 4-2 (28.2 mg, 0.050 mmol) and phenylboronic acid (48.7 mg, 0.40 mmol) were 
dissolved in benzene (2 mL). Triethylamine (0.18 mL, 2.0 mmol) was added and the reaction mixture was 
stirred at 90 °C for 12 h. The resulting solution was evaporated to remove solvents. The residue was puri-
fied by column chromatography (SiO2) with CH2Cl2 to give anti-4-3 (3.75 mg, 0.0050 mmol, 10% yield) 
and syn-4-3 (23.1 mg, 0.031 mmol, 68% yield). 

Chapter 5 

Methylation of 1,3,6,8-tetraphenyl-2,7-diazapyrene (5-1a) 
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Typical procedure for the reaction of 2-2a with methyl triflate is described below. In a 20 mL Schlenk 
tube was placed compound 2-2a (25.4 mg, 0.050 mmol). Then, 1,2-dichloroethane (6 mL) and methyl tri-
flate (33 µL, 0.30 mmol) were added under argon. After the reaction mixture was stirred for 6 h at 80 °C, 
the resultant mixture was cooled to room temperature. Volatiles were evaporated in vacuo. The precipitates 
were filtered and washed with CHCl3 to afford compound 5-1a (20.9 mg, 0.025 mmol, 50% yield).  

5-1a: A yellow solid, m.p. 228 °C (decomp.). 1H NMR (CD3CN): δ 7.98 (s, 4H), 7.86-7.80 (m, 12H), 
7.60 (t, 8H, J = 7.0 Hz), 7.75-7.73 (m, 8H), 7.08 (s, 4H). 19F NMR δ –79.3. HRMS (APCI) Calcd. For 
C40H30N2 [M]: 538.2409. Found: 538.2427. 

Isolated yields and spectroscopic data of other products are as follows: 

5-1b: 81% yield (Purified by column chromatography (SiO2)) with CH2Cl2/ethyl acetate (1/1). A yellow 
solid, m.p. 239 °C (decomp.). 1H NMR (CD3CN): δ 7.97 (s, 4H), 7.85 (d, 8H, J = 8.5 Hz), 7.64 (d, 8H, J = 

8.5 Hz), 4.09 (s, 6H), 1.44 (s, 36H). 13C NMR (CD3CN): d 156.4, 154.1, 130.8, 130.5, 129.8, 128.3, 128.2, 
48.8, 35.9, 31,4. 19F NMR: δ –79.3. HRMS (APCI) Calcd. For C56H62N2 [M]: 762.4908. Found: 742.4929. 

Two-electron reduction of N,N'-dimethyl-2,7-diazapyrenium dications (5-2a) 

Typical procedure for the two-electron reduction of 2-2a is described below. A flask containing com-
pound 5-1a (42.0 mg, 0.050 mmol) was placed in the argon-filled glove box. Then, THF (10 mL) and 
bis(pentamethylcyclopentadienyl)cobalt(II) (65.6 mg) were added to the flask. The mixture was stirred at 
room temperature for 3 h. The reaction mixture was filtrated through celite and wash with toluene. The fil-
trate was evaporated to remove the solvent and the obtained residue was recrystallized from toluene/hexane 
in the glove box to afford 5-2a as a purple solid (14.0 mg, 0.026 mmol, 52% yield).  

5-2a: A purple solid. 1H NMR (C6D6): δ 6.93-6.84 (m, 20H), 4.50 (s, 4H), 1.65 (s, 6H). 13C NMR: δ 
140.4, 136.4, 129.0, 128.7, 128.6, 127.5, 127.2, 124.1, 41.3. 

The isolated yield and spectroscopic data of 5-2b are as follows: 

5-2b: 78% yield. A purple solid. 1H NMR (C6D6): δ 7.08 (d, 8H, J = 8.0), 6.96 (d, 8H, J = 8.5), 4.56 (s, 
4H), 1.79 (s, 6H), 1.11 (s, 36H). 13C NMR: δ 150.7, 140.4, 133.6, 128.5, 127.7, 127.3, 125.9, 124.2, 41.4, 
34.5, 31.3.  
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E-4. Crystallographic data 

compound 2-2b 2-2f 
Formula C54H56N2 C34H24N2S4 

Formula weight 733.01 588.79 
Crystal system triclinic monoclinic 
Space group P-1 (No. 2) P2/c (No. 14) 
Crystal color yellow orange 

Crystal description prism block 
a [Å] 7.2959(4) 15.9885(7) 
b [Å] 10.3488(6) 6.2625(3) 
c [Å] 14.0322(7) 14.7453(6) 
α [°] 96.970(2) 90 
β [°] 98.0126(4) 111.597(5) 
γ [°] 100.566(4) 90 

V [Å3] 1019.50(10) 1372.77(12) 
Z 1 2 

dcalcd [g cm–3] 1.194 1.424 
R1 (I > 2σ(I )) 0.0444 0.0461 
wR2 (all data) 0.1235 0.1250 

Goodness-of-fit  1.042 1.098 
Temperature [K] 101(2) 93(2) 

Solvent toluene/acetonitrile chlorobenzene/acetonitrile 
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compound 2-3 3-1 
Formula C34H48N2 C18H16N2O4 

Formula weight 484.74 324.34 
Crystal system orthorhombic triclinic 
Space group Pna21 (No. 33) P–1 (No. 2) 
Crystal color colorless yellow 

Crystal description needle prism 
a [Å] 21.6241(8) 6.5353(2) 
b [Å] 4.7229(3) 7.3858(3) 
c [Å] 27.9845(9) 8.2199(3) 
α [°] 90 102.097(3) 
β [°] 90 99.004(3) 
γ [°] 90 105.886(3) 

V [Å3] 2858(2) 363.36(2) 
Z 4 1 

dcalcd [g cm–3] 1.127 1.482 
R1 (I > 2σ(I )) 0.0675 0.0399 
wR2 (all data) 0.1878 0.1181 

Goodness-of-fit  1.053 1.089 
Temperature [K] 93(2) 93(2) 

Solvent acetonitrile dichloroethane/hexane 
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compound 3-2a 3-2b 
Formula C18H16N2 C22H24N2 

Formula weight 260.33 316.43 
Crystal system orthorhombic triclinic 
Space group Pbam (No. 55) P-1 (No. 2) 
Crystal color pale-yellow pale-yellow 

Crystal description block prism 
a [Å] 17.5029(4) 4.4909(3) 
b [Å] 11.0272(3) 8.3869(4) 
c [Å] 6.7696(2) 11.3304(7) 
α [°] 90 79.258(5) 
β [°] 90 89.682(5) 
γ [°] 90 86.088(4) 

V [Å3] 1306.59(12) 418.29(4) 
Z 4 1 

dcalcd [g cm–3] 1.323 1.256 
R1 (I > 2σ(I )) 0.0943 0.0603 
wR2 (all data) 0.3216 0.1802 

Goodness-of-fit  1.088 1.067 
Temperature [K] 93(2) 93(2) 

Solvent CHCl3/hexane CHCl3/acetonitrile 
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compound anti-4-3 syn-4-3 
Formula C50H30B2N2O4 C50H30B2N2O4 

Formula weight 744.42 744.42 
Crystal system triclinic orthorhombic 
Space group P-1 (No. 2) P21212 (No. 18) 
Crystal color orange pale yellow 

Crystal description block block 
a [Å] 9.5439(2) 17.5029(4) 
b [Å] 10.6657(2) 11.0272(3) 
c [Å] 14.8023(3) 6.7696(2) 
α [°] 86.851(2) 90 
β [°] 73.687(2) 90 
γ [°] 74.975(2) 90 

V [Å3] 1396.40(5) 1306.59(12) 
Z 2 4 

dcalcd [g cm–3] 1.595 1.323 
R1 (I > 2σ(I )) 0.0634 0.0943 
wR2 (all data) 0.1579 0.3216 

Goodness-of-fit  1.097 1.088 
Temperature [K] 93(2) 93(2) 

Solvent CHCl3 toluene/octane 
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compound 5-1a 5-2a 
Formula C50H30B2N2O4 C50H30B2N2O4 

Formula weight 836.82 538.24 
Crystal system monoclinic triclinic 
Space group P21 (No. 4) P–1 (No. 2) 
Crystal color yellow brown 

Crystal description block plate 
a [Å] 13.5923(4) 7.4295(2) 
b [Å] 23.4067(6) 10.3077(2) 
c [Å] 14.4963(4) 11.5948(3) 
α [°] 90 101.5399(17) 
β [°] 108.166(3) 107.796(2) 
γ [°] 90 92.2346(16) 

V [Å3] 4282.1(2) 823.58(4) 
Z 2 1 

dcalcd [g cm–3] 1.523 1.272 
R1 (I > 2σ(I )) 0.0871 0.0426 
wR2 (all data) 0.2303 0.1209 

Goodness-of-fit  1.030 1.024 
Temperature [K] 93(2) 93(2) 

Solvent tetrachloroethane/hexane toluene/acetonitrile 
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