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General Introduction 
 

 

Motivation of this study 

 

   The synthesis of novel π-conjugated compounds has been a significant topic of research for 

many synthetic chemists, triggering numerous discoveries in chemistry and materials science 

(Figure 1). For example, pentacene, a planar fused aromatic hydrocarbon, has been used as a 

semiconductor material in organic field-effect transistors.1 Owing to high levels of charge 

mobility derived from its small band gap, pentacene exhibits remarkable performance despite 

consisting only of sp2-hybridized carbons and hydrogens. After the first synthesis of pentacene 

in 1961,2  its synthetic methods have been continually improved. Various derivatives of 

pentacene have also been synthesized to make better materials in a range of applications. 

Fullerenes are also representative of π-conjugated compounds whose synthesis had a large 

influence on science.3 Since their discovery in 1985,4 fullerenes have been promising materials 

in applications that include radiation sources, field-emission displays and solar cells. In addition 

to industrial applications, fullerenes have also found use in the medical and pharmaceutical 

fields. While the efficient bulk production methods of fullerene have been developed, another 

important milestones include organic synthesis of C60 in 2002 that paved a way for rational 

synthesis of other fullerenes.5 One of the important roles of synthetic chemists is to construct 

molecules that lead to such breakthroughs in science. 

 

 
Figure 1. Examples of π-conjugated compounds whose synthesis changed the world.  

 

   Belt-shaped aromatic hydrocarbons such as cyclacenes and cyclophenacenes are 

π-conjugated compounds that have fascinated scientists for a long time (Figure 2).6 Intrinsically 

planar aromatic rings are bent to construct such belt-shaped structures, producing unusual 

structural characteristics and high strain energies. Because of the rigid structure, their π-systems 

are immobilized perpendicularly to the inner and outer belt surfaces. These unprecedented 

fullerene

pentacene
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structural features have attracted much interest as novel aromatic compounds, leading to 

subsequent theoretical studies.7 To date, several interesting properties such as small band gaps 

and structure–reactivity relationships have been predicted. Besides the interests from the past, 

various applications in supramolecular chemistry and materials science are expected owing to 

their three-dimensional molecular shapes with central cavities in recent years. The electronic 

properties of belt-shaped aromatic hydrocarbons predicted by theoretical studies are also 

promising for their applications as semiconductor materials, which are essential for the present 

technological developments. Furthermore, belt-shaped aromatic hydrocarbons have attracted 

much attention from nanocarbon science as the partial structures of carbon nanotubes, which are 

promising materials because of their mechanical, electronic, and optical properties. 8 , 9 , 10 

Therefore, belt-shaped aromatic hydrocarbons have been desired strongly for a long time. In 

fact, their synthesis has been extensively examined since 1987.11 Nevertheless, no belt-shaped 

aromatic hydrocarbon has been obtained yet. The author challenged the synthesis of a 

belt-shaped aromatic hydrocarbon. General introduction describes the historical background that 

led to the research in this thesis. 

 

 
Figure 2. Representative belt-shaped aromatic hydrocarbons. 

  

  

cyclacene cyclophenacene
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Synthetic studies on belt-shaped aromatic hydrocarbons 

 

   The synthesis of belt-shaped aromatic hydrocarbons has been studied since a long time ago. 

Cyclacenes were first proposed by Heilbonner in 1954.12 Thereafter, the theoretical studies on 

cyclacenes have been conducted, and their high reactivity derived from a small singlet–triplet 

energy gap has been predicted.13 The synthetic studies on cyclacenes were started by the 

Stoddart group in 1987 (Scheme 1a).11, 14  Sequential Diels–Alder reactions between 

bisdienophile 1 and bisdiene 2 provided macrocycle 3, which was subsequently deoxygenated, 

dehydrated, and reduced, affording octahydro[12]cyclacene 4. Although the transformation of 

cyclacene 4 to [12]cyclacene was attempted several times, all these efforts were unsuccessful. In 

1996, Cory and co-workers reported a synthetic study aimed at [8]cyclacene (Scheme 1b).15 

They also carried out the Diels–Alder reaction of bisdiene 5 and bisquinone 6 to construct a 

carbon skeleton of [8]cyclacene. Although macrocycle 7 was obtained, all the attempts for the 

subsequent transformation to [8]cyclacene were not successful. Even though the carbon 

skeletons of cyclacenes were constructed successfully, the isolation of them was failed, most 

likely, due to their low stability. In 1983, Vögtle described a belt-shaped aromatic hydrocarbon 

known as “Vögtle’s belt” and embarked on its synthetic study in 1991 (Scheme 1c).16 Although 

a precursor macrocycle 10 has been synthesized by the coupling of thiol 8 with alkyl halide 9, 

the transformation of 10 to the belt has not been reported yet. Iyoda reported the synthetic study 

of [10]cyclophenacene in 2007 (Scheme 1d).6 First, phenanthrene-containing benz[12]annulene 

12 was synthesized by the reduction of compound 11. Compound 12 can be converted to 

[10]cyclophenacene by oxidative cyclization, and they detected [10]cyclophenacene among the 

products of a photocyclization reaction of compound 12 by LD-TOF MS. These two results 

indicate that the construction of highly strained belt structures remained as a great challenge at 

that time. For the successful synthesis of belt-shaped aromatic hydrocarbons, new potential 

targets or more promising synthetic methodologies were required.  
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Scheme 1. Synthetic studies on belt-shaped aromatic hydrocarbons.  

 

Synthesis of partial structures of armchair-type carbon nanotubes 

 

   On the other hand, since the first discovery of carbon nanotubes by Iijima in 1991,8 

molecules representing partial structures of carbon nanotubes have been the center of attention 

in synthetic chemistry. In 2003, Nakamura and co-workers reported the synthesis of compound 

14 containing a π-conjugated system of [10]cyclophenacene (Scheme 2a). 17  The 

multimethylation of C60 with an organocopper reagent afforded compound 13, which was 

converted to compound 14 through protection, multiphenylation, and deprotection. The 

synthesis of compound 14 enabled the first analysis of the cyclophenacene-like structure. In 

addition, the group of Gan very recently reported the synthesis of a compound containing 
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π-system of Vögtle’s belt by multiamination of C70.18 In 2012, Scott and co-workers reported 

the synthesis of the compound 17, which has the end-cap structure of carbon nanotubes 

(Scheme 2b).19 Compound 15 was transformed to compound 16 by a five-fold Negishi coupling 

reaction with 2,6-dichlorophenylzinc chloride. Subsequently, a ten-fold C–C bond formation 

was achieved by flash vacuum pyrolysis (1100 °C, 0.25 Torr, gas phase), affording 

hemispherical end-cap 17. Notably, the compounds known as “half Vögtle’s belt” were also 

synthesized.20 Teropyrenophane 20 was synthesized in 2009 by Bodwell and co-workers 

(Scheme 2c).20a They obtained macrocycle 19 via formylation followed by the intramolecular 

McMurry coupling of the formyl groups in compound 18. An ensuing oxidation of macrocycle 

19 with DDQ afforded a teropyrenophane 20 with a curved π-conjugated structure. These 

molecules have generated a huge interest in the synthesis of other partial structures of carbon 

nanotubes including belt-shaped aromatic hydrocarbons. 

 
Scheme 2. (a) Nakamura’s “extraction” of cyclophenacene structure from C60. (b) Synthesis of 

an end-cap molecule by Scott. (c) Synthesis of teropyrenophane by Bodwell. 
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   Meanwhile, another type of carbon nanotube segments has been recently synthesized. 

Cycloparaphenylene (CPP) is a ring-shaped aromatic hydrocarbon in which the benzene rings 

are connected circularly at their para positions (Figure 3). The synthetic studies on CPP began 

in the 1930s by chemists who were attracted to its beautiful structure.21 However, the synthesis 

of CPP was not accomplished for almost 80 years. Inspired by the discovery of carbon 

nanotubes, CPP also received much attention as the shortest segment of armchair-type carbon 

nanotubes, and its synthetic study was embarked again. The biggest challenge in the synthesis 

of [n]CPPs was the formation of a macrocycle, which usually contains high levels of intrinsic 

ring strain as in the belt-shaped aromatic hydrocarbons. The Jasti/Bertozzi, Itami, and Yamago 

research groups addressed the problem with the synthesis of unstrained macrocyclic CPP 

precursors (Scheme 3). The group of Jasti and Bertozzi used L-shaped building blocks 

consisting of phenyl-substituted cyclohexadienes.22 Because cyclohexadiene moieties can be 

converted with relative ease to benzene rings via reductive aromatization, these L-shaped units 

can be regarded as the terphenyl precursors. A coupling of these L-shaped units afforded the 

corresponding macrocycles where the cyclohexadiene moieties occupied the corners, thus 

generating unstrained CPP precursors. In the final step, these cyclohexadiene moieties were 

subjected to reductive aromatization, furnishing the corresponding CPPs. The group of Itami, on 

the other hand, used 1,4-diphenylcyclohexanes as the L-shaped terphenyl precursors.23 The 

macrocycles obtained by the coupling of the L-shaped units were subsequently transformed into 

the corresponding CPP by oxidative aromatization. Yamago and co-workers used cis-platinum 

complexes as the unstrained CPP precursors.24 First, macrocyclic platinum-bridged biphenyls 

were synthesized from PtCl2(cod) 21 and 4,4"-bis(trimethylstannyl)biphenyl 22. Then, the 

reductive elimination between the biphenyl ligands afforded the CPPs. Each method was further 

developed by the three research groups and applied to the synthesis of a series of CPPs. Today, 

[n]CPPs (n = 5–16, 18) have been synthesized.25 Their properties have also been investigated 

exclusively.26,27 Some CPPs became commercially available.28 CPP synthesis has become a 

landmark in the synthesis of other ring-shaped aromatic compounds. 

 

 

Figure 3. Cycloparaphenylene. 

n–4

[n]cycloparaphenylene ([n]CPP, n = 5–16, 18)
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Scheme 3. Strategies for the synthesis of CPP. 

 

Synthesis of carbon nanorings 

 

   The synthetic strategies for [n]CPP can also be applied to the synthesis of several types of 

strained ring-shaped compounds. When substituted benzene rings (e.g., tetraphenylbenzene29), 

polycyclic aromatic hydrocarbons (e.g., naphthalene 30 , pyrene 31 , and chrysene 32 ), or 

heteroarenes (e.g., pyridine, 33  thiophene, 34  anthraquinone, 35  carbazole, 36  and perylene 

diimide37) are used in addition to benzene rings, CPP derivatives known as “carbon nanorings” 

are obtained. By using suitable synthetic methodologies developed for [n]CPPs by Jasti, Itami, 

and Yamago, diverse carbon nanorings have been synthesized (Figure 4).38 Some of the carbon 

nanorings have been classified as molecules with partial structures of armchair-type carbon 

nanotubes. The successful synthesis of various carbon nanorings demonstrates that the design 

and synthesis of numerous novel ring-shaped compounds are feasible. Moreover, the structural, 

photophysical, and electrochemical properties of these carbon nanorings have been intensely 

investigated. Several features and applications specific to each carbon nanoring have been 

reported. These researches pioneered a new field in the chemistry of π-conjugated compounds.  
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Figure 4. Representative carbon nanorings. 
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Working hypothesis: synthesis of a carbon nanobelt from carbon nanorings 

 

   By the generation of various types of carbon nanorings, clear definitions for “belt”-shaped 

aromatic hydrocarbons and “ring”-shaped aromatic hydrocarbons became required. In this thesis, 

they are defined as follows; upon cleavage of one carbon–carbon bond, ring-shaped aromatic 

hydrocarbons open to give a linear structure (Figure 5, left), while for belt-shaped aromatic 

hydrocarbons cleavage of at least two carbon–carbon bonds is necessary in order to open their 

cyclic structures (Figure 5, right). According to these definitions, CPPs and related carbon 

nanorings are classified into ring-shaped aromatic hydrocarbons, and cyclacenes, 

cyclophenacene, as well as Vögtle’s belt can be called belt-shaped aromatic hydrocarbons. 

 

 
Figure 5. The definition of ring-shaped aromatic hydrocarbons and belt-shaped aromatic 

hydrocarbons used in this study. 

 

   Belt-shaped aromatic hydrocarbons have not been synthesized yet, whereas structurally 

close compounds have been obtained after long synthetic efforts. To synthesize belt-shaped 

aromatic hydrocarbons, new synthetic routes should be developed. The author envisioned that 

belt-shaped aromatic hydrocarbons can be synthesized from carbon nanorings that are specially 

designed for this purpose. Since the synthesis of carbon nanorings has been fully established as 

mentioned above, specific carbon nanorings can be designed and synthesized as the potential 

precursors for belt-shaped aromatic hydrocarbons. The stepwise extension of the π-conjugated 

system on the carbon nanorings would lead a belt-shaped aromatic hydrocarbon. For example, 

in a carbon nanoring having arene rings such as pyrene, the arene rings may act as the “foothold” 

moiety, enabling the extension of π-conjugated system on the carbon nanoring (Scheme 5a). A 

carbon nanoring consisting solely of π-extended arene rings such as naphthalene rings is also a 

potential precursor for a belt-shaped aromatic hydrocarbon (Scheme 5b). The coupling of 

neighboring arene rings would form the desired belt-shaped aromatic hydrocarbon. These 

transformations would require a slight increase in strain energies because of the intrinsic strain 

!
!
!

Cleavage of one bond
to open the cyclic structure

Cleavage of two or more bonds
to open the cyclic structure

ring-shaped aromatic hydrocarbon belt-shaped aromatic hydrocarbon
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in the carbon nanorings. Considering the recent progress in π-extension reactions as well, these 

synthetic strategies are promising novel routes for belt-shaped aromatic hydrocarbons. In this 

study, the author named the target compound carbon nanobelt considering the nickname of CPP 

derivatives as carbon nanoring (Scheme 5).  

 

 

Scheme 5. Strategies for the synthesis of carbon nanobelt from carbon nanorings.  

pyrene-containing carbon nanoring

π-extension

(a) strategy 1: π-extension starting with "foothold" moieties

(b) strategy 2: π-extension by coupling of arene rings

functionalization,
coupling
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consisting solely of naphthalene rings

coupling coupling
"carbon nanobelt"

carbon nanorings belt-shaped aromatic hydrocarbon

functionalization,
coupling
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Overview of this thesis 
 

 

   In the PhD study, the author has focused on the synthesis of a carbon nanobelt using novel 

carbon nanorings. Based on the working hypothesis mentioned above, the carbon nanorings 

were designed and synthesized. The structural and electronic properties of the novel carbon 

nanorings, potential precursors for carbon nanobelts, were investigated to better understand their 

inherent characteristics. Finally, the transformation of the carbon nanorings to the carbon 

nanobelt was attempted.  

   Chapter 1 describes the first synthesis of a carbon nanoring bearing a “foothold” moiety for 

the construction of a belt structure (Figure 6). The author designed a pyrene-containing carbon 

nanoring, which can in principle be transformed to the carbon nanobelt by stepwise π-extension 

starting with the pyrene rings. By applying the methods developed for the synthesis of CPPs, 

cyclo[12]paraphenylene-[2]2,7-pyrenylene ([12,2]CPPyr) was synthesized. Moreover, the 

photophysical properties of [12,2]CPPyr were investigated to determine the characteristics of 

the carbon nanoring bearing two pyrene moieties. 

 

 
Figure 6. [12,2]CPPyr, a carbon nanobelt. 

 

   Chapter 2 describes the synthesis of another promising precursor for carbon nanobelt. 

[9]Cyclo-1,4-naphthylene ([9]CN), where nine naphthalene rings are connected together at their 

1- and 4-positions, has been successfully synthesized (Figure 7). [9]CN is the first carbon 

nanoring consisting solely of π-extended arene rings. A careful analysis revealed the unique 

properties of [9]CN generated by connecting nine naphthalene rings circularly.  

cyclo[12]paraphenylene-[2]2,7-pyrenylene
([12,2]CPPyr)

·  the first carbon nanoring having a "foothold" for stepwise π-extension
·  photophysical properties characteritic to pyrene-cotaining carbon nanoring
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Figure 7. [9]CN, a precursor of carbon nanobelt. 

 

   The establishment of synthetic route to [9]CN led to the synthesis of other ring sizes of 

[n]CN (n = 8, 10, 12, 16) as described in Chapter 3 (Figure 8). This work is a significant step 

towards the synthesis of the carbon nanobelt, in terms of creating different sizes of precursors. 

The structural and photophysical properties of these CNs were investigated to determine their 

size dependence. Furthermore, the theoretical studies on [n]CN (n = 6–16) were performed to 

obtain extensive information about CNs as potential precursors for carbon nanobelts. 

 

 
Figure 8. Structures of [8]-, [10]-, [12]-, and [16]CN. 

 

   In Chapter 4, the synthesis of carbon nanobelt was challenged by employing CNs as 

precursors (Figure 9). The sequential cyclodehydrogenation reaction is expected to transform 

CNs to carbon nanobelts straightforwardly. The reaction conditions were investigated, and 

products expected as nanorings with highly fused π-systems were produced. Based on obtained 

results, the perspective was described towards the first synthesis of carbon nanobelt.      

[9]cyclo-1,4-naphthylene
([9]CN)

·  the first carbon nanoring consisting solely of naphthalene rings
·  unique properties generated by connecting nine naphthalene rings circulaly

[8]CN

[12]CN

[16]CN

[10]CN

·  several sizes of precursors for carbon nanobelt
·  size-dependency on structural, photophysical, and electrochemical properties
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Figure 9. Cyclodehydrogenation of CNs towards carbon nanobelts. 
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CN
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Synthesis and Properties of 
Cycloparaphenylene-2,7-pyrenylene 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract: The synthesis of cyclo[12]paraphenylene[2]-2,7-pyrenylene ([12,2]CPPyr), a 

possible precursor for carbon nanobelt, is described. Through stepwise construction of a 

macrocycle using palladium- and nickel catalysts followed by aromatization of 

cyclohexane units, [12,2]CPPyr was synthesized in five steps from commercially 

available compounds. The UV-vis absorption and fluorescence spectra as well as 

TD-DFT calculations clarified the unique photophysical and electronic properties of 

[12,2]CPPyr.  
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1. Introduction 

 

   One possible route toward carbon nanobelt is stepwise construction of the π-extended 

structure on carbon nanorings. In so doing, a “foothold” moiety is demanded on the carbon 

nanorings, and we selected pyrene as a possible “foothold” moiety. Pyrene core is known to 

undergo various electrophilic aromatic substitution reactions at its 1-, 3-, 6-, and 8-positions.1 

Therefore, in a carbon nanoring consisting of pyrene rings and benzene rings, site-selective 

functionalization on pyrene rings is possible (Figure 1). Introduction of some functional groups 

to pyrene rings and following annulation with neighboring benzene rings can construct 

π-extended units on the carbon nanoring.2 It is expected that sequential π-extension starting 

with the “foothold” pyrene on the carbon nanoring would finally lead to the carbon nanobelt.  

 

  

Figure 1. Synthesis of carbon nanobelt from a pyrene-containing carbon nanoring. 

 

   As a pyrene-containing carbon nanoring, cycloparaphenylene-2,7-pyrenylene (CPPyr) was 

designed in this work (Figure 2).3 For the synthesis of CPPyr, our general and modular 

synthetic strategy using a benzene-convertible L-shaped cyclohexane unit can be applied.4 In 

our previous syntheses of CPP derivatives, coupling of the L-shaped units with 

1,4-diborylbenzene, 4,4’-diborylbiphenyl, 5  2,6-diborylnaphthalene, 6  and 

5,5’-dibromo-2,2’-bipyridyl 7  furnished macrocyclic intermediates for CPPs and their 

derivatives such as cycloparaphenylene-2,6-naphthylene (CPPN) and 

cycloparaphenylene-2,5-pyridylene (CPPy). CPPyr can be synthesized by a stepwise coupling 

of the L-shaped units and 2,7-diborylpyrene followed by aromatization of cyclohexane 

moieties. 
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Figure 2. Strategy for the synthesis of CPPyr. 

 

   In this chapter, the synthesis of cyclo[12]paraphenyrene[2]-2,7-pyrenylene ([12,2]CPPyr), 

which consists of twelve benzene rings and two pyrene rings, is described. The photophysical 

properties of [12,2]CPPyr are also discussed. 
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2. Results and discussion 

 

2-1. Synthesis of [12,2]CPPyr 

 

   The synthesis of a [12,2]CPPyr (5) is shown in Scheme 1. The L-shaped unit 1 and 

2,7-diborylpyrene 2 were prepared from commercially available reagents according to reported 

methods.8,9 The Suzuki–Miyaura cross-coupling of 2 with an excess amount of 1 produced a 

pyrene-containing U-shaped unit 3 in 69% yield. The homocoupling of 3 promoted by 

Ni(cod)2/2,2’-bipyridyl gave the corresponding box-shaped macrocycle 4 in 17% yield. In order 

to inhibit oligomerization of 3, the reaction was performed under quite dilute conditions (1 mM). 

Finally, 4 was subjected to aromatization with NaHSO4 in 1,2,4-trichlorobenzene at 150 °C and 

[12,2]CPPyr 5 was obtained in 18% yield as a pale yellow solid. The high-temperature reaction 

in 1,2,4-trichlorobenzene was needed to accomplish the aromatization step. [12,2]CPPyr 5 was 

soluble to chlorinated solvents such as dichloromethane and chloroform, whereas it had poor 

solubility in other solvents such as ethyl acetate, methanol, and hexane. In the 1H NMR 

spectrum of 5, two singlet signals that would be expected for a 2,7-disubstituted pyrene were 

observed: δ = 8.06 and 8.37 ppm in CDCl3. A broadened singlet signal belonging on the 

paraphenylene moieties was observed in similar chemical shift (7.68 ppm) to that of [16]CPP 

(7.69 ppm).5a 
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Scheme 1. Synthesis of [12,2]CPPyr 5. 
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2-2. Strain energy of [12,2]CPPyr 

 

   To estimate the strain energy of [12,2]CPPyr 5, the DFT calculation was performed at 

B3LYP/6-31G(d) level (Figure 3). By the hypothetical homodesmotic reactions, where 

[12]terphenyl and [2]2,7-diphenylpyrene are produced from [12,2]CPPyr and [14]binaphthyl, 

the strain energy strain energy of 5 was estimated (Scheme 2).10 The values for heat of 

formation (ΔH) were applied to the reaction formula to obtain the strain energy. It was found 

that the strain energy of 5 (37.9 kcal·mol–1) is close to that of [16]CPP, which is the same ring 

size as 5.  

 

 

Figure 3. Optimized structure of [12,2]CPPyr 5 (optimized at the B3LYP/6-31G(d) level). 

 

 

Scheme 2. Homodesmotic reactions for estimating the strain energies (ΔH) of 5. 
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2-3 Photophysical properties of [12,2]CPPyr 

 

   The UV-vis absorption and fluorescence of a [12,2]CPPyr 5 were investigated to elucidate 

the effect of pyrene on electronic properties of [12,2]CPPyr structure. Spectra of 5 taken as a 

dichloromethane solution are shown in Figure 4. Absorption peaks were observed at 328 nm 

and 343 nm with a shoulder on the long-wavelength side. The most intense absorption 

maximum (λabs) was observed at 343 nm and the molecular absorption coefficient (ε) was 6.1 × 

105 cm–1M–1. Similar to [12]–[18]CPPs, 5 showed intense blue photoluminescence. 11 ,12 

Emission maxima (λem) was observed at 430 nm under excitation at 343 nm. Excimer emission 

was not observed even at the concentration of 10–3 M. The absolute fluorescence quantum yield 

(ΦF) of 5 determined by a calibrated integrating sphere system was 0.21±0.03. This value is 

lower than those of CPPs ([9]–[16]CPP, ΦF = 0.73–0.90).12 On the other hand, the fluorescence 

life time of 5 was long (τs = 25.6 ns) in comparison with those of CPPs ([9]CPP and [12]CPP, τs 

= 10.6, 2.2 ns, respectively). Taking the long fluorescence lifetime of pyrenes 13  into 

consideration, inserted pyrenes would contribute to the long fluorescence life time of 5. The 

radiative and nonradiative decay rate constants (kr = 8.4 × 106 s–1, knr = 3.1 × 107 s–1) were 

determined from the observed quantum yield and fluorescence lifetime as well as the following 

equations: ΦF = kr × τs and kr + knr = τs
–1. The kr values are one- or two orders of magnitude 

lower than those of CPPs (kr = 6.9 × 107 s–1 and kr = 4.0 × 108 s–1 for [9]CPP and [12]CPP, 

respectively), whereas the knr values are comparable to each other (~107 s–1). The spectra of 

pyrene and [16]CPP are also shown in Figure 4. The UV-vis spectrum of 5 seems to be a 

combination of two independent spectra of pyrene and [16]CPP. The fluorescence spectrum of 5 

is red-shifted from those of pyrene and [16]CPP. 

 



 26 

 
Figure 4. (a) UV-vis absorption (solid lines) and fluorescence spectra (broken lines) of 

dichloromethane solution of 5 (blue line), chloroform solution of [16]CPP (red line) and 

chloroform solution of pyrene (orange line). (b) Fluorescence of 5. 

 

   To understand the electronic nature of a [12,2]CPPyr 5, TD-DFT (time-dependent density 

functional theory) study was performed at the B3LYP/6-31G(d) level. Shown in Figure 5 are 

the energy diagrams and pictorial representations of six frontier molecular orbitals (MOs) of 5. 

The orbitals of HOMO–1 and HOMO–2 as well as those of LUMO+1 and LUMO+2 are 

degenerate. In comparison with [16]CPP, the shapes and energy levels of HOMO and LUMO of 

5 are very similar to those of [16]CPP: –5.32 eV (HOMO), –1.61 eV (LUMO). However, 

HOMO–1, HOMO–2, LUMO+1 and LUMO+2 of 5 are localized on two pyrene moieties. 

Additionally, the shapes of these MOs of 5 are consistent with the HOMO and LUMO of 

pyrene and 2,7-diphenylpyrene.14 The fact that frontier MOs of pyrene still remain even in 5 is 

the main reason why the shape of absorption spectrum of 5 shows additivity in the spectra of 

pyrene and [16]CPP. In contrast, frontier MOs of pyrene are no longer HOMO and LUMO of 5 

so that the emission wavelength are mostly dependent on the cyclic paraphenylene substructure. 
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Figure 5. Frontier MOs of [12,2]CPPyr (5) calculated at the B3LYP/6-31G(d) level. 
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3. Conclusion 

 

   In this chapter, the synthesis of [12,2]CPPyr (5), a potential precursor for carbon nanobelt, is 

described. paradium-catalyzed and nickel-mediated stepwise coupling reactions of 

cyclohexane-based L-shaped unit with 2,7-diborylpyrene and following acid-mediated 

aromatization successfully afforded 5. A [12,2]CPPyr 5 has higher molecular absorption 

coefficient, lower fluorescence quantum yield, and longer fluorescence lifetime (τs = 25.6 ns) 

than those of CPPs. The fact that the absorption of 5 shows a simple combination of those of 

CPP and pyrene reflects the poor conjugation of paraphenylene and 2,7-pyrenylene.  

   Aimed at obtaining a carbon nanoring having more pyrene rings than 5, the synthesis of 

cyclo[12]paraphenylene-[4]2,7-pyrenylene ([12,4]CPPyr, 6) was also attempted as shown in 

Scheme 3. Although the mass peak of 6 was detected from the final product, the isolation of 6 

was unsuccessful due probably to poor solubility derived from its large size. The size of 6 is in 

accordance with that of [20]CPP, which has not been synthesized yet.  

 

 
Scheme 3. Attempt for the synthesis of [12,4]CPPyr 6. 
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   Toward the synthesis of carbon nanobelt, this study should go the next step of aromatic 

electrophilic substitution of pyrene rings. Here, the problem is poor solubility of 5 owing to its 

large size. As well as the investigation of the reaction conditions for functionalization of 5, the 

synthesis of small sizes of CPPyr, i.e. soluble CPPyr, is also worth tackling in future.   
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4. Experimental section 

 

4-1. General 

Unless otherwise noted, all materials including dry solvents (dimethylsulfoxide (DMSO)) 

were obtained from commercial suppliers and used without further purification. 

Tetrahydrofuran (THF) and m-xylene were purified by passing through a solvent purification 

system (Glass Contour). All reactions were performed using standard vacuum-line and Schlenk 

techniques. Work-up and purification procedures were carried out with reagent-grade solvents 

under air. cis-1,4-Bis(4-bromophenyl)-1,4-bis(methoxymethoxy)cyclohexane (1) and 2,7- 

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (2) were synthesized according to 

reported procedures. 

   Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 

F254 precoated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 

nm). Flash column chromatography was performed with E. Merck silica gel 60 (230–400 mesh). 

Preparative recycling gel permeation chromatography (GPC) was performed with JAI LC-9204 

instrument equipped with JAIGEL-2H/JAIGEL-2H columns using chloroform as an eluent. 

High-resolution mass spectra (HRMS) were obtained from a JEOL JMS700 (fast atom 

bombardment mass spectrometry, FAB-MS) or Bruker Daltonics Ultraflex III TOF/TOF 

(MALDI TOF-MS) with 9-nitroanthracene as matrix. Melting points were measured on a 

MPA100 Optimelt automated melting point system. Nuclear magnetic resonance (NMR) 

spectra were recorded on JEOL JNM-ECA-600 (1H 600 MHz, 13C 150 MHz) spectrometer. 

Chemical shifts for 1H NMR are expressed in parts per million (ppm) relative to CHCl3 (δ 7.26 

ppm) or CHDCl2 (δ 5.32 ppm). Chemical shifts for 13C NMR are expressed in ppm relative to 

CDCl3 (δ 77.0 ppm) or CD2Cl2 (δ 53.8 ppm). Data are reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, m = multiplet, br = broad signal), coupling constant (Hz), 

and integration. 

   UV/Vis absorption spectrum of 5 was recorded on a Shimadzu UV-3510 spectrometer with 

a resolution of 0.5 nm. Emission spectrum of 5 was measured with an F-4500 Hitachi 

spectrometer with a resolution of 0.4 nm upon excitation at 343 nm. Dilute solution in degassed 

spectral grade chloroform in a 1 cm square quartz cell was used for measurements. Absolute 

fluorescence quantum yield was determined with a Hamamatsu C9920-02 calibrated integrating 

sphere system upon excitation at 343 nm. Fluorescence lifetimes were measured with a 
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Hamamatsu Picosecond Fluorescence Measurement System C4780 equipped with a USHO 

pulsed nitrogen laser (excitation wavelength 337 nm with a repetition rate of 10 Hz). 

 

Synthesis of 3 

 
To a 100-mL round-bottom glass flask containing a magnetic stirring bar were added 1 (11.4 

g, 22.2 mmol), 2 (1.99 g, 4.39 mmol), Pd(PPh3)4 (508 mg, 439 µmol), Ag2O (3.61 g, 15.8 

mmol), and dry THF (44 mL). The resultant mixture was heated to reflux for 15 h. After the 

reaction mixture was cooled down to room temperature, the mixture was passed through short 

silica gel column chromatography (CHCl3). The crude product was purified by the silica gel 

column chromatography (hexane/EtOAc = 6:1 to CHCl3/EtOAc = 1:1) to afford 3 (3.23 g, 69%) 

as a colorless solid. Unreacted 1 (7.07 g) was also recovered by the silica gel column 

chromatography. 
1H NMR (600 MHz, CDCl3) δ 2.15 (brs, 8H), 2.33–2.47 (m, 8H), 3.43 (s, 6H), 3.46 (s, 

6H), 4.46 (s, 4H), 4.53 (s, 4H), 7.35 (d, J = 8.2 Hz, 4H), 7.47 (d, J = 8.2 Hz, 4H), 7.62 (d, J = 

8.2 Hz, 4H), 7.86 (d, J = 8.2 Hz, 4H), 8.13 (s, 4H), 8.38 (s, 4H); 13C NMR (150 MHz, CDCl3) δ 

33.2 (CH2), 56.2 (CH3), 78.1 (4º), 78.3 (4º), 92.3 (CH2), 92.5 (CH2), 121.8 (4º), 123.9 (CH), 

124.0 (4º), 127.7 (4º), 128.1 (CH), 128.8 (4º), 131.7 (CH), 131.7 (4º), 138.4 (4º), 140.8 (4º); 

HRMS (FAB) m/z calcd for C60H60Br2NaO12 [M·Na]+: 1089.2553, found: 1089.2582; mp: 

121.4–123.3 ºC. 

Synthesis of 4 

To a 20-mL Schlenk tube containing a magnetic stirring bar were added 3 (336 mg, 315 

µmol), nickelbis(1,5-cyclooctadiene) (Ni(cod)2, 176 mg, 692 µmol), 2,2’-bipyridyl (104 mg, 

692 µmol), and dry 1,4-dioxane (160 mL). The reaction mixture was stirred at 90 ºC for 24 h. 

After cooled down to room temperature, the mixture was concentrated under reduced pressure. 

The mixture was extracted with CHCl3. The combined organic phase was dried over Na2SO4 

and concentrated under reduced pressure. The crude product was purified by GPC and washed 

with EtOAc to afford 4 (48.3 mg, 17%) as a white solid.  
1H NMR (600 MHz, CDCl3) δ 2.21 (brs, 16H), 2.43 (brs, 16H), 3.45 (s, 12H), 3.47 (s, 12H), 

4.49 (s, 8H), 4.54 (s, 8H), 7.47–7.60 (m, 16H), 7.60–7.72 (m, 8H), 7.83 (d, J = 7.8 Hz, 8H), 

8.08 (s, 8H), 8.34 (s, 8H); 13C NMR (150 MHz, CDCl3) δ 33.6 (CH2), 56.6 (CH3), 78.7 (4º), 

78.8 (4º), 92.8 (CH2), 92.9 (CH2), 124.3 (CH), 124.4 (4°), 127.4 (CH), 128.0 (CH), 128.5 (CH), 
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132.1 (4°), 138.9 (4º), 140.1 (4º), 141.2 (4º); HRMS (FAB) m/z calcd for C120H120NaO16 

[M·Na]+: 1839.8474, found 1839.8465; mp: 265–300 ºC (dec.).  

Synthesis of [12,2]CPPyr 5 

To a screw-top test tube containing a magnetic stirring bar were added 4 (10.0 mg, 5.4 

µmol), NaHSO4·H2O (15 mg, 108 µmol), and dry 1,2,4-trichlorobenzene (6 mL). The flask was 

stirred at 150 °C for 40 h. After the reaction mixture was cooled down to room temperature, the 

mixture was diluted with hexane and passed through a short silica gel column chromatography 

(hexane to CH2Cl2) to remove 1,2,4-trichlorobenzene as the first fraction. The crude product 

was washed with EtOAc to afford [12,2]CPPyr 5 (1.3 mg, 18%) as a pale yellow solid. 
1H NMR (600 MHz, CD2Cl2) δ 7.68 (d, J = 8.4 Hz, 8H), 7.71 (d, J = 8.4 Hz, 8H), 7.72 (s, 

16H) 7.76 (d, J = 8.4 Hz, 8H), 7.93 (d, J = 8.4 Hz, 8H), 8.09 (s, 8H), 8.42 (s, 8H); 1H NMR 

(600 MHz, CDCl3) δ 7.65 (d, J = 8.8 Hz, 8H), 7.68 (d, J = 8.8 Hz, 8H), 7.68 (s, 16H) 7.72 (d, J 

= 8.8 Hz, 8H), 7.88 (d, J = 8.8 Hz, 8H), 8.06 (s, 8H), 8.36 (s, 8H); 13C NMR (150 MHz, 

CD2Cl2) δ 124.1 (CH), 124.3 (CH), 127.6 (CH), 127.7 (CH), 127.8 (CH), 128.0 (CH), 128.3 

(CH), 128.5 (CH), 132.1 (4º), 133.0 (4º), 139.1 (4º), 139.2 (4º), 139.3 (4º), 139.4 (4º), 139.9 

(4º),; HRMS (MALDI) m/z calcd for C104H64 [M]+: 1312.5008, found 1312.5013; mp: >300 ºC. 

 

4-2. Computational Study 

 

   The Gaussian 09 program running on a SGI Altix4700 system was used for optimization 

(B3LYP/6-31G(d)). All structures were optimized without any symmetry assumptions. 

Zero-point energy, enthalpy, and Gibbs free energy at 298.15 K and 1 atm were estimated from 

the gas-phase studies. Harmonic vibration frequency calculation at the same level was 

performed to verify all stationary points as local minima (with no imaginary frequency). 

Reported energy values were used for biphenyl and p-terphenyl. Visualization of the results was 

performed by use of GaussView 5.0.9 software. 

 

Table 1. Uncorrected and thermal-corrected energies of stationary points (Hartree).a 

compound E E + ZPE H G 

2,7-diphenylpyrene -1077.887431 -1077.517874 -1077.497326 -1077.566676 
5 -4000.792025 -4000.445868 -4000.369650 -4000.561771 

a) E: electronic energy; ZPE: zero-point energy; H (= E + ZPE + Evib + Erot + Etrans + RT): sum of 
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electronic and thermal enthalpies; G (= H – TS): sum of electronic and thermal free energies . 

 

Table 2. TD-DFT vertical one-electron excitations (7 states) calculated for the optimized 

structure of 5. 

 energy wavelength Oscillator strength (f) Description 

S3 3.2678 eV 379.41 nm 0.0000 HOMO -> LUMO (0.58653) 

S4 3.4653 eV 357.79 nm 2.9151 

 
HOMO–3 -> LUMO (0.48440) 
HOMO–1 -> LUMO (0.15985) 
HOMO -> LUMO+1 (-0.12190) 
HOMO -> LUMO+3 (0.44413) 

 

S5 3.5046 eV 353.78 nm 1.3101 

 
HOMO–6 -> LUMO+4 (0.11762) 

HOMO–4 -> LUMO (0.44700) 
HOMO–4 -> LUMO+6 (0.10508) 
HOMO–2 -> LUMO+1 (0.19412) 
HOMO–1 -> LUMO+2 (0.19141) 

HOMO -> LUMO+4 (0.43164) 
 

S9 3.6207 eV 342.43 nm 0.9859 

 
HOMO–5 -> LUMO+1 (0.16553) 
HOMO–4 -> LUMO (-0.11518) 

HOMO–3 -> LUMO+2 (0.43718) 
HOMO–2 -> LUMO+1 (0.22463) 
HOMO–2 -> LUMO+3 (-0.13415) 
HOMO–1 -> LUMO+2 (0.39914) 
HOMO -> LUMO+4 (-0.13483) 

 

S11 3.6737 eV 337.49 nm 1.1748 

 
HOMO–4 -> LUMO (-0.19802) 

 HOMO–3 -> LUMO+2 (-0.40639) 
HOMO–2 -> LUMO+1 (0.45766) 

 HOMO–2 -> LUMO+3 (-0.20797) 
 

S17 3.7076 eV 334.41 nm 0.5471 

 
HOMO–4 -> LUMO+4 (0.13072) 

 HOMO–3 -> LUMO+2 (-0.27933) 
HOMO–2 -> LUMO+1 (-0.22407) 
HOMO–2 -> LUMO+3 (0.31036) 
HOMO–1 -> LUMO+2 (0.47883) 

 

S19 3.7310 eV 332.31 nm 0.1631 

 
HOMO–3 -> LUMO+2 (0.14207) 

 HOMO–2 -> LUMO+1 (0.33130) 
HOMO–2 -> LUMO+3 (0.55534) 
HOMO–1 -> LUMO+2 (-0.18683) 
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Chapter 2 
 

 

 

 

 

 

 

 

 

Synthesis and Properties of [9]Cyclo-1,4-naphthylene 
 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract: The first synthesis of [9]cyclo-1,4-naphthylene ([9]CN), which is a carbon 

nanoring consisting solely of naphthalene, has been achieved as a part of synthesizing 

potential precursors for carbon nanobelt. The L-shaped unit, which has a 

dihydronaphthalene ring as a core part, was prepared to construct a macrocyclic 

structure of CN. A nickel-mediated coupling of the L-shaped unit produced a 

less-strained cyclic trimer. Finally, the aromatization of the cyclic trimer afforded 

[9]CN. Careful structure–property analyses uncovered a number of unique features of 

[9]CN that are quite different from those of [9]CPP.  



 38 

1. Introduction 

 

   In our campaign to synthesize carbon nanobelts, several carbon nanorings are designed as 

potential precursors. Chapter 1 described the synthesis of a pyrene-containing carbon nanoring. 

For the synthesis of highly strained carbon nanobelt, a stepwise construction of belt-like 

structure on the pyrene-containing carbon nanoring will be promising. On the other hand, a 

carbon nanoring possessing all carbon components of the carbon nanobelt would become an 

ideal precursor because it can be straightforwardly transformed to desired carbon nanobelt. 

Cyclo-1,4-naphthylene (CN) is a carbon nanoring consisting solely of naphthalene rings and 

one of such ideal precursors for the carbon nanobelt (Figure 1). Cyclodehydrogenation reaction 

between the peri positions of neighboring naphthalene rings constructs a perylene unit in CNs. 

Therefore, it is expected that the sequential cyclodehydrogenation reactions of CNs finally gives 

corresponding carbon nanobelts. In this work, CN was selected as a next target of a potential 

precursor for carbon nanobelt. 

 

 
Figure 1. Cyclo-1,4-naphthylenes (CNs) as possible precursors of carbon nanobelts. 

  

   The strategy for the synthesis of CN is shown in Figure 2. Encouraged by the synthesis of 

CPP, 1  a cis-1,4-dinaphthyl-1,4-dihydronaphthalene derivative was designed as a 

ternaphthylene-convertible L-shaped unit in the synthesis of CN. In order to obtain CN in short 

steps, our “shotgun” synthesis of [9]CPP and [12]CPP was imitated. 2  A nickel 

complex-mediated homocoupling reaction of the L-shaped units was expected to afford 

less-strained macrocycles in short steps. Following aromatization reaction of the 

dihydronaphthalene moieties in the macrocycles would lead to CN. This strategy actually 

provided only [9]CN, not [12]CN. In this chapter, details for the synthesis of [9]CN are 

described.3 In addition, the structural and photophysical properties of [9]CN are also discussed.  

cyclo-
dehydrogenation

cyclo-1,4-naphthylene
(CN)

cyclo-
dehydrogenation

carbon nanobelt
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Figure 2. Strategy for the synthesis of [9]CN. 
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2. Results and discussion 

 

2-1. Synthesis of [9]cyclo-1,4-naphthylenes 

 

2-1-1. Synthesis of L-shaped unit 2 

 

   The synthesis of [9]CN began with the preparation of L-shaped unit 2, which is a 

ternaphthylene-convertible molecule (Scheme 1). First, 1,4-dibromonaphthalene was treated 

with n-butyllithium to produce 1-bromo-4-lithionaphthalene, which was then reacted with 

1,4-naphthoquinone. This double nucleophilic addition yielded the desired cis-configurated diol 

(cis-1) in 36% yield, along with undesired trans-1 (13%). The stereoselectivity of 

double-addition was determined to be 3:1 (cis/trans) by 1H NMR spectroscopy. It was reported 

that cis-addition was favored on the addition of two 1-iodo-4-lithiobenzenes to benzoquinone.4 

In these previous works, it was proposed that syn-stereochemistry was due to electrostatic 

interactions of 1-iodo-4-lithiobenzene and lithium alkoxide of mono-adduct in the transition 

state in the second carbonyl addition. Next, cis-1 was treated with MeI and NaH to give 

L-shaped unit 2 to facilitate further synthetic operations. The configurations of these molecules 

were confirmed by X-ray crystallography. A suitable single crystal was obtained by slow vapor 

diffusion of n-pentane into a THF solution of 2 at room temperature. In the solid state, the 

included angle between the two 1-(4-bromo)naphthyl groups of 2 is ca. 71° (Figure 3). This 

value is somewhat smaller than that of the cyclohexane-based L-shaped unit used in the 

synthesis of CPPs by our group (ca. 80°).2a 

 

 
Scheme 1. Synthesis of L-shaped unit 2. 
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Figure 3. ORTEP drawing of 2 with 50% thermal ellipsoid. All hydrogen atoms are omitted for 

clarity.  

 

2-1-2. Synthesis of macrocycle 3 

 

   With L-shaped unit 2 in hand, the nickel-mediated macrocyclization of 2 was investigated to 

produce the macrocycle in a single operation (Scheme 2).5,6 The treatment of 2 (1.0 equiv, 8.3 

mM) with Ni(cod)2 (2.2 equiv) and 2,2'-bipyridyl (2.2 equiv) in DMF at 85 °C furnished the 

cyclic trimer 3 in 2% isolated yield after extensive purification using preparative recycling gel 

permeation chromatography and preparative thin-layer silica-gel chromatography. It should be 

noted that no other macrocyclic compound such as cyclic tetramer was identified, although 

many linear oligomers were generated. The coupling of 2 might prefer forming cyclic trimer to 

cyclic tetramer due to its included angle. No reaction occurred under more diluted conditions 

(1.0 mM of 2), and the polymerization became predominant at higher concentrations (64 mM of 

2).  In the similar synthesis of CPP analogues, the nickel-mediated macrocyclization furnished 

two macrocycles of different ring size (the precursors for [9]CPP and [12]CPP) in 23% and 

32% yield, respectively.2b The yield of 3 is quite low compared to that of the macrocyclic 

precursor for [9]CPP. The homocoupling reaction on 1-positions of naphthalene rings might not 

proceed well due to the steric repulsion of hydrogen atoms on the peri-position (5- and 8- 

position). 
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Scheme 2. Cyclotrimerization of 2 by a homocoupling reaction. 

 

2-1-3. Synthesis of [9]cyclo-1,4-naphthylene ([9]CN) 

 

   The reductive aromatization of macrocycle 3 was investigated to obtain 

[9]cyclo-1,4-naphthylene ([9]CN) (Scheme 3). In CPP synthesis by Bertozzi and Jasti, lithium 

naphthalenide was employed as reductant at low temperature (–78 °C).4 They also proposed a 

plausible mechanism for the reductive aromatization of dimethoxycyclohexadiene moieties as 

shown in Scheme 4. The reductive aromatization of the dihydronaphthalene moieties in 3 

should proceed as well. Although a number of reductive conditions such as the use of SnCl2, 

lithium naphthalenide, or a lithium dispersion were applied to 3, simple treatment with granular 

lithium in THF at room temperature afforded [9]CN in the highest yield of 59%. The color of 

reaction mixture was dark purple probably derived from generated radical anion species. [9]CN 

shows bright yellow color in the solid state and greenish yellow color in chloroform solution.  

 

 

Scheme 3. Reductive aromatization of 3. 
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Scheme 4. Plausible mechanism for reductive aromatization of dimethoxycyclohexadiene 

moiety. 
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2-2. Structural features of [9]cyclo-1,4-naphthylene 

 

   The 1H NMR spectrum of [9]CN in THF-d8 is shown in Figure 4b. Contrary to simple 1H 

NMR spectra of CPPs, many signals appeared in aromatic region with one characteristic singlet 

in a high magnetic field (δ = 6.28 ppm). These signals coalesced to three broadened signals (δ = 

7.03, 7.66, 8.47 ppm) when a DMSO-d6 solution of [9]CN was heated to 150 °C (Figure 5). 

When the heated sample was cooled back to room temperature, a spectrum identical to that 

acquired before heating was observed. These measurements indicated that the ground-state 

structure of [9]CN has low symmetry and the dynamic conformational change (arene rotation) 

of [9]CN is sufficiently slow with respect to the NMR timescale at room temperature. 

Furthermore, the assignment of these groups of signals to the 2,3- (red), 5,8- (green), and 

6,7-positions (blue) of naphthalene units (Figure 4a) was enabled by using HH COSY, NOESY, 

and HMQC methods.  

   To gain insight into the structural properties of [9]CN, the structure optimization as well as 

GIAO calculations of [9]CN were performed. The most stable conformation of [9]CN (A) is 

shown in Figure 4a. Since A has C2 symmetry, 27 hydrogen atoms of [9]CN are magnetically 

non-equivalent. The result of the GIAO calculation of A by 

B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) in THF with SiMe4 (δ = 0.0 ppm) as a reference is 

shown in Figure 4c, where hydrogen atoms on 2,3-positions, 5,8-positions, and 6,7-positions on 

naphthalene units are colored in red, green, and blue, respectively. Although all the calculated 

chemical shifts were higher than those observed, the three sets of signals corresponding to these 

positions (8:18:1) were reproduced quite accurately. The characteristic high-field-shifted singlet 

signal is assigned to the hydrogens at 2- and 3-positions indicated by red diamonds in Figure 4a. 

The upfield shift of these inner hydrogen atoms should be ascribed to the ring current of the 

neighboring naphthalene rings. 
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Figure 4. (a) Optimized structure of [9]CN. (b) 1H NMR spectrum of [9]CN in THF-d8. (c) 

Calculated 1H NMR chemical shifts of [9]CN at B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) 

level in THF with SiMe4 (δ = 0.0 ppm) as a reference.  

 
Figure 5. VT NMR of [9]CN in DMSO-d6. 

 

   Optimized structure of [9]CN also revealed the striking structural difference between [9]CN 

and [9]CPP (Figure 6). Due to the sterically demanding naphthyl groups, the average dihedral 

angle between neighboring naphthalene rings in [9]CN is considerably larger (ca. 60°) than that 

of [9]CPP (ca. 30°).2b Moreover, because these nanorings are both odd-numbered cycloarylenes, 

it is not possible for all arene rings to be alternately twisted; one helical moiety has to be 

generated in the structure. As a result, one benzene ring in [9]CPP aligns perpendicular to the 
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plane of nanoring. In contrast, one naphthalene ring in [9]CN is parallel to the nanoring plane 

due to the larger dihedral angles.  

 

 

Figure 6. Comparison of optimized structures of [9]CN and [9]CPP. 

 

   It was also revealed that [9]CN is inherently a unique chiral molecule according these 

structural features. Investigation of the racemization pathway and the activation energy for 

racemization was conducted by the DFT calculations (B3LYP/6-31G(d)) to uncover the 

dynamic behavior of [9]CN (Figure 7). For comparison, the racemization process of 

1,1'-binaphthyl was also calculated at the same level of calculation.7 As shown in Figure 7, 

there are two twisting modes of racemization for 1,1'-binaphthyl between the ground state C 

and its enantiomer C*: the higher transition state (TS1) where 4- and 4'-hydrogens come close 

and the lower transition state (TS2) where 2- and 4'-hydrogens come close. In the case of [9]CN, 

the transition states with similar rotation modes were also identified. One is the transition state 

for the racemization of [9]CN between the most stable conformation A and its enantiomer A* 

(TSrac) and the other is that for the isomerization of A to the conformation B (TSAB). 

Counterintuitively, it was found that these barriers to interconversion are lower for [9]CN 

(19.9/21.4 kcal·mol–1) than for 1,1'-binaphthyl (34.3/25.4 kcal·mol–1). These relatively lower 

barriers to arene rotation most likely stem from the ring strain of [9]CN. Due to the ring strain, 

the ground state energy of [9]CN becomes relatively higher in energy, thereby getting closer to 

the transition-state structure. Although the experimental determination of racemization barrier 

by using chiral HPLC or NMR spectroscopy was unsuccessful, a unique effect of ring strain to 

the rotation mode of 1,1'-binaphthyl moiety was uncovered from these studies. 
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Figure 7. Rotation pathways of [9]CN and 1,1'-binaphthyl. Values are relative Gibbs free 

energies (ΔG) calculated at B3LYP/6-31G(d) level of theory. The symbol * represents the 

enantiomer of corresponding structure. 
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2-3. Photophisical properties of [9]cyclo-1,4-naphthylene 

 

   The photophysical properties (UV-vis absorption and fluorescence) of [9]CN in chloroform 

were measured (Figure 8, green lines). For comparison, the spectra of [9]CPP (gray lines) are 

also depicted in Figure 8.2b In the UV–vis spectrum of [9]CN, the absorption maximum (λabs) 

was observed at 378 nm with the molecular absorption coefficient (ε) of 6.8 × 104 M–1 cm–1. 

The shape of the spectrum implies that several distinct electronic transitions overlap in the 

higher wavelength region above 378 nm. In order to determine the nature of excitation of [9]CN, 

a TD-DFT study was performed at the B3LYP/6-31G(d) level. The molecular structure, the 

spatial distribution, and the energy of representative frontier molecular orbitals of [9]CN are 

shown in Figure 9. It was found that λabs corresponds to the HOMO-1→LUMO and 

HOMO→LUMO+1 π-π* transitions (431 nm, fcalc = 0.823), whereas the HOMO→LUMO 

transition occurs at a longer wavelength (472 nm) with weak oscillator strength (fcalc = 0.165). 

There is a clear red-shift in the absorption of [9]CN in comparison with that of [9]CPP, which 

should be ascribed to the π-extension of arene units. Nevertheless, the fluorescence maxima 

(λem) of [9]CN (491 nm) and [9]CPP (494 nm) were found to be quite similar. The absolute 

fluorescence quantum yield (ΦF) of [9]CN was determined to be 0.35 using a calibrated 

integrating sphere (average of 7 measurements). 

 

 

Figure 8. (a) UV-vis absorption (solid lines) and fluorescence spectra (broken lines) of [9]CN 

(green lines) and [9]CPP (gray lines). (b) Green fluorescence emission of [9]CN (1.12 × 10–6 M 

in chloroform solution). 
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Figure 9. The molecular structure, the spatial distribution, and the energy of representative 

frontier molecular orbitals of [9]CN. 
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3. Conclusion 

 

   In conclusion, the synthesis of all-naphthalene carbon nanoring [9]CN has been achieved. A 

nickel-mediated cyclotrimerization of L-shaped unit successfully provided the macrocycle, 

which was transformed to [9]CN by reductive aromatization. Careful structure analysis 

uncovered a number of unique structural features of [9]CN, such as large dihedral angles, slow 

arene rotation, chirality, and a racemization process, that are quite different from those of 

[9]CPP. Due in part to the π-extension of arene unit, [9]CN has an absorption maximum at a 

longer wavelength, and luminesces with smaller Stokes shift in comparison with [9]CPP.  

   [9]CN is the first carbon nanoring consisting solely of fused arene rings. Uncovered unique 

features of [9]CN certainly triggered the following synthesis of other carbon nanorings.8 Most 

importantly, the synthesis of a precursor that has a potential to be straightforwardly transformed 

to carbon nanobelt should become a significant progress in the history of synthetic studies of 

belt-shaped aromatic hydrocarbons. Since the sequential cyclodehydrogenation reaction in 

[9]CN can lead to the carbon nanobelt, it can be said that our synthetic campaign will reach its 

goal within several steps. The synthesis of [9]CN also showed the possibility for synthesis of 

other sizes of CNs (Chapter 3). 
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4. Experimental section 

 

4-1. General 

   Unless otherwise noted, all materials including dry solvents (dimethylformamide (DMF)) 

were obtained from commercial suppliers and used without further purification. 

Tetrahydrofuran (THF) and diethyl ether were purified by passing through a solvent purification 

system (Glass Contour). All reactions were performed using standard vacuum-line and Schlenk 

techniques. Work-up and purification procedures were carried out with reagent-grade solvents 

under air. 1,4-Dibromonaphthalene9 and Ni(cod)2
10 were prepared according to procedures 

reported in the literatures. 

   Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 

F254 precoated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 

nm and 365 nm). Flash column chromatography was performed with E. Merck silica gel 60 

(230–400 mesh). Preparative thin-layer chromatography (PTLC) was performed using 

Wako-gel® B5-F silica coated plates (0.75 mm) prepared in our laboratory. Preparative gel 

permeation chromatography (GPC) was performed with a JAI LC-9204 instrument equipped 

with JAIGEL-1H/JAIGEL-2H columns using chloroform as an eluent. High-resolution mass 

spectra (HRMS) were obtained from a JEOL JMS700 (fast atom bombardment mass 

spectrometry, FAB MS) or a Bruker Daltonics Ultraflex III TOF/TOF (MALDI-TOF MS) with 

9-nitroanthracene as matrix. Melting points were measured on a MPA100 Optimelt automated 

melting point system. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL 

JNM-ECA-600 (1H 600 MHz, 13C 150 MHz) spectrometer. Chemical shifts for 1H NMR are 

expressed in parts per million (ppm) relative to CHCl3 (δ 7.26 ppm), CHDCl2 (δ 5.32 ppm), 

DMSO-d5 (δ 2.50 ppm) and THF-d7 (δ 1.72 ppm). Chemical shifts for 13C NMR are expressed 

in ppm relative to CDCl3 (δ 77.0 ppm), CD2Cl2 (δ 53.8 ppm), DMSO-d6 (δ 39.5 ppm) and 

THF-d8 (δ 67.2 ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = 

doublet, dd = doublet of doublets, ddd = doublet of doublets of doublets, t = triplet, m = 

multiplet), coupling constant (Hz), and integration. 

   UV/Vis absorption spectrum of [9]CN was recorded on a Shimadzu UV-3510 spectrometer 

with a resolution of 0.5 nm. Emission spectrum of [9]CN was measured with an F-4500 Hitachi 

spectrometer with a resolution of 0.4 nm upon excitation at 390 nm. Dilute solution in degassed 

spectral grade chloroform in a 1 cm square quartz cell was used for measurements. Absolute 
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fluorescence quantum yield was determined with a Hamamatsu C9920-02 calibrated integrating 

sphere system upon excitation at 390 nm.  

 

Synthesis of cis-1 and trans-1 

 

   A three-necked 1-L glass round bottom flask containing a magnetic stirring bar was dried 

under vacuum and filled with argon after cooling to room temperature. A hexane solution 

n-butyllithium (1.6 M, 18.0 mL, 28.9 mmol) was added slowly to a solution of 

1,4-dibromonaphthalene (7.50 g, 26.3 mmol) in dry diethyl ether (450 mL) at –78 °C under 

argon atmosphere. The reaction mixture was stirred at –78 °C for 1 h. The solution of 

1,4-naphthoquinone (1.66 g, 10.5 mmol) in dry diethyl ether (120 mL) was added and the 

mixture was stirred for 1.5 h at –78 °C and for 1 h at room temperature. The reaction mixture 

was quenched with water, extracted with EtOAc (100 mL × 3), dried over Na2SO4, and 

concentrated under reduced pressure. 1H NMR of the residue was taken to determine cis/trans 

ratio. The crude product was purified by silica gel column chromatography (CHCl3/hexane = 

3:1) and by reprecipitation (THF/hexane) to obtain cis-1 (2.15 g, 36%) and trans-1 (736 mg, 

13%) as white solids. 

   cis-1: 1H NMR (600 MHz, 150 °C, DMSO-d6) δ 5.67 (s, 2H), 6.39 (s, 2H), 7.13 (dd, J = 6, 4 

Hz, 2H), 7.17 (dd, J = 6, 4 Hz, 2H), 7.44 (ddd, J = 9, 7, 1 Hz, 2H), 7.62 (ddd, J = 9, 7, 1 Hz, 

2H), 7.79 (d, J = 8 Hz, 2H), 7.93 (d, J = 8 Hz, 2H), 8.26 (dd, J = 8, 1 Hz, 2H), 8.42 (d, J = 9 Hz, 

2H); 13C NMR (150 MHz, 120 °C, DMSO-d6) δ 71.1 (4°), 121.6 (4°), 125.4 (CH), 125.6 (CH), 

126.3 (CH), 126.4 (CH), 126.7 (CH), 127.1 (CH), 127.6 (CH), 128.5 (CH), 131.3 (4°), 131.5 

(4°), 132.8 (CH), 140.4 (4°), 140.9 (4°); HRMS (FAB) m/z calcd for C30H20NaO2Br2 [M·Na]+: 

594.9702, found: 594.9719; mp: 175.3–177.3 °C. 

   trans-1: 1H NMR (600 MHz, 100 °C, DMSO-d6) δ 6.12 (s, 2H), 6.19 (s, 2H), 7.09 (dd, J = 6, 

3 Hz, 2H), 7.13 (dd, J = 6, 3 Hz, 2H), 7.40 (t, J = 8 Hz, 2H), 7.57 (t, J = 7 Hz, 2H), 7.94 (d, J = 

8 Hz, 2H), 7.99 (d, J = 8 Hz, 2H), 8.19 (d, J = 8 Hz, 2H), 8.65 (d, J = 9 Hz, 2H); 13C NMR (150 

MHz, 100 °C, DMSO-d6) δ 71.1 (4°), 121.5 (4°), 125.1 (CH), 125.5 (CH), 126.2 (CH), 126.3 

(CH), 126.9 (CH), 127.1 (CH), 127.2 (CH), 128.6 (CH), 131.1 (4°), 131.2 (4°), 131.3 (CH), 

139.6 (4°), 143.0 (4°); HRMS (FAB) m/z calcd for C30H20NaO2Br2 [M·Na]+: 594.9702, found: 

594.9766; mp: 158.0–160.0 °C. 

 

Synthesis of L-shaped unit 2 
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   A two-necked 200-mL glass round bottom flask containing a magnetic stirring bar was dried 

under vacuum and filled with argon after cooling to room temperature. A solution of cis-1 (1.00 

g, 1.74 mmol) in dry THF (15 mL) was added slowly to a suspension of sodium hydride (60% 

oil suspension, 367 mg, 8.74 mmol) in dry THF (30 mL) at 0 °C. Methyl iodide (800 µL, 12.9 

mmol) was added dropwisely at 0 °C and the reaction mixture was stirred at 54 °C for 13 h. The 

reaction mixture was quenched with water and extracted with EtOAc (30 mL × 3), and the 

combined organic phase was dried over Na2SO4 and concentrated under reduced pressure. The 

crude product was purified by short column chromatography (hexane/EtOAc = 3:1) and 

follow-up reprecipitation (THF/hexane). The product 2 (1.06 g, 99%) was obtained as a white 

solid.  
   1H NMR (600 MHz, CDCl3) δ 3.35 (s, 6H), 6.74 (s, 2H), 6.94 (d, J = 8 Hz, 2H), 7.44 (t, J = 8 

Hz, 2H), 7.47 (dd, J = 6, 3 Hz, 2H), 7.54 (t, J = 8 Hz, 2H), 7.57 (d, J = 8 Hz, 2H), 7.63 (dd, J = 

6, 3 Hz, 2H) 8.28 (d, J = 8 Hz, 2H), 8.85 (d, J = 9 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 51.6 

(CH3), 79.3 (4°), 124.2 (4°), 126.4 (CH), 126.9 (CH), 127.2 (CH), 127.5 (CH), 128.4 (CH), 

128.8 (CH), 128.9 (CH), 129.2 (CH), 132.8 (CH), 132.9 (4°), 133.1 (4°), 138.9 (4°), 140.1 (4°); 

HRMS (FAB) m/z calcd for C32H24NaO2Br2 [M·Na]+: 623.0015, found: 623.0018; mp: 190.6–

192.6 °C. 

 

Synthesis of cyclic trimer 3 by Ni-mediated “shortgun” macrocyclization of 2 

  

   To a Schlenk tube containing a magnetic stirring bar were added 2 (100 mg, 166 µmol), 

Ni(cod)2 (101 mg, 367 µmol) and 2,2'-bipyridyl (57.2 mg, 366 µmol). After dry DMF (20 mL) 

was added via syringe through septum, the septum was replaced with oven-dried and 

argon-balloon-equipped condenser. The resultant mixture was stirred at 85 °C for 39 h. After 

the reaction mixture was cooled to room temperature, brine (ca. 100 mL) was added to the 

mixture. The mixture was extracted with EtOAc (50 mL × 3). The combined organic phase was 

subjected to preparative recycling gel permeation chromatography (CHCl3) and then purified by 

PTLC (CH2Cl2/hexane = 4:1) to afford compound 3 (3.8 mg, 2%) as a white solid. 
   1H NMR (600 MHz, CD2Cl2) δ 3.34 (s, 3H), 3.35 (s, 3H), 3.37 (s, 3H), 3.40 (s, 3H), 3.40 (s, 

3H), 3.46 (s, 3H),  6.52 (d, J = 10 Hz, 1H), 6.72 (d, J = 8 Hz, 1H), 6.86 (s, 1H), 6.87 (d, J = 3 

Hz, 1H), 6.96 (d, J = 8 Hz, 1H), 6.97–7.01 (m, 3H), 7.02–7.10 (m, 7H), 7.10–7.33 (m, 16H), 

7.37 (t, J = 7 Hz, 1H), 7.41 (t, J = 7 Hz, 1H), 7.45–7.58 (m, 7H), 7.60 (dd, J = 6, 3 Hz, 2H), 
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7.63 (d, J = 8 Hz, 1H), 7.69 (d, J = 8 Hz, 1H), 7.76 (dd, J = 6, 3 Hz, 2H), 7.78 (d, J = 7Hz, 1H), 

8.08 (d, J = 8 Hz, 1H), 8.76 (d, J = 9 Hz, 1H), 9.10 (d, J = 9 Hz, 1H), 9.13 (d, J = 9 Hz, 1H), 

9.19 (t, J = 9 Hz, 2H), 9.78 (d, J = 9 Hz, 1H); 13C NMR (150 MHz, CD2Cl2) δ 51.4 (CH3), 51.5 

(CH3), 51.6 (CH3), 51.7 (CH3), 51.8 (CH3), 79.3 (4°), 80.5 (4°), 80.5 (4°), 80.7 (4°), 81.1 (4°), 

81.8 (4°), 125.4 (CH), 125.4 (CH), 125.6 (CH), 125.6 (CH), 125.7 (CH), 125.7 (CH), 125.9 

(CH), 126.1 (CH), 126.1 (CH), 126.4 (CH), 126.5 (CH), 126.5 (CH), 126.6 (CH), 126.8 (CH), 

126.9 (CH), 127.6 (CH), 127.9 (CH), 127.9 (CH), 128.1 (CH), 128.6 (CH), 128.8 (CH), 128.9 

(CH), 129.0 (CH), 129.8 (CH), 129.9 (CH), 130.0 (CH), 130.5 (CH), 131.6 (4°), 132.0 (4°), 

132.1 (CH), 132.1 (4°), 132.2 (4°), 132.2 (CH), 132.3 (4°), 132.5 (CH), 132.9 (CH), 134.6 (CH), 

134.9 (4°), 135.0 (4°), 135.0 (4°), 135.1 (4°), 138.4 (4°), 139.1 (4°), 139.4 (4°), 139.5 (4°), 

139.5 (4°), 139.8 (4°), 139.9 (4°), 140.2 (4°), 140.3 (4°), 140.8 (4°), 140.9 (4°), 140.9 (4°), 

141.3 (4°), 141.7 (4°); HRMS (FAB) m/z calcd. for C96H72NaO6 [M·Na]+: 1344.5255, found: 

1344.5240; mp: 235.5–245.5 °C (dec.). 

 

Synthesis of [9]cyclo-1,4-naphthylene ([9]CN) 

 
   A 50-mL flask containing glass-coated magnetic stirring bar was dried under vacuum and 

filled with argon after cooling to room temperature. In a glovebox, the compound 3 (8.0 mg, 3.7 

µmol), lithium granular (20 mg, 2.9 mmol), and dry THF (10 mL) were added to this flask. The 

reaction mixture was stirred at room temperature for 47 h. The residue was diluted with hexane 

and quenched with methanol. After evaporated, the reaction mixture was passed through a short 

silica gel pad (CHCl3). The filtrate was evaporated and purified by PTLC (CH2Cl2/hexane = 

1:1) to obtain [9]CN (4.0 mg, 59%) as a yellow solid.  
   1H NMR (600 MHz, THF-d8) δ 6.28 (s, 2H), 6.95 (d, J = 8 Hz, 2H), 6.97 (d, J = 8 Hz, 2H), 

6.99 (d, J = 8 Hz, 2H), 7.01 (d, J = 8 Hz, 2H), 7.06 (d, J = 8 Hz, 2H), 7.12 (d, J = 8 Hz, 2H), 

7.24 (d, J = 8 Hz, 2H), 7.31 (ddd, J = 8, 7, 1 Hz, 2H), 7.40 (d, J = 8 Hz, 2H), 7.48 (ddd, J = 8, 7, 

1 Hz, 2H), 7.51–7.61 (m, 8H), 7.61–7.73 (m, 8H), 8.32 (dd, J = 6, 3 Hz, 2H), 8.40 (dd, J = 8, 1 

Hz, 2H), 8.45 (dd, J = 7, 2 Hz, 2H), 8.51 (dd, J = 7, 2 Hz, 2H), 8.55 (d, J = 8, 1 Hz, 2H), 8.58 (d, 

J = 8 Hz, 2H), 8.74 (d, J = 8 Hz, 2H); 13C NMR (150 MHz, THF-d8) δ 126.1 (CH), 126.5 (CH), 

126.7 (CH), 126.9 (CH), 127.0 (CH), 127.0 (CH), 127.0 (CH), 127.1 (CH), 127.2 (CH), 127.4 

(CH), 127.5 (CH), 127.5 (CH), 127.6 (CH), 127.7 (CH), 128.1 (CH), 128.3 (CH), 129.3 (CH), 

129.3 (CH), 129.4 (CH), 129.5 (CH), 129.8 (CH), 130.0 (CH), 130.3 (CH), 130.3 (CH), 132.3 

(CH), 132.6 (4°), 132.6 (4°), 133.9 (4°), 134.1(4°), 134.5 (4°), 134.8 (4°), 135.2 (4°), 136.5 (4°), 
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138.7 (4°), 138.9 (4°), 139.0 (4°), 139.1 (4°), 139.3 (4°), 139.5 (4°), 140.6 (4°), 140.9 (4°); 

HRMS (MALDI-TOF MS) m/z calcd. for C90H54 [M]+: 1134.4226, found: 1134.4233; mp: 

partial decomposition at 300 °C. 

 

4-2. X-ray Crystallography 

 

   Details of the crystal data and a summary of the intensity data collection parameters for 

trans-1·EtOAc and 2 are listed in Table 1. In each case, a suitable crystal was mounted with 

mineral oil on a glass fiber and transferred to the goniometer of a Rigaku Saturn CCD 

diffractometer. Graphite-monochromated Mo Kα radiation (λ = 0.71070 Å) was used. The 

structures were solved by direct methods with (SIR-97) 11  and refined by full-matrix 

least-squares techniques against F2 (SHELXL-97).12 The intensities were corrected for Lorentz 

and polarization effects. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were placed using AFIX instructions. 

 

Table 1. Crystallographic data and structure refinement details for trans-1 and 2. 

 trans-1·EtOAc 2 

formula C34H28Br2O4 C32H24Br2O2 

fw 660.38 600.33 

T (K) 103(2) 103(2) 

λ (Å) 0.71070 0.71070 

cryst syst Monoclinic Triclinic 

space group P21/c P-1 

a, (Å) 6.9781(14) 7.5571(11) 

b, (Å) 18.955(4) 12.8797(16) 

c, (Å) 21.355(4) 14.111(2) 

α, (deg) 90 68.140(5) 

β, (deg) 96.569(3) 83.629(6) 

γ, (deg) 90 76.933(6) 

V, (Å3) 2806.1(9) 1241.2(3) 

Z 4 2 

Dcalc, (g / cm3) 1.563 1.606 
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µ (mm–1) 2.928 3.295 

F(000) 1336 604 

cryst size (mm) 0.15 × 0.03 × 0.01 0.15 × 0.15 × 0.10 

2θ range, (deg) 3.07–25.00 3.11-25.00 

reflns collected 18674 8344 

indep reflns/Rint 4935/0.0425 4263/0.0239 

params 365 327 

GOF on F2 1.066 1.031 

R1, wR2 [I>2σ(I)] 0.0408, 0.0903 0.0244, 0.0561 

R1, wR2 (all data) 0.0527, 0.0976 0.0322, 0.0588 

 

Figure 10. ORTEP drawing of trans-1·EtOAc with 50% thermal ellipsoid. All hydrogen atoms 

(except OH) and EtOAc molecule are omitted for clarity. 

 

 
Figure 11. ORTEP drawing of 2 with 50% thermal ellipsoid. All hydrogen atoms are omitted 

for clarity. 
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4-3. Computational Study 

 

   The Gaussian 09 program running on a SGI Altix4700 system was used for optimization 

(B3LYP/6-31G(d)). All structures were optimized without any symmetry assumptions. 

Zero-point energy, enthalpy, and Gibbs free energy at 298.15 K and 1 atm were estimated from 

the gas-phase studies unless otherwise noted. Harmonic vibration frequency calculations at the 

same level were performed to verify all stationary points as local minima (with no imaginary 

frequency) or transition states (with one imaginary frequency). IRC calculations were also 

performed to check transition states. Visualization of the results was performed by use of 

POV-Ray for Windows v3.5 software. 

 

Table 2. TD-DFT vertical one-electron excitations (6 states) calculated for the conformation A 

of [9]CN. 

 

energy wavelength Oscillator strength (f) Description 

2.6281 eV 471.77 nm 0.1653 HOMO -> LUMO (0.65816) 
HOMO–1 -> LUMO+1 (0.23881) 

2.8763 eV 431.05 nm 0.8226 
HOMO–1 -> LUMO (0.19078) 
HOMO -> LUMO+1 (0.67369) 

 

2.9299 eV 423.17 nm 0.2564 
HOMO–1 -> LUMO (0.67223) 
HOMO -> LUMO+1 (-0.18410) 

 

3.0127 eV 411.53 nm 0.2202 
HOMO–1 -> LUMO+1 (0.65159) 

HOMO -> LUMO (-0.23999) 
 

3.1337 eV 395.64 nm 0.1271 
HOMO -> LUMO+2 (0.65639) 

 HOMO–2 -> LUMO (-0.18011) 
 

3.2484 eV 381.68 nm 0.3391 HOMO–2 -> LUMO (0.66426) 
 HOMO -> LUMO+2 (0.19699) 
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Table 3. Uncorrected and thermal-corrected (298K) energies of stationary points (Hartree).a 

compound E E + ZPE H G 

[9]CN (A) -3462.16886695 -3461.019367 -3460.954276 -3461.117841 

[9]CN (B) -3462.15892837 -3461.009337 -3460.944387 -3461.108107 

[9]CN (TSAB) -3462.13578458 -3460.986469 -3460.922092 -3461.084452 

[9]CN (TSrac) -3462.13793163 -3460.988718 -3460.924328 -3461.086813 

1,1'-binaphtyl (C) -770.587625051 -770.311952 -770.296834 -770.354150 

1,1'-binaphtyl 

(TS1) 

-770.536568946 -770.260617 -770.246495 -770.299540 

1,1'-binaphtyl 

(TS2) 

-770.538606528 -770.263546 -770.249675 -770.302349 

a) E: electronic energy; ZPE: zero-point energy; H (=E+ZPE+Evib+Erot+Etrans+RT): sum of electronic and 

themal enthalpies; G (=H–TS): sum of electronic and thermal free energies. 
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Chapter 3 
 

 

 

 

 

 

 

 

 

Synthesis and Properties of 
[8]-, [10]-, [12]-, and [16]Cyclo-1,4-naphthylenes 

 
 

 

 

 

 

 

 

 

 

 

 

Abstract: To obtain diverse sizes of potential precursors for carbon nanobelts, [8]-, 

[10]-, [12]-, and [16]CNs were synthesized. Novel extended L-shaped units, 

quaternaphthylene- or quinquenaphthylene-convertible molecules, were firstly prepared. 

The nickel- or palladium-mediated couplings of the extended L-shaped units followed 

by the aromatization of the coupling products afforded [8]-, [10]-, [12]-, and [16]CNs. 

The size-dependent properties of these CNs were confirmed by measuring their UV–vis 

absorption and fluorescence. The theoretical studies also indicated the unique effects of 

the number of naphthalene rings on the structural and photophysical properties of CNs.  



 62 

1. Introduction 

 

   After the successful synthesis of [9]cyclo-1,4-naphthylene ([9]CN) described in Chapter 2,1 

other sizes of CNs have also received much attention as potential precursors of carbon nanobelts. 

According to our synthetic strategy, carbon nanobelts would be obtained by multiple 

cyclodehydrogenation reactions of CNs. The reactivity of CNs may differ depending on their 

ring size. Because the strain energy decreases as the ring size increases, large CNs are better 

precursors than small CNs (Figure 1). On the other hand, large CNs requires many bond 

formation reactions for the transformation to carbon nanobelts than small CNs. As the best ring 

size of CN is unpredictable, the author attempted the synthesis of several sizes of CNs.  

 

 

Figure 1. Small and large CNs as precursors of carbon nanobelts. 

 

   To obtain various sizes of CNs, the synthetic strategy yielding various sizes of 

cycloparaphenylenes (CPPs) was applied.2 Previously, the groups of Jasti, Itami, and Yamago 

have succeeded in the syntheses of several sizes of CPPs in a modular fashion (Figure 2). The 

coupling reactions of the L-shaped units with the linear units afforded various unstrained 

macrocycles, which were transformed to the corresponding CPPs by aromatization. To date, 

[5]–[16]CPP and [18]CPP have been synthesized using this strategy. Thus, the author 

envisioned that several sizes of CNs should also be synthesized using the L-shaped and linear 

naphthylene units. 

  

small CN large CN

advantage few bond formations

disadvantage large strain energy

small strain energy

many bond formations

sequential
cyclodehydrogenation

carbon nanobelt



 63 

 
Figure 2. Synthetic strategy for several sizes of CNs. 

 

   In this chapter, the syntheses of [8]-, [10]-, [12]-, and [16]CNs are described (Figure 3). The 

above-mentioned synthetic strategy successfully afforded these four sizes of CNs. The structural 

and photophysical properties of these CNs were also investigated, and unique effects generated 

by different numbers of naphthalene rings were observed. In the final part, theoretical studies of 

[6]–[16]CNs were performed, and the size-dependencies on the structures, strain energies, and 

molecular orbitals are discussed. 

 

 
Figure 3. Structures of [8]-, [10]-, [12]-, and [16]CNs. 
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2. Results and discussion 

 

2-1. Synthesis of [8]-, [10]-, [12]-, and [16]CNs 

 

2-1-1. Synthesis of L-shaped units 5 and 6 

 

   As noted in Chapter 2, the cyclization of 2 afforded only [9]CN. To synthesize several sizes 

of CNs, other L-shaped units are required. Therefore, novel L-shaped units 5 or 6 were 

synthesized (Scheme 1). First, bis(pinacolato)diboronate 4 was synthesized by the Miyaura 

borylation reaction of dibromide 2 in 58% yield.3 Next, the Suzuki–Miyaura cross-coupling 

reaction of 4 with 2.5 equiv of 1,4-dibromonaphthalene furnished 5, a 

quaternaphthylene-convertible unit, in 34% yield.4 The reaction with an excess amount of 

1,4-dibromonaphthalene (5.0 equiv of 4) afforded 6, a quinquenaphthylene-convertible unit, in 

71% yield.  

 

 

Scheme 1. Synthesis of 5 and 6. 
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2-1-2. Synthesis of [8]-, [12]-, and [16]CNs 

 

   To obtain cyclic oligomers, 5 was subjected to Suzuki–Miyaura cross-coupling reaction 

(Scheme 2). The products were purified by preparative recycling gel permeation 

chromatography (GPC). In the GPC chart, some products were detected whose molecular 

weights were higher than cyclic trimer 3. However, the products could not be identified by 1H 

NMR and mass spectrometry because of complicated spectra. Therefore, the coupling product 

mixtures were subjected to reductive aromatization using granular lithium. As a result, [8]-, 

[12]-, and [16]CNs were successfully isolated in 0.3%, 1.5%, and 0.4% yields over two steps, 

respectively. This result indicates that the cross-coupling reaction of 5 produced the 

corresponding cyclic dimer, trimer, and tetramer, whereas the homocoupling of 2 only afforded 

a cyclic trimer. This is probably because of the flexibility of large L-shaped unit 5, generating 

the unfavorable cyclic dimer and tetramer in addition to the favorable cyclic trimer.  

 

 

Scheme 2. Synthesis of [8]CN, [12]CN, and [16]CN.
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2-1-3. Synthesis of [10]cyclo-1,4-naphthylene ([10]CN) 

 

   The other L-shaped unit 6 is also a possible precursor of CNs. The treatment of 6 (1.0 equiv, 

1.0 mM) with Ni(cod)2 (2.2 equiv) and 2,2!-bipyridyl (2.2 equiv) in DMF at 85 °C furnished a 

mixture of coupling products (Scheme 3). After the following reductive aromatization, [10]CN 

was isolated in 0.5 % yield over two steps. This indicates that the mixture of coupling products 

contained a cyclic dimer. [15]CN, which can be obtained from a cyclic trimer, was also detected, 

but not isolated yet. [20]CN was not detected by the mass analysis of the aromatization product, 

presumably because the precursor (cyclic tetramer) or [20]CN did not dissolve in normal 

organic solvents and was lost during the purification. 

 

 

Scheme 3. Synthesis of [10]CN. 
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2-2. Properties of [8]-, [10]-, [12]-, and [16]CNs 

 

2-2-1. Structural features of [8]-, [10]-, [12]-, and [16]CNs 

 

   Here, the structural features of [8]-, [10]-, [12]-, and [16]CNs are discussed. The 1H NMR 

spectra of [8]-, [10]-, [12]-, and [16]CNs in CD2Cl2 are shown in Figure 4. These 

even-numbered CNs showed simple spectra with three types of proton signals assigned to the 

2,3- (red), 5,8- (green), and 6,7-positions (blue) of naphthalene units. These spectra indicated 

highly symmetric structures of [8]-, [10]-, [12]-, and [16]CNs in solutions in contrast to that of 

[9]CN (Figure 4, Chapter 2). The NMR signals of the hydrogen atoms on the 2,3-positions (red) 

of naphthalene units shifted upfield as the (n) value in [n]CN decreased (Table 1). To determine 

the main effect on the chemical shifts that is dependent on the ring size, e.g., through-bond (e.g., 

C2–C3 bond orders, hybridization) or through-space interactions, the structural and magnetic 

properties are discussed below along with DFT calculations. 

 

  

Figure 4. 1H NMR spectra of [8]-, [10]-, [12]-, and [16]CNs.  
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Table 1. Chemical shifts (δ ppm) of CNs in CD2Cl2.  

n in [n]CN 8 10 12 16 

2,3-position 

5,8-position 

6,7-position 

6.98 

8.52 

7.59 

7.14 

8.51 

7.61 

7.27 

8.48 

7.61 

7.43 

8.34 

7.61 

 

   To clarify the differences in chemical shifts, structure optimization and GIAO calculations 

were performed for CNs at the B3LYP/6-31G(d) level. The optimized structures are shown in 

Figure 5, and the structural data are summarized in Table 2. The highly symmetric structures 

(D4d for [8]CN, D5d for [10]CN, D6d for [12]CN, and D8d for [16]CN) were the most stable, 

which are consistent with their simple 1H NMR spectra. The GIAO calculations of the 

optimized structures afforded their chemical shifts, which well corresponded to the measured 

chemical shift values. The bent angles (α, β (°)) of CNs were also estimated.5 Both the α and β 

in [8]CN were larger than those in [16]CN by ca. 6°, i.e., the naphthalene rings became 

distorted as the ring size of CN decreased, indicating the presence of through-bond electronic 

influence on the corresponding hydrogen atoms. Then, the carbon–carbon bond length (a, b) 

and NICS(0) values for six-membered rings attached with corresponding hydrogen atoms were 

estimated. These values indicated no significant difference in the aromaticity of the naphthalene 

rings in each CN. Thus, the through-bond electronic influence seems to be small. Next, the 

through-space magnetic shielding effects of the neighboring naphthalene rings on the hydrogen 

atoms at the 2,3-positions were investigated. The corresponding hydrogen atom and 

neighboring naphthalene ring were extracted from the optimized structure. The hydrogen atom 

was set to a dummy atom, and its shielding constant was calculated for each CN. The shielding 

constant increased as the (n) value in [n]CN decreased, corresponding to the observed upfield 

chemical shifts. This result shows that the through-space magnetic shielding by the neighboring 

naphthalene rings caused the upfield chemical shifts of the protons at the 2,3-positions. As 

shown in Figure 4 of Chapter 2, the shielding of neighboring naphthalene rings caused the 

upfield shift of the NMR signals of the hydrogen atoms of [9]CN. A similar effect was observed 

in [8]-, [10]-, [12]-, and [16]CNs. It is also reasonable that the larger the bent angles become, 

the stronger the shielding effects become on the hydrogen atoms at the 2,3-positions. Therefore, 

the NMR signals of the hydrogen atoms at the 2,3-positions shifted upfield as the (n) value in 

[n]CN decreased. 
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Figure 5. Optimized structures of [8]-, [10]-, [12]-, and [16]CNs. 

 

Table 2. Structural data of optimized structures of [8]-, [10]-, [12]-, and [16]CNs. Estimated 

chemical shifts (ppm), bond lengths (a, b (Å)), NICS(0) (ppm), averaged bent angles (α, β (°)), 

and the shielding constant of the dummy atom (ppm). 

 

n in [n]CN 8 10 12 16 

(2,3-position) (ppm) 

(5,8-position) (ppm) 

(6,7-position) (ppm) 

a (Å) 

b (Å) 

NICS(0) (ppm) 

Bent angle α (°) 

Bent angle β (°) 

Shielding constant (ppm) 

6.93 

8.30 

7.48 

1.406 

1.388 

–8.00 

11.6 

12.5 

–0.61 

7.04 

8.32 

7.51 

1.406 

1.387 

–8.08 

8.4 

10.2 

–0.51 

7.18 

7.53 

8.30 

1.406 

1.386 

–8.09 

7.1 

8.5 

–0.43 

7.33 

8.25 

7.54 

1.407 

1.385 

–8.11 

5.5 

6.4 

–0.31 
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2-2-2. Photophysical properties of [8]-, [10]-, [12]-, and [16]CNs 

 

   The photophysical properties including UV–vis absorption and fluorescence of [8]-, [10]-, 

[12]-, and [16]CNs were investigated. The spectra of these CNs in dichloromethane are depicted 

in Figure 6, and the photophysical data are lined in Table 2. In the UV–vis absorption spectra, 

the absorption bands with the maximum absorption wavelength (λabs1) shifted to shorter 

wavelengths as the (n) value in [n]CN increased. This tendency is opposite to that of linear 

polyarylenes, which are known for shifting absorption bands to longer wavelengths with 

increasing (n) in [n]polyarylenes.6 By using a peak deconvolution program, the maximum 

absorption wavelengths of the shoulder-shaped absorption bands (λabs2) were determined. As 

depicted in Table 2, λabs2 and λabs1 shifted to shorter wavelengths as the (n) value in [n]CN 

increased. Intense photoluminescence was observed in solutions of all the CNs, and their 

emission wavelength depended on the ring size similar to the UV–vis absorption. Namely, the 

emission maxima blue-shifted with the increase in the (n) values in [n]CN. The shapes of the 

fluorescence spectra of all the CNs were not depended on the excitation wavelength, indicating 

that these peaks in the emission spectra originated from one excited state. The absolute 

fluorescence quantum yields (ΦF) of the CNs in dichloromethane were measured (Table 3). The 

ΦF values of the CNs increased as the (n) value in [n]CN increased, similar to CPPs.5  

 

 
Figure 6. UV–vis absorption spectra (solid line) and fluorescence spectra (broken line) of [8]-, 

[9]-, [10]-, [12]-, and [16]CNs in dichloromethane. Absorption and fluorescence spectra were 

normalized. 
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Table 2. Photophysical data for [n]CNs.a 

Compound Absorption 

λabs1 [nm]b 

 

λabs2 [nm]c 

Fluorescence 

λem [nm] 

 

ΦF 

[8]CN 

[10]CN 

[12]CN 

[16]CN 

397 

381 

371 

350 

447 

424 

406 

378 

580 

480 

458 

442 

0.23 

0.37 

0.40 

0.43 
aIn dichloromethane. bThe highest absorption maxima are given. cThe longest absorption maxima determined 
by a peak separation method are given. dEmission maxima upon excitation at the excitation maxima λabs1 
eAbsolute fluorescence quantum yields determined by a calibrated integrating sphere system within 3% error. 

 

   To investigate the photophysical properties deeply, particularly the size-dependency of the 

MOs, TD-DFT calculations of [8]-, [10]-, [12]-, and [16]CNs were performed at the 

B3LYP/6-31G(d) level. It was found that the shapes of the orbitals, degeneracy features, and 

transitions were identical and irrespective of the ring size. The energy diagrams of six frontier 

molecular orbitals from HOMO–2 to LUMO+2 and pictorial representations of these six 

orbitals of [12]CN are shown in Figure 7. In the MOs of [12]CN with a D6d symmetry, the 

HOMO and LUMO are delocalized over the ring, whereas HOMO–1, HOMO–2, LUMO+1, 

and LUMO+2 are delocalized to two opposite sides with a Cs symmetry. In the energy levels, 

the degeneracy was seen in the pairs of frontier orbitals, HOMO–1/HOMO–2 (–5.07 eV) and 

LUMO+1/LUMO+2 (–1.57 eV). Judging from the shape of each orbital, the occupied and 

unoccupied orbitals represent the π and π* frontier orbitals of conjugated poly-1,4-naphthylenes. 

The TD-DFT calculations indicates that two energetically low-lying characteristic transitions 

originate from the set of six orbitals: one of the transitions is a forbidden HOMO→LUMO 

transition with an oscillator strength (f) of 0.00 (excites state 1); the other transition is a 

degenerate transition in which both the HOMO–1→LUMO and HOMO→LUMO+1 excitations 

are mixed with a high f value of 1.216 for [12]CN (excited states 2 and 3). These transitions are 

all π–π* transitions. Compared to the absorption spectrum of [12]CN, excited states 2 and 3 

should correspond to λabs1, and the shoulder peak λabs2 should correspond to excited state 1. The 

deformation away from a high symmetry owing to a dynamic conformational change might be 

responsible for the forbidden transition. 
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Figure 7. Energy diagrams and pictorial representations of the frontier MOs for [12]CN, 

calculated at the B3LYP/6-31G(d) level of theory. Excitation energies were computed using 

TD-DFT at the same level. 

 

   Figure 8 shows the molecular orbital energies for [8]-, [10]-, [12]-, and [16]CNs. The 

HOMO level increased and the LUMO level decreased with the increase in the (n) value in 

[n]CN. On the other hand, the energies of HOMO–1 and LUMO+1 did not change significantly 

with the (n) value in [n]CN. The observed red-shift of λabs1, λabs2, and λem with the decrease in 

the (n) value in [n]CN can be explained by the transitions and plots shown in Figure 8. The 

HOMO and LUMO behaviors were similar to those of CPPs,5 opposite to those of linear 

polyarylenes.6 The origin of this behavior can be ascribed to the lack of energy dependence of 

frontier MOs on the conjugation length and the significant effects of bending and twisting 

naphthalene rings on the orbital energies, as in the case of CPPs. 
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Figure 8. Molecular orbital energies for [8]-, [10]-, [12]-, and [16]CNs.  
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2-3. Theoretical studies of [6]–[16]CNs  

 

2-3-1. Optimized structures of CNs 

 

   For a better understanding of the size-dependency of CNs, the DFT calculations were 

conducted for all [6]–[16]CNs at the B3LYP/6-31G(d) level. First, the most stable conformation 

of each CN was estimated (Figure 9). The calculations showed that the structures of 

even-numbered CNs have high symmetries, whereas those of all the odd-numbered CNs have 

low symmetries. As already described, [8]-, [10]-, [12]-, and [16]CNs have a Dmd symmetry for 

[n]CN where m = n/2. [14]CN also has a highly symmetric structure (D7d). The most stable 

conformation of [6]CN was also highly symmetric, estimated as S6. On the other hand, the 

structure of [9]CN has a low symmetry of C2 (Chapter 2). It was found that [11]-, [13]-, and 

[15]CN have a C2 symmetry as well. For [7]CN, only the conformation with a C1 symmetry was 

observed. 

 

 
Figure 9. Optimized structures of [6]–[16]CNs. 
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2-3-2. Strain energies of CNs 

 

   The optimization of the structures of CNs enabled the estimation of the strain energies of the 

CNs using DFT calculations.7 Hypothetical homodesmotic reactions, where the n number of 

ternaphthyl is produced from [n]CN and the n number of binaphthyl, were utilized. The heat of 

formation (ΔH) of the optimized structures of these molecules was applied to the reaction 

formula to obtain the strain energies (Scheme 4). As expected, the strain energy decreased as the 

diameter of CN increased (Table 3). Compared to CPPs, the strain energies of CNs are lower 

than those of CPPs, whereas the diameters of [n]CN and [n]CPP are similar. Because of the 

relatively low aromaticity of a naphthalene ring than a benzene ring, CNs would need low 

energies to bend the arenes. 

 

 

Scheme 4. Hypothetic homodesmotic reactions for the estimation of strain energies of CNs. 
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Table 3. Strain energies and diameters of [n]CN and [n]CPP. 

n in [n]CN 

or [n]CPP 

strain energy of 

CN (kcal·mol–1)a 

diameter of 

CN (Å)b 

strain energy of 

CPP (kcal·mol–1) 

diameter of 

CPP (Å) 

 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

73.3 

71.4 

50.6 

50.4 

37.0 

36.9 

27.8 

27.8 

– 

21.4 

– 

8.4 

– 

11.2 

– 

13.9 

– 

16.7 

– 

19.4 

– 

22.2 

96.0 

84.0 

72.2 

65.6 

57.7 

53.7 

48.1 

45.5 

41.0 

39.2 

35.6 

8.4 

9.5 

11.1 

12.3 

13.9 

15.1 

16.6 

17.9 

19.4 

20.6 

22.1 

 

(a) For [14]CN and [16]CN, the energies were not able to be estimated. (b) The diameters of 

odd-numbered CNs could not be estimated due to their elliptical shapes.



 77 

2-3-3. Molecular orbitals of CNs  

 

   In addition to [8]-, [9]-, [10]-, [12]-, and [16]CNs, the TD-DFT calculations for the other 

CNs from [6]CN to [15]CN were performed. The plots for the molecular orbital energies of the 

CNs and CPPs are shown in Figure 10. Notably, the energy profiles of the odd-numbered CNs 

do not follow the tendency of those of even-numbered CNs unlike those of CPPs. This is 

probably because the π-conjugation is not connected circularly in the odd-numbered CNs as 

shown for [9]CN in Chapter 2.  

 

 
Figure 10. Molecular orbital energies for (a) [n]CN and (b) [n]CPP. 
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3. Conclusion 

 

   In conclusion, [8]-, [10]-, [12]-, and [16]CNs were synthesized using the modular synthesis 

methods for CPPs. Unlike the complicated 1H NMR spectrum of [9]CN, [8]-, [10]-, [12]-, and 

[16]CNs showed simple 1H NMR spectra, indicating the presence of highly symmetric 

structures in solutions. The size-dependent electronic properties of CNs were confirmed from 

the UV–vis absorption and fluorescence spectra. The structural and electronic features of CNs 

were better understood by the theoretical studies of [6]–[16]CNs. The developed method in this 

chapter can be used to synthesize other sizes of CNs as well. The synthesis of precursors with 

diverse sizes represents a significant step towards the synthesis of carbon nanobelts. 
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4. Experimental section 

 

4-1. General 

 

   Unless otherwise noted, all materials including dry solvents (1,4-dioxane and 

N,N’-dimethyformamide) were obtained from commercial suppliers and used without further 

purification. Tetrahydrofuran (THF) and toluene were purified by passing through a solvent 

purification system (Glass Contour). All reactions were performed using standard vacuum-line 

and Schlenk techniques. Work-up and purification procedures were carried out with 

reagent-grade solvents under air unless otherwise noted. 1,4-Dibromonaphthalene was prepared 

according to procedures reported in the literatures.8 

   Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 

F254 precoated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 

nm and 365 nm). Flash column chromatography was performed with E. Merck silica gel 60 

(230–400 mesh). Preparative thin-layer chromatography (PTLC) was performed using 

Wako-gel® B5-F silica coated plates (0.75 mm) prepared in our laboratory. Preparative gel 

permeation chromatography (GPC) was performed with a JAI LC-9204 instrument equipped 

with JAIGEL-2H/JAIGEL-2H columns using chloroform as an eluent. High-resolution mass 

spectra (HRMS) were obtained from a JEOL JMS700 (fast atom bombardment mass 

spectrometry, FAB MS) or a JEOL JMS-S3000 SpiralTOF (MALDI-TOF MS) with 

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile as matrix. Nuclear 

magnetic resonance (NMR) spectra were recorded on a JEOL JNM-ECA-600 (1H 600 MHz, 13C 

150 MHz) spectrometer. Chemical shifts for 1H NMR are expressed in parts per million (ppm) 

relative to CHCl3 (δ 7.26 ppm) and CHDCl2 (δ 5.32 ppm). Chemical shifts for 13C NMR are 

expressed in ppm relative to CDCl3 (δ 77.0 ppm) and CD2Cl2 (δ 53.8 ppm). Data are reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddd = 

doublet of doublets of doublets, t = triplet, m = multiplet), coupling constant (Hz), and 

integration. 
   UV/Vis absorption spectra of CNs were recorded on a Shimadzu UV-3510 spectrometer 

with a resolution of 0.5 nm. Emission spectra of CNs was measured with an F-4500 Hitachi 

spectrometer with a resolution of 0.4 nm upon excitation at each absorption maximum 

wavelength. Dilute solution in degassed spectral grade dichloromethane in a 1 cm square quartz 

cell was used for measurements. Absolute fluorescence quantum yield was determined with a 
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Hamamatsu C9920-02 calibrated integrating sphere system upon excitation at each absorption 

maximum wavelength. 

 

Synthesis of L-shaped unit 4 by Miyaura-borylation of 2 

 
   To a two-necked 100 mL glass round bottom flask containing a magnetic stirring bar were 

added 2 (2.50 g, 4.16 mmol), PdCl2(dppf) (170 mg, 208 µmol), dried KOAc (2.45 g, 25.0 

mmol), and bis(pinacolate)diboron (2.67 g, 10.4 mmol), and the flask was evacuated and 

backfilled with argon three times. Then, dry 1,4-dioxane (42 mL) was added via syringe. After 

stirring at 90 °C for 10 h, the mixture was passed through a short pad of silica gel (EtOAc) and 

the solvent was removed under reduced pressure. The crude product was subjected to 

preparative recycling gel permeation chromatography to afford 4 (1.68 g, 58%) as a white solid.  
   1H NMR (600 MHz, CDCl3) δ 1.39 (s, 12H), 1.40 (s, 12H), 3.36 (s, 6H), 6.74 (s, 2H), 7.10–

7.21 (bs, 2H), 7.31–7.42 (m, 4H), 7.45 (ddd, J = 8.4, 6.6, 1.2 Hz, 2H), 7.56 (dd, J = 6.0, 3.6 Hz, 

2H), 7.88 (d, J = 7.2 Hz, 2H), 8.75 (d, J = 7.2 Hz, 2H), 8.77–8.87 (bs, 2H); 13C NMR (150 MHz, 

CD2Cl2) δ 25.0 (CH3), 25.1 (CH3), 51.6 (CH3), 79.8 (4°), 84.2 (4°), 125.2 (CH), 125.7 (CH), 

126.3 (CH), 127.7 (CH), 128.7 (CH), 129.4 (CH), 129.6 (CH), 131.6 (4°), 132.9 (CH), 134.6 

(CH), 138.6 (4°), 139.5 (4°), 143.5 (4°); HRMS (FAB) m/z calcd. for C44H48NaO6B2 [M·Na]+: 

717.3535, found: 717.3539. 

 

Synthesis of L-shaped unit 5 by Suzuki–Miyaura cross coupling of 4 and 

1,4-dibromonaphthalene 

 

   To a two-necked 100 mL glass round bottom flask containing a magnetic stirring bar were 

added 4 (400 mg, 576 µmol), K2CO3 (398 mg, 2.88 mmol), and 1,4-dibromonaphthalene (416 

mg, 1.44 mmol), and the flask was evacuated and backfilled with argon three times. Then, dry 

toluene (29 mL, 20 mM) was added via syringe. Subsequently, degassed EtOH (7 mL) and 

degassed distilled water (7 mL) were added. Then, Pd(PPh3)4 (66.6 mg, 57.6 µmol) was added 

under argon flow, and the mixture was stirred at 90 °C for 5 h. After the reaction mixture was 

cooled to room temperature, brine (ca. 50 mL) was added to the mixture. The mixture was 

extracted with EtOAc (50 mL × 3). The combined organic phase was then purified by silica 

chromatography (hexane:EtOAc=30:1–>20:1) and preparative recycling gel permeation 

chromatography (CHCl3) to afford compound 5 (150 mg, 34%) as a white solid. 
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 1H NMR (600 MHz, CD2Cl2) δ 1.33 (s, 6H), 1.34 (s, 6H), 1.37 (s, 12H), 3.36 (s, 6H), 3.41 (s, 

6H), 6.77 (d, J = 10.1 Hz, 1H), 6.77 (d, J = 10.7 Hz, 1H), 6.92 (d, J = 10.7 Hz, 1H), 6.94 (d, 

10.7 Hz, 1H), 7.12 (d, J = 7.4 Hz, 1H), 7.15 (d, J = 7.4 Hz, 1H), 7.18 (d, J = 7.7 Hz, 1H) 

7.21-7.64 (m, 27H) 7.73 (d, J = 7.9 Hz, 1H), 7.78 (d, J = 9.3 Hz, 1H), 7.79 (d, J = 7.2 Hz, 1H), 

7.80 (d, J = 7.3 Hz, 1H), 7.87 (d, J = 7.6 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 8.32 (d, J = 6.2 Hz, 

1H) 8.32 (d, J = 8.4 Hz, 1H), 8.74 (d, J = 8.5 Hz, 2H), 8.85 (d, J = 7.9 Hz, 2H), 9.02 (d, J = 8.4 

Hz, 1H); 13C NMR (150 MHz, CD2Cl2) δ 25.0 (CH3), 25.0 (CH3), 25.1 (CH3), 51.6 (CH3), 51.6 

(CH3), 51.8 (CH3), 51.8 (CH3), 79.6 (4°), 79.6 (4°), 80.0 (4°) 80.1 (4°), 84.2 (4°), 84.2 (4°), 

122.8 (CH), 125.3 (CH), 125.7 (CH), 125.7 (CH), 125.7 (CH), 125.8 (CH), 125.8 (CH), 125.8 

(CH), 126.2 (CH), 126.2 (CH), 126.9 (CH), 126.9 (CH), 127.2 (CH), 127.2 (CH), 127.6 (CH), 

127.6 (CH), 127.7 (CH), 127.7 (CH), 127.9 (CH), 128.0 (CH), 128.5 (CH), 128.8 (CH), 128.8 

(CH), 128.9 (CH), 128.9 (CH), 129.4 (CH), 129.4 (CH), 129.5 (CH), 129.6 (CH), 129.6 (CH), 

129.9 (CH), 131.4 (CH), 131.5 (CH), 132.1 (CH), 132.2 (CH), 133.0 (CH), 133.1 (CH), 133.1 

(CH), 133.2 (CH), 134.3 (CH), 134.4 (CH), 134.5 (CH), 134.7 (CH), 138.5 (CH), 138.5 (CH), 

138.6 (CH), 139.1 (CH), 139.3 (CH), 139.4 (CH), 139.8 (CH), 139.8 (CH), 140.5 (CH), 140.6 

(CH), 143.6 (CH), 143.6 (CH); HRMS (FAB) m/z calcd. for C48H42BrO4BNa [M·Na]+: 795.2257, 

found: 795.2232. 

 

Synthesis of L-shaped unit 6 by Suzuki–Miyaura cross coupling of 4 and 

1,4-dibromonaphthalene 

 

   To a two-necked 200-mL glass round bottom flask containing a magnetic stirring bar were 

added 4 (802 mg, 1.15 mmol), K2CO3 (796 mg, 5.76 mmol), and 1,4-dibromonaphthalene (1.67 

g, 5.76 mmol), and the flask was evacuated and backfilled with argon three times. Then, dry 

toluene (38 mL, 30 mM) was added via syringe. Subsequently, degassed EtOH (9 mL) and 

degassed distilled water (9 mL) were added. Then, Pd(PPh3)4 (133 mg, 115 µmol) was added 

under argon flow, and the mixture was stirred at 90 °C for 16 h. After the reaction mixture was 

cooled to room temperature, brine (ca. 100 mL) was added to the mixture. The mixture was 

extracted with EtOAc (100 mL × 3). The combined organic phase was then purified by silica 

chromatography (hexane: EtOAc = 20:1) and preparative recycling gel permeation 

chromatography (CHCl3) to afford compound 6 (633 mg, 71%) as a white solid. 

 1H NMR (600 MHz, CD2Cl2) δ 3.43 (s, 3H), 3.43 (s, 6H), 3.44 (s, 3H), 6.95 (d, J = 6.0 Hz, 4H), 

7.06 (t, J = 7.2 Hz, 1H), 7.14 (d, J = 7.8 Hz, 1H), 7.16-7.25 (m, 14H), 7.27-7.34 (m, 11H), 
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7.36-7.45 (m, 4H), 7.48 (t, J = 7.2 Hz, 1H), 7.51-7.60 (m, 8H), 7.72-7.82 (m, 5H), 7.86 (d, J = 

7.2 Hz, 1H), 7.86 (d, J = 7.8 Hz, 1H), 7.88 (d, J = 7.8 Hz, 1H), 8.28 (d, J = 8.4 Hz, 1H), 8.29 (d, 

J = 9.0 Hz, 1H), 8.31 (d, J = 8.4 Hz, 1H), 8.32 (d, J = 8.5 Hz, 1H), 8.98 (d, J = 8.4 Hz, 1H), 

9.00 (d, J = 8.4 Hz, 1H), 9.01(d, J = 6.5 Hz, 1H), 9.02 (d, J = 8.4 Hz, 1H); 15C NMR (150 MHz, 

CD2Cl2) δ 51.8 (CH3), 51.8 (CH3), 79.8 (4°), 79.9 (4°), 80.0 (4°), 80.0 (4°), 122.8 (CH), 122.8 

(CH), 122.8 (CH), 125.7 (CH), 125.7 (CH), 125.8 (CH), 125.8 (CH), 125.8 (CH), 126.8 (CH), 

126.9 (CH), 127.0 (CH), 127.1 (CH), 127.3 (CH), 127.5 (CH), 127.5 (CH), 127.6 (CH), 127.7 

(CH), 127.7 (CH), 127.8 (CH), 127.9 (CH), 127.9 (CH), 127.9 (CH), 128.5 (CH), 128.5 (CH), 

128.6 (CH), 128.9 (CH), 128.9 (CH), 129.0 (CH), 129.5 (CH), 129.6 (CH), 129.6 (CH), 129.8 

(CH), 129.9 (CH), 129.9 (CH), 129.9 (CH), 132.0 (CH), 132.0 (CH), 132.2 (CH), 133.1 (CH), 

133.2 (CH), 133.4 (CH), 133.4 (CH), 134.4 (CH), 134.4 (CH), 134.4 (CH), 138.5 (CH), 138.6 

(CH), 138.6 (CH), 139.0 (CH), 139.1 (CH), 139.1 (CH), 139.6 (CH), 139.7 (CH), 139.7 (CH), 

140.6 (CH), 140.6 (CH), 140.7 (CH); HRMS (FAB) m/z calcd. for C52H36Br2O2Na [M·Na]+: 

873.0980, found: 873.0966. 

 

Synthesis of [8]-, [12]-, and [16]CN 

 

   To a two-necked 500 mL glass round bottom flask containing a magnetic stirring bar were 

added 5 (580 mg, 750 mmol), and the flask was evacuated and backfilled with argon three times. 

Then, dry toluene (290 mL, 25 mM) was added via syringe. Subsequently, K2CO3 (518 mg, 

3.75 mmol), degassed EtOH (70 mL) and degassed distilled water (70 mL) were added. Then, 

Pd(PPh3)4 (86.6 mg, 75.0 µmol) was added under argon flow, and the mixture was stirred at 

90 °C for 26 h. After the reaction mixture was cooled to room temperature, brine (ca. 200 mL) 

was added to the mixture. The mixture was extracted with EtOAc (200 mL × 3). The combined 

organic phase was then purified by preparative recycling gel permeation chromatography 

(CHCl3). The purified products were subjected to the next aromatization step directly. A 30 mL 

vials containing glass-coated magnetic stirring bars and cyclization products were dried under 

vacuum and filled with argon after cooling to room temperature. In a glove box, lithium 

granular (20–30 mg, 2.9–4.3 mmol) and dry THF (3 mL) were added to the vials. The reaction 

mixtures were stirred at room temperature for 8–12 h. The residues were diluted with hexane 

and quenched with methanol. After evaporated, the reaction mixtures were passed through a 

short silica gel pad (CH2Cl2). The filtrates were evaporated and respectively purified by PTLC 

(CH2Cl2/hexane = 2:3) to obtain [8]CN (1.5 mg, 0.3% over 2 steps) as a orange solid, [12]CN 
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(5.7 mg, 1.5% over 2 steps) as a yellow solid, and [16]CN (1.6 mg, 0.4% over 2 steps) as a 

white solid. 

 [8]CN: 1H NMR (600 MHz, CD2Cl2) δ  6.98 (s, 16H), 7.59 (dd, J = 6.6, 3.0 Hz, 16H), 8.52 (dd, 

J = 6.6, 3.0 Hz, 16H). HRMS (MALDI-TOF MS) m/z calcd. for C80H48 [M]+: 1008.3756, found: 

1008.3. 

 [12]CN: 1H NMR (600 MHz, CD2Cl2) δ  7.27 (s, 24H), 7.61 (dd, J = 6.6, 3.0 Hz, 24H), 8.48 

(dd, J = 7.8, 3.6 Hz, 24H); 13C NMR (150 MHz, CD2Cl2) δ 126.6 (CH), 127.2 (CH), 129.2 (CH), 

134.2 (4°), 138.4 (4°). HRMS (MALDI-TOF MS) m/z calcd. for C120H72 [M]+: 1512.5634, 

found: 1512.6. 

 [16]CN: 1H NMR (600 MHz, CD2Cl2) δ  7.43 (s, 32H), 7.61 (dd, J = 6.6, 3.6 Hz, 32H), 8.34 

(dd, J = 6.0, 3.6 Hz, 32H); 13C NMR (150 MHz, CD2Cl2) δ 126.6 (CH), 127.3 (CH), 129.1 (CH), 

134.0 (4°), 138.6 (4°). HRMS (MALDI-TOF MS) m/z calcd. for C160H96 [M]+: 2016.7512, 

found: 2016.7. 

 

Synthesis of [10]CN 

 

   To a two-necked 300 mL glass round bottom flask containing a magnetic stirring bar were 

added 6 ((150 mg, 176 µmol) for A, (120 mg, 141 µmol) for B) and 2,2’-bipyridyl ((60.5 mg, 

387 µmol) for A, (48.4 mg, 310 µmol) for B), then the flask was evacuated and backfilled with 

argon three times. In a glove box, Ni(cod)2 ((107 mg, 387 µmol) for A, (85.1 mg, 310 µmol) for 

B) was added. Subsequently, dry N,N’-dimethylformamide (150 mL, 1 mM) were added via 

syringe. Then, the mixtures A and B were stirred at 90 °C for 24 h. After the reaction mixtures 

were cooled to room temperature, brine (ca. 200 mL) was added. The mixtures A and B were 

combined and extracted with EtOAc (400 mL × 3). The combined organic phase was then 

purified by preparative recycling gel permeation chromatography (CHCl3) and PTLC 

(CH2Cl2:hexane=2:1). The purified products were subjected to the next aromatization step 

directly. A 30 mL vial containing glass-coated magnetic stirring bars and cyclization products 

was dried under vacuum and filled with argon after cooling to room temperature. In a glove box, 

lithium granular (20 mg, 2.9 mmol) and dry THF (3 mL) were added to the vial. The reaction 

mixture was stirred at room temperature for 7 h. The residues were diluted with hexane and 

quenched with methanol. After evaporated, the reaction mixtures were passed through a short 

silica gel pad (CH2Cl2). The filtrates were evaporated and respectively purified by PTLC 

(CH2Cl2/hexane = 2:3) to obtain [10]CN (1.5 mg, 0.5% over 2 steps) as a yellow solid. 
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 1H NMR (600 MHz, CD2Cl2) δ  7.14 (s, 20H), 7.61 (dd, J = 6.6, 3.0 Hz, 20H), 8.51 (dd, J = 6.6, 

3.6 Hz, 20H); 13C NMR (150 MHz, CD2Cl2) δ 126.6 (CH), 127.2 (CH), 129.3 (CH), 134.2 (4°), 

138.5 (4°). HRMS (MALDI-TOF MS) m/z calcd. for C100H60 [M]+: 1260.4695, found: 1260.5. 

 

4-2. Computational Study 

 

   The Gaussian 09 program running on a SGI Altix4700 system was used for optimization 

(B3LYP/6-31G(d)). All structures were optimized without any symmetry assumptions. 

Zero-point energy, enthalpy, and Gibbs free energy at 298.15 K and 1 atm were estimated from 

the gas-phase studies unless otherwise noted. Harmonic vibration frequency calculations at the 

same level were performed to verify all stationary points as local minima (with no imaginary 

frequency) or transition states (with one imaginary frequency). 

 

Table 4. TD-DFT vertical one-electron excitations (6 states) calculated for [8]CN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. TD-DFT vertical one-electron excitations (6 states) calculated for [10]CN. 

energy wavelength Oscillator strength (f) Description 

2.3244 eV 533.40 nm 0.0000 HOMO -> LUMO (0.69301) 

2.8300 eV 438.11 nm 0.2890 HOMO–2 -> LUMO (-0.17133) 
HOMO -> LUMO+1 (0.67601) 

2.8300 eV 438.10 nm 0.2889 HOMO–1 -> LUMO (-0.17144) 
HOMO -> LUMO+2 (0.67598) 

2.9069 eV 426.51 nm 0.7969 
HOMO–2 -> LUMO (0.65159) 
HOMO-1 -> LUMO (-0.23999) 
HOMO -> LUMO+2 (0.67601) 

2.9069 eV 426.51 nm 0.7968 
HOMO–2 -> LUMO (0.66975) 
HOMO-1 -> LUMO (0.10078) 
HOMO -> LUMO+1 (0.18323) 

3.1279 eV 396.38 nm 0.0000 

HOMO–2 -> LUMO+1 (-0.20852) 
HOMO–2 -> LUMO+2 (-0.44951) 
HOMO–1 -> LUMO+1 (0.44966) 
HOMO–1 -> LUMO+2 (-0.20848) 

energy wavelength Oscillator strength (f) Description 
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Table 6. TD-DFT vertical one-electron excitations (6 states) calculated for [12]CN. 

Table 7. TD-DFT vertical one-electron excitations (6 states) calculated for [16]CN. 

2.6021 eV 476.47 nm 0.0000 
HOMO–2 ->LUMO+2 (0.17227) 
HOMO–1 ->LUMO+1 (-0.17257) 

HOMO -> LUMO (0.66061) 

2.9135 eV 425.56 nm 1.2165 HOMO–1 -> LUMO (-0.37106) 
HOMO -> LUMO+1 (0.59277) 

2.9139 eV 425.49 nm 1.2159 HOMO–2 -> LUMO (0.36972) 
HOMO -> LUMO+2 (0.59352) 

3.0020 eV 413.01 nm 0.0488 HOMO–1 -> LUMO (0.59231) 
HOMO -> LUMO+1 (0.36345) 

3.0024 eV 412.95 nm 0.0499 HOMO–2 -> LUMO (0.48729) 
HOMO -> LUMO+2 (0.48880) 

3.1377 eV 395.14 nm 0.0000 
HOMO–2 -> LUMO+2 (-0.45757) 
HOMO–1 -> LUMO+1 (0.46242) 

HOMO-> LUMO (-0.25046) 

energy wavelength Oscillator strength (f) Description 

2.7819 eV 445.68 nm 0.0000 
HOMO–2 ->LUMO+2 (-0.24408) 
HOMO–1 ->LUMO+1 (-0.24408) 

HOMO -> LUMO (0.60812) 

2.9801 eV 416.04 nm 1.4624 HOMO–1 -> LUMO (-0.43393) 
HOMO -> LUMO+1 (0.52861) 

2.9801 eV 416.04 nm 1.4624 HOMO–2 -> LUMO (-0.43393) 
HOMO -> LUMO+2 (0.52861) 

3.1317 eV 395.90 nm 0.0051 
HOMO–1 -> LUMO (0.52236) 
HOMO -> LUMO+1 (0.41590) 
HOMO -> LUMO+2 (0.12603) 

3.1317 eV 395.90 nm 0.0051 
HOMO–1 -> LUMO (0.52236) 
HOMO -> LUMO+1 (-0.12603) 
HOMO -> LUMO+2 (0.41590) 

3.1840 eV 389.39 nm 0.0000 HOMO–2 -> LUMO+1 (-0.45757) 
HOMO–1 -> LUMO+2 (0.46242) 

energy wavelength Oscillator strength (f) Description 
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Table 8. Uncorrected and thermal-corrected (298K) energies of stationary points (Hartree).a 

compound E E + ZPE H G 

[8]CN -3077.47382346 -3076.452172 -3076.394634 -3076.539354 

[10]CN -3846.88569576 -3845.607310 -3845.535005 -3845.712075 

1,1'-binaphtyl -770.587625051 -770.311952 -770.296834 -770.354150 

ternaphtyl -1155.28226017 -1154.878843 -1154.856237 -1154.931792 

a) E: electronic energy; ZPE: zero-point energy; H (=E+ZPE+Evib+Erot+Etrans+RT): sum of electronic and 

themal enthalpies; G (=H–TS): sum of electronic and thermal free energies.  

2.9992 eV 413.39 nm 0.0000 

HOMO -> LUMO (0.50414) 
HOMO–1 -> LUMO+1 (0.32129)             
HOMO–2 -> LUMO+2 (0.32129) 
HOMO–3 -> LUMO+3 (0.12822) 
HOMO–4 -> LUMO+4 ( 0.12822) 

3.1057 eV 399.22 nm 1.9499 

HOMO -> LUMO+1 (0.47204) 
HOMO–1 -> LUMO+4 (-0.14530)             

HOMO–1 -> LUMO (0.44016) 
HOMO–2 -> LUMO+2 (0.14531) 
HOMO–3 -> LUMO+2 (0.12343) 
HOMO–4 -> LUMO+1 (-0.12343) 

3.1057 eV 399.22 nm 1.9501 

HOMO -> LUMO+2 (0.47204) 
HOMO–1 -> LUMO+3 (0.14530)             
HOMO–2 -> LUMO+4 (0.14530) 

HOMO–2 -> LUMO (0.44016) 
HOMO–3 -> LUMO+1 (0.12343) 
HOMO–4 -> LUMO+2 (0.12343) 

3.2595 eV 380.38 nm 0.0000 

HOMO–3 -> LUMO ( 0.24847) 
HOMO–2 -> LUMO+1 (0.38120) 
HOMO–1 -> LUMO+2 (0.38120) 

HOMO -> LUMO+3 (0.35211) 

3.2595 eV 380.38 nm 0.0000 

HOMO–4 -> LUMO (-0.24847) 
HOMO–2 -> LUMO+2 (-0.38120) 
HOMO–1 -> LUMO+1 (0.38120) 
HOMO -> LUMO+4 (-0.35211) 

3.3290 eV 372.44 nm 0.0000 

HOMO–4 -> LUMO+1 (-0.14606) 
HOMO–3 -> LUMO+2 (0.14606) 
HOMO–2 -> LUMO+3 (-0.15531) 

HOMO–1 -> LUMO (0.46885) 
HOMO–1 -> LUMO+4 (0.15531) 
HOMO -> LUMO+2 (-0.41360) 
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Chapter 4 
 

 

 

 

 

 

 

 

 

Cyclodehydrogenation of cyclo-1,4-naphthylenes: 
A final step towards carbon nanobelts 

 
 

 

 

 

 

 

 

 

 

 

 

Abstract: The synthesis of carbon nanobelts was challenged by using of 

cyclo-1,4-naphthylenes (CNs) as precursors. Prior to the synthetic investigation, 

theoretical studies were conducted to predict the structural and electronic features of 

carbon nanobelts. The cyclodehydrogenation of [9]CN, [12]CN, and [16]CN was 

attempted, and a possible way for efficient cyclodehydrogenation was identified. This 

work would contribute to achieve the synthesis of carbon nanobelt by further 

investigation in the future.   
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1. Introduction 

 

   The author has achieved the synthesis of potential precursors for carbon nanobelts as shown 

in Chapter 1 to 3. In this chapter, the synthesis of carbon nanobelts was attempted together with 

the understanding the properties of carbon nanobelts.  

   To date, the structure, reactivity, and aromaticity of belt-shaped aromatic hydrocarbons have 

been predicted.1 However, theoretical studies specific to carbon nanobelts have not been 

reported yet. Therefore, prior to their synthetic studies, the structural and electronic properties 

of carbon nanobelts were estimated by calculation at the B3LYP/6-31G(d) level (Table 1 and 

Figure 1). By the TD-DFT calculation, the absorption maxima of [8]-, [9]-, [10]-, [12]-, and 

[16]carbon nanobelts were predicted. The absorption maximum shifts to long wavelength as the 

ring size increases. As for the HOMO levels of these carbon nanobelts, the energy level 

increases as (n) in [n]carbon nanobelt increases. On the other hand, the LUMO levels behave 

oppositely. These behaviors are similar to those of linear polyrylenes.2 The red-shift of the 

absorption maximum should be reflected by the behaviors of the frontier orbitals. The Raman 

spectra were also estimated by calculation (Figure 1). Intense peaks around 1250 cm–1 and 1600 

cm–1, which are derived from C–H bending vibration and in-plane vibration of benzene rings 

respectively, were estimated in all the carbon nanobelts. For the radial breathing mode, which is 

observed in the low frequency area (100–300 cm–1), no notable peaks were estimated unlike 

carbon nanotubes.3 These predictions should be useful for the identification of carbon nanobelts. 

Recently, our group developed a general method to estimate the strain energies of belt-shaped 

aromatic hydrocarbons.4 Their strain energies are inversely proportional to the ring size (n), as 

estimated by the formula (a) in Table 1. The strain energies are higher than those of the same 

sizes of cyclo-1,4-naphthylenes (CNs) by ca. 50 kcal·mol–1, and similar to those of previously 

synthesized small CPPs (117 kcal·mol–1 for [5]CPP, and the strain energies for other CPPs are 

in Table 3 of Chapter 3).  
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Table 1. Properties of carbon nanobelts estimated at the B3LYP/6-31G(d) level. 

 

 
Figure 1. Estimated Raman spectra for [8]-, [9]-, [10]-, [12]-, and [16]carbon nanobelts. 

 

   Chapter 2 and 3 described the successful synthesis of [8]-, [9]-, [10]-, [12]-, and [16]CNs. 

The sequential intramolecular cyclodehydrogenation reaction of CNs is the most 

straightforward transformation to carbon nanobelts (Figure 2a). Many methods for 

cyclodehydrogenation of arenes have been reported to date (Figure 2b).5 In 1910, Scholl and 
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(III), copper chloride (II), and 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) were also 

found to afford the cyclodehydrogenated products.5a Although the mechanisms for these 

cationic cyclodehydrogenations are still unclear, it was proposed that electron-oxidation of the 

arene rings triggers their coupling and following dehydrogenation. 7  Recently, thermal 

cyclodehydrogenations have been employed to synthesize several oligorylenes.8 Meanwhile, 

the anionic cyclodehydrogenation of 1,1’-binaphthyl by potassium metal was discovered in 

1967 by Solodovnikov and co-workers.9 This anionic cyclodehydrogenation of 1,1’-binaphthyl 

is realized by lithium metal as well, and known for the method to produce less byproducts.10 

The group of Müllen has often employed this method to achieve the synthesis of many kinds of 

oligorylenes.2 This reaction includes the both processes of electron-reduction and oxidation, 

albeit oxidative pathway totally. In 2010, the group of Scott reinvestigated the detail on the 

anionic cyclodehydrogenation of 1,1’-binaphthyl, and gained mechanistic insight into the 

reaction.11 They proposed that the electron-reduction causes the coupling in 1,1’-binaphthyl, 

and a hydrogen molecule eliminates to form anionic perylene. The yield of perylene was 

drastically improved, which is the highest in all conditions for the cyclodehydrogenation of 

1,1’-binaphthyl reported to date. This Scott’s condition seems to be the most effective for 

cyclodehydrogenation of CNs. 
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Figure 2. Cyclodehydrogenation of (a) CNs and (b) 1,1’-binaphthyl derivatives. 
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by using [9]CN, [12]CN, and [16]CN. Following optimization of the reaction conditions 

[Friedel-Crafts reaction]

1910 Scholl

AlCl3

140 °C
[15%]

1,1'-binaphthyl perylene

oxidants

e.g. FeCl3, CuCl2, DDQ

[cationic cyclodehydrogenation]

heat
(400–500 °C)

[thermal cyclodehydrogenation]

[anionic cyclodehydrogenation]

Discovered by Solodovnikov in 1967,
improved by Scott in 2010

excess K

THF
85 °C
[95%]

1,1'-binaphthyl perylene

2–

HH HH H2 +

2–

H+

plausible mechanism

cyclo-
dehydrogenation

cyclo-
dehydrogenation

carbon nanobeltCN

(a)

(b)



 96 

afforded the products expected as highly cyclodehydrogenated nanorings. Taking the results, 

some ideas are also suggested to successfully obtain desired carbon nanobelts. 

 

 

Figure 3. Survey of this chapter. 
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2. Results and discussion 

 

2-1. Anionic cyclodehydrogenation of [9]CN, [12]CN, and [16]CN in Scott’s condition 

 

   [9]CN, [12]CN, and [16]CN were first subjected to Scott’s condition for the anionic 

cyclodehydrogenation. These CNs were treated with excess amount of potassium metal in THF 

at 85 °C for 48 h. In all cases, the color of the reaction solution turned to dark green initially and 

then dark purple, which is typical color change for the generation of metal naphthalenide.11 In 

such kind of reduction, oxygen gas or iodine is generally used to oxidize the anionic products 

after the metal is removed. When oxygen gas was used, mass peaks of oxygen adducts were 

detected by MALDI-TOF MS, in addition to those of neutralized products. In order to avoid 

such addition of oxygen atoms, the anion species were first reacted with degassed methanol for 

protonation, and then the protonated products were treated with DDQ for oxidation and 

re-aromatization. This treatment was tried in the reaction of 1,1’-binaphthyl in advance of CNs. 

It was confirmed that the protonated products were obtained and were successfully 

re-aromatized by DDQ. After these procedures, the products by the reactions of CNs were 

analyzed by MALDI-TOF MS (Table 2). In the product mixture from the reaction of [9]CN, the 

mass peaks of m/z = 1122 (–12H from [9]CN), 1124 (–10H), 1126 (–8H), 1128 (–6H), and 1130 

(–4H) were detected. In the reaction of [12]CN, the product mixture with the mass peaks of m/z 

= 1492 (–20H from [12]CN), 1494 (–18H), 1496 (–16H), 1498 (–14H), 1500 (–12H), 1502 (–

10H) and 1504 (–8H) were obtained. The products by the reaction of [16]CN contained the 

compounds with m/z = 2002 (–14H from [16]CN) and 2004 (–12H). Firstly in the purification, 

the dichloromethane solution of the products and the precipitate were separated. Detected mass 

peaks from the solution were listed in Table 2. It was found that far dehydrogenated products 

were contained in the precipitate of the three CNs. Although the isolation of the soluble 

products was attempted by gel permeation chromatography, silica chromatography, aluminum 

oxide chromatography and crystallization, it has not been successful due probably to the 

similarities in their structure and polarity. To get further structural information of the products, 

the UV–vis absorption spectra of the dichloromethane solution were measured (Figure 4). The 

absorption maxima of the products were observed around 460 nm, which was longer 

wavelength than those of [9]CN, [12]CN, and [16]CN. The insoluble compounds were analyzed 

by the Raman spectroscopy (Figure 5). In common to all the compounds, the Raman peaks were 

observed in 1270 cm–1, 1360 cm–1, and 1560 cm–1 excited by the laser of 532 nm. 
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   The mass analysis, absorption spectra, and Raman spectra showed that the Scott’s anionic 

condition converted [9]CN, [12]CN, and [16]CN into some compounds, but carbon nanobelts 

were not contained. The decreases of molecular weights and their degree indicate that sequential 

cyclodehydrogenation reactions successfully proceeded in the CNs. Furthermore, according to 

the mass analysis, highly dehydrogenated products had poor solubility. This is the typical 

behavior of π-extended aromatic hydrocarbons. The red-shifts observed in the absorption 

spectra also supported the extension of π-conjugation by cyclodehydrogenation. Judging from 

estimated absorption maxima for carbon nanobelts (Table 1), the solutions seem not to contain 

the carbon nanobelts. The Raman spectra of the three products were similar to each other. This 

suggests that they might have similar structures. Compared to the estimated Raman spectra for 

[9]-, [12]-, and [16]carbon nanobelts (Figure 1), the additional peaks around 1350 cm–1 were 

observed. The origin of these additional peaks has not been cleared. 

 

Table 2. Cyclodehydrogenation of [9]CN, [12]CN, and [16]CN in the Scott’s condition. 

 

n = 1: [9]CN    m/z = 1134
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n
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detected mass peaks by MALDI-TOF MS (m/z)

dichloromethane solution

1128 (–6H), 1130 (–4H),
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Figure 4. UV–vis absorption spectra of the dichloromethane solutions and [9]CN, [12]CN, and 

[16]CN. 

 

Figure 5. Raman spectra of the products insoluble to dichloromethane excited at 532 nm laser. 
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of small rylenes was prior to large ones in such oligonaphthylenes. The TD-DFT calculations 

were performed for several kinds of nanorings, which can be obtained from [12]CN (Figure 6). 

When one perylene unit is formed in the CN (A), the estimated absorption maximum is shifted 

to longer wavelength (435 nm). The formation of another perylene unit triggers further redshift 

(417, 496, 616 nm for B, 382, 523 nm for C). Subsequently, the absorption spectrum was 

estimated for the nanoring with one terrylene unit (D), which is generated by 

cyclodehydrogenation of the perylene unit with neighboring naphthalene unit. As a result, the 

intense absorption in 661 nm was estimated in addition to the absorption maximum of 424 nm. 

According to these calculations, the formation of a few terrylene units would cause much longer 

wavelength absorption than the formation of more perylene units. Considering the measured 

results (absorption spectrum and the degree of dehydrogenation (–8H and –10H)) together, it 

would be reasonable to assume that several perylene units were formed prior to terrylene unit in 

the early stage of sequential cyclodehydrogenation in [12]CN. 

 

 
Scheme 1. Cyclodehydrogenation of oligonaphthylenes by Müllen. 
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Figure 6. Cyclodehydrogenated nanorings and their estimated absorption maxima. Optimized 

structures were obtained at the B3LYP/6-31G(d) level. 

 

2-2. Anionic cyclodehydrogenation of [12]CN 

 

2-2-1. Effects of alkali metals 

 

   By the preliminary investigation above, it was found that sequential cyclodehydrogenation 

in [9]CN, [12]CN, and [16]CN can proceed to afford fused nanorings. Thus, further 

investigation of the reaction conditions was conducted. First, the effect of alkali metals was 

examined with [12]CN because the cyclodehydrogenation of [12]CN proceeded well as shown 

above. Products were analyzed by MALDI-TOF MS (Table 3). In the condition with lithium 

metal, the addition or substitution of THF (m/z = 1582, 1654, 1724) seemed to proceed rather 

than the cyclodehydrogenation (entry 1). No reaction occurred by using sodium metal (entry 2). 

The use of NaK alloy is also effective for the cyclodehydrogenation as well as potassium metal 

(entries 3 and 4). The differences in the reduction potentials of lithium, sodium, and potassium 

metals are small (–3.04 eV, –2.71 eV and –2.93 eV, respectively). Previously, Rabinovitz and 

co-workers reported the THF addition to pyrene and curved pyrene derivatives by using lithium 

metal (Scheme 2).12 Taking their results into consideration, the result in entry 1 is probably 

caused by the instability of the ion pair, i.e. the anionic nanoring and lithium ion. The difference 

in the reactivity among sodium metal, NaK alloy, and potassium metal can be attributed to their 

surface areas in the reactions derived from their melting points (sodium: 98 °C, NaK alloy: 

19 °C, potassium: 63 °C). 
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Table 3. Effects of alkali metals in cyclodehydrogenation of [12]CN. 

 

 

Scheme 2. THF addition to pyrene and curved pyrene derivatives by lithium metal. 

 

2-2-2. Effect of reaction temperature and time 

 

   Subsequently, the appropriate reaction temperature and time were investigated (Table 4). 
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shown in Figure 7. The generation of rylenes indicates the decomposition of the nanoring. Thus, 
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all detected mass peaks might be those of decomposed products as well, not of nanorings. The 

decomposition of the nanorings could be triggered by the instability of the anionic nanoring at 

high temperature. Rabinovitz and co-workers previously reported that the strained carbon–

carbon bond in the anionic curved pyrene dimer was cleaved by electron-reduction (Scheme 

3).12 They explained that two anionic species were generated by the bond cleavage, which 

repulsed each other. Judging from this previous work, the author presumed that the nanorings 

were decomposed by the excess electron-reduction at high temperature. The conditions for 

efficient cyclodehydrogenation where the excess electron-reduction is avoided were examined 

in the next section. 

 

Table 4. Effects of reaction temperature and time. 

 

 

 
Figure 7. Representative structures of rylenes and their exact mass. 
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Scheme 3. Decomposition of curved pyrene dimer induced by electron repulsion. 

 

2-2-3. Anionic cyclodehydrogenation of nanorings after removing alkali metal 

 

   By the investigation above, it was suggested that the excess electron-reduction triggered the 

generation of multianionic nanorings. To gain insight into the valence of anionic nanorings, 

“potassium [12]cyclo-1,4-naphthalenide (nK+·[12]CNn–)”, which is the species generated firstly 

in the cyclodehydrogenation of [12]CN with potassium metal, was formed then protonated with 

degassed methanol (Scheme 4). The mass peaks for multiprotonated products (m/z = 1515 

([12]CN +2H), 1517 (+4H) and 1519 (+6H)) were detected, indicating that multianionic species 

were generated. Not only [12]CN, but also the cyclodehydrogenated nanorings could become 

multianionic species. Based on these findings, the reactions were then attempted under the 

conditions where the excess electron-reduction can be avoided. Since controlling the equivalent 

of potassium metal was difficult, the reaction conditions were arranged in two ways. In the first 

way, after nK+·[12]CNn– was formed as above, the potassium metal was removed from the 

reaction. The resulting solution was then reacted at 120 °C (Scheme 5). Whereas the nanorings 

were not decomposed, the cyclodehydrogenation did not proceed better than the case with 

potassium metal in situ. In addition, many mass peaks were detected. The mass analysis showed 

that this reaction, where excess electron-reduction can be prevented, made the sequential 

cyclodehydrogenation of [12]CN inefficient. One of the possible factors for this is that electrons 

were lost from the anionic nanorings. Controlling the valence of anionic species seems to be 

important. When comparing the LUMO levels of fused nanorings, the more fused 

(cyclodehydrogenated) structures are constructed, the lower the LUMO level gets. Therefore, in 

the second way, alkali metals were removed after cyclodehydrogenation of [12]CN partially 

proceeded to inhibit the loss of electrons. The reaction of [12]CN was performed with 

potassium metal at 50 °C for 48 h, then the metal was removed (Scheme 6). When removing the 

metal, the absence of the decomposed fragments (rylenes) was confirmed. The solution of 

anionic cyclodehydrogenated nanorings was next heated to 150 °C for 288 h. As a result, deep 
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blue solid with the mass peak of m/z = 1492 (–20H), which hardly dissolves in common organic 

solvents, was obtained. The Raman spectrum of the blue solid was similar to that obtained by 

the Scott’s conditions, which is somewhat different from that of [12]carbon nanobelt (Figure 8). 

Though the absorption spectrum has not been obtained yet, the color of the solid indicated the 

absorption in long wavelength. Taking the detected mass peak into consideration together, the 

sequential cyclodehydrogenation of anionic nanorings proceeded efficiently and without 

decomposition. 

 

  

Scheme 4. Protonation of potassium [12]cyclo-1,4-naphthalenide. 

 

 
Scheme 5. Anionic cyclodehydrogenation of potassium [12]cyclo-1,4-naphthalenide. 
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Scheme 6. Sequential cyclodehydrogenation of anionic nanorings after removing potassium 

metal ([12]CN). 

 

Figure 8. Raman spectra of the product with m/z = 1492 (–20H) excited at 532 nm laser (above) 

and [12]carbon nanobelt (calculation, below).  
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product was greenish blue solid insoluble to common organic solvents, indicating the extension 

of π-conjugation in the nanoring. In its Raman spectrum, broaden peaks were observed (Figure 

9). This would be caused by the wide range of detected mass peaks compared to those by the 

reaction of [12]CN. 

 

 

Scheme 7. Sequential cyclodehydrogenation of anionic nanorings after removing potassium 

metal ([16]CN). 

 

Figure 9. Raman spectra of the product with m/z = 1988 (–28H) and 1494 (–26H) excited at 

532 nm laser (above) and [16]carbon nanobelt (calculation, below).  
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2-4. Anionic cyclodehydrogenation of [9]CN 

 

   Subsequently, the cyclodehydrogenation of [9]CN was tried in the arranged condition 

(Scheme 8). However, many mass peaks were detected from the products. The decomposition 

of nanorings was also indicated by the fact that the mass peaks for rylenes were detected. The 

strain energy of the CNs increases as the ring size decreases (see Chapter 3). Thus, it is 

reasonable to assume that the cyclodehydrogenation of [9]CN is more unfavorable than those in 

[12]CN and [16]CN. 

 

 

Scheme 8. Sequential cyclodehydrogenation of anionic nanorings after removing potassium 

metal ([9]CN). 
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3. Conclusion 

 

   In this chapter, the cyclodehydrogenation of CNs were examined toward the synthesis of 

carbon nanobelts. By anionic cyclodehydrogenation reaction induced by alkali metals such as 

potassium and NaK alloy, the progress of sequential cyclodehydrogenation of CNs was 

confirmed. By investigating the reaction conditions, the products expected as 

cyclodehydrogenated nanorings were obtained from the reaction of [12]CN and [16]CN. On the 

other hand, the cyclodehydrogenation of [9]CN induced decomposition in the optimized 

condition for [12]CN and [16]CN. From the results obtained here, large CNs were found to be 

favorable for the anionic cyclodehydrogenation. It was also found that the sequential anionic 

cyclodehydrogenation of CNs requires a careful control of the reaction conditions for efficient 

progression of the reaction. Further investigation is needed to produce carbon nanobelts 

successfully. For instance, the reaction condition by using potassium naphthalenide might be 

effective to control the electron-reduction. However, this work also revealed the biggest 

problem on this approach: the poor solubility of the products, which causes their low reactivity 

as well as the difficulty in the structural analysis. Because of the problem, enough identification 

of the products has been prevented. To improve this, the author suggests the introduction of 

substituents such as alkyl groups into CNs (Figure 10). For example, iridium-catalyzed 

borylation of CNs should proceed at the 6- and/or 7-positions on their naphthalene rings. The 

boryl groups can be converted to alkyl groups. The use of alkyl group-substituted naphthalene 

units in the synthesis of CNs is also promising. These substituents would allow easy treatment 

of the products, leading to successful synthesis of carbon nanobelts. 
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Figure 10. Perspective for the synthesis of carbon nanobelt via alkyl-substituted CNs. 
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4. Experimental Section 

 

4-1. General 

 

   Unless otherwise noted, all materials were obtained from commercial suppliers and used 

without further purification. Tetrahydrofuran (THF) was purified by passing through a solvent 

purification system (Glass Contour) and NaK alloy. All reactions were performed under an 

atmosphere of argon in glass vessels equipped with J. Young® O-ring tap, heated in silicon oil 

bathes. Work-up and purification procedures were carried out with reagent-grade solvents under 

air unless otherwise noted. Analytical thin-layer chromatography (TLC) was performed using E. 

Merck silica gel 60 F254 precoated plates (0.25 mm). High-resolution mass spectra (HRMS) 

were obtained from a JEOL JMS-S3000 SpiralTOF (MALDI-TOF MS) with 

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile as matrix. UV–vis 

absorption spectra of the compounds were recorded on a Shimadzu UV-3510 spectrometer with 

a resolution of 0.5 nm. Raman spectra of compounds were measured using RENISHAW inVia 

Raman microscopy equipped with Ar+ ion lasers operated at 532 nm. A notch filter was used to 

filter out Rayleigh radiation, and Raman signal was detected by charge-coupled device (CCD). 

A 50 x, 0.75 NA objective lens was used to focus the laser light onto samples. All 

measurements were carried out at room temperature and atmospheric conditions. 

 

Typical procedure for anionic cyclodehydrogenation of CNs  

 

   In a glove box, CN (1.0 mg, 0.88 µmol for [9]CN, 0.66 µmol for [12]CN, 0.50 µmol for 

[16]CN), alkali metal (ca. 20.0 mg), purified THF (1.0 mL) was added to a dried Schlenk tube 

with J. Young® O-ring tap. Then, the vessel was closed with the cap and heated in the silicon 

oil bath outside the glove box. During the reaction, the progress of cyclodehydrogenation was 

confirmed by MALDI-TOF MS of the partial sample which was oxidized by DDQ in the glove 

box for this purpose. As for the experiments in 2-2-3, the alkali metal was removed inside the 

glove box. When the reaction was stopped, degassed methanol was added to the solution at 

room temperature under air. The solvent was removed under reduced pressure. The crude 

product was then washed with methanol to remove inorganic salts. Subsequently, DDQ (3.0 

mg) and benzene (0.5 mL) were added to the obtained products in a test tube. The mixture was 

heated at 90 °C for 12 h in a 20-well reaction block (heater + magnetic stirrer). After cooling to 
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room temperature, the solvent was removed under reduced pressure. The reaction mixture was 

then washed with methanol to remove excess DDQ and reacted DDQ. The products originated 

from the cyclodehydrogenation of CNs were analyzed by MALDI TOF-MS, absorption 

spectroscopy, and Raman spectroscopy.      
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Conclusion of this thesis 
 
 
 

   Throughout the PhD study, the author has sought the first synthesis of carbon nanobelts. In 

Chapter 1, cyclo[12]paraphenylene-[2]2,7-pyrenylene ([12,2]CPPyr), a precursor with “foothold” 

for the construction of belt-structure, was synthesized. Extensive characterization revealed its 

unique photophysical properties caused by inserted pyrene rings. In the synthesis of carbon 

nanobelt with [12,2]CPPyr, however, its poor solubility prevented further π-extension on the 

nanoring. Chapter 2 described the synthesis of another type of precursor, 

[9]cyclo-1,4-naphthylene ([9]CN). By careful structural analysis, several properties were 

uncovered, which are characteristic to a carbon nanoring consisting solely of naphthalene rings. 

Based on the successful synthesis of [9]CN, [8]-, [10]-, [12]-, and [16]CN were also synthesized 

as shown in Chapter 3. Not only the size-dependent properties of CNs were found, but also the 

diversity was created in the sizes of potential precursors. With several sizes of CNs in hand, the 

synthesis of carbon nanobelt was challenged in Chapter 4. To make sequential 

cyclodehydrogenation of CNs successful, the investigation of reaction conditions for anionic 

cyclodehydrogenation was conducted. A possible method for efficient cyclodehydrogenaion 

was found for [12]- and [16]CN, while desired carbon nanobelts have not been obtained yet. 

This work also disclosed difficulties on the cyclodehydrogenation of CNs and on the analysis of 

its products.  

   Carbon nanobelt is one of belt-shaped aromatic hydrocarbons, whose synthesis has long 

been awaited in the fields of nanocarbon science, materials science, and organic synthesis. In 

the PhD study, the author has designed and synthesized novel potential precursors. Their 

structural and electronic properties were extensively studied as a significant part of the synthetic 

studies on carbon nanobelts. The synthesis of carbon nanobelts from the precursor carbon 

nanorings was firstly tried, and one possible way that might lead to carbon nanobelts was found. 

Though further studies are necessary, this research would be in the forefront of synthetic studies 

on belt-shaped aromatic hydrocarbons. The author believes that this study lead the successful 

synthesis of carbon nanobelt in future. 
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