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1. Cyclophane Compounds 

Cyclophanes are cyclic organic molecules which contain one or more aromatic rings in the 

main chain skeleton.1 The aromatic rings provide rigidity, and in many cases the aliphatic 

linkers provide flexibility to the cyclic structure. Generally, the size of cyclic structure is 

important for the studies of cyclophanes. Large size cyclophanes are widely studied in the field 

of host-guest chemistry2 and supramolecular assembly;3 in addition, some natural products4 

have the large cyclophane structure. Such cyclophanes usually do not exhibit intramolecular π-

π interaction of aromatic rings. Small size cyclophanes are well-investigated in the field of 

organic synthetic chemistry1e,5 due to the specific π-electron system and the three-

dimensionally rigid structure.6 Such cyclophanes usually exhibit intramolecular π-π interaction 

of aromatic rings and have the restricted aromatic rings which cannot rotate freely. Almost all 

of the small cyclophanes are chemically synthesized and hardly observed in the natural 

products. Cyclophanes are classified as [n]orthocyclophane, [n]metacyclophane, and 

[n]paracyclophane depending on the substituent positions of aromatic rings; [n] means the 

number of carbon atoms in the aliphatic linkers. Several cyclophanes have two or more 

aromatic rings and aliphatic linkers. Especially, [2.2]orthocyclophane, [2.2]metacyclophane, 

and [2.2]paracyclophane are actively studied for a long time because of the clarity of the 

structure. The structures are shown in Figure 1. Among such [2.2]cyclophanes, 

Figure 1. Cyclophane families. 
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[2.2]paracyclophanes are received much attention as the system having the strong π-π 

interaction and delocalized π-electrons between two benzene rings. A lot of 

[2.2]paracyclophane derivatives have been synthesized so far, and the physical properties and 

reactivities have been elucidated. 

 

2. [2.2]Paracyclophane 

[2.2]Paracyclophane was firstly discovered by Brown and Farthing in 1949. They 

synthesized and isomerized the trace amounts by high temperature pyrolysis of p-xylene, and 

the structure was confirmed by X-ray crystallography.7 In 1951, Cram and co-workers reported 

the synthesis of [2.2]paracyclophane with Wrutz-type intramolecular reaction of 1,4-

bis(bromomethyl)benzene.8 After these discovery, this unique hydrocarbon had been received 

much attention, and numerous research projects were carried out.9 [2.2]Paracyclophane has the 

face-to-face oriented two benzene rings which are connected by two ethylene units at the para-

position. The distance of two benzene rings is approximately 3 Å, and the benzene rings are 

slightly bent like a boat structure. The π-electrons are delocalized between two benzene rings 

and this π-π interaction is called though-space conjugation. The highest occupied molecular 

orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and nomenclature (numbering) 

of pseudo-ortho-[2.2]paracyclophane are shown in Figure 2. Using these unique structure and 

properties, a lot of functionalizations and functional materials have been developed. Examples 

of functionalized 4-monosubstituted [2.2]paracyclophanes are shown in Figure 3. 

 

 

 

 

Figure 2. HOMO-LUMO orbitals 

and nomenclature. 

Figure 3. Examples of functionalized 4-

monosubstituted [2.2]paracyclophanes. 
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First investigation of the chemical behaviors of [2.2]paracyclophane was carried out by 

Cram and co-workers in 1960s.10 Recently, Hopf and co-workers developed synthetic method 

of [2.2]paracyclophanes having ethynyl groups at various positions.11 These 

polyethynyl[2.2]paracyclophanes are available for π-conjugated building block (Figure 4). 

Bazan, Mukamel and co-workers investigated π-conjugated systems based on 

[2.2]paracyclophane in detail.12 The π-conjugation system varied drastically with the π-

conjugation length and the position of through-space conjugation of a [2.2]paracyclophane unit. 

Chujo, Morisaki and co-workers firstly applied [2.2]paracyclophane to π-conjugated polymer 

chemistry.13 They reported synthesis and optical properties of though-space π-conjugated 

polymer including a [2.2]paracyclophane unit in the main chain, and excitation energy was 

migrated to entire the polymer chain. The bridge ethylene units of [2.2]paracyclophane 

decompose over 200 ˚C to produce benzyl radicals (Figure 5).10a If the [2.2]paracyclophane is 

chiral, racemization occurs. Gorham reported that [2.2]paracyclophane was quantitatively 

cleaved by vacuum vapor-phase pyrolysis at 600 ˚C to generate two molecules of p-xylene 

biradical.14 The highly reactive p-xylene biradical was polymerized on surfaces (metals, glass, 

paper, plastics, ceramics etc.) maintained below 30 ̊ C. He called the polymer 'parylene' (Figure 

6). Recently, the bond cleavage proceeded with metal supported and catalytic system.15 Rigid 

structure of [2.2]paracyclophanes is also applied to fast photochromic molecules.16 In 

[2.2]paracyclophane chemistry, the fundamental properties have been actively investigated 

since the discovery. Recently, the unique properties started to be applied to polymer and 

materials chemistry. 

 

 

 

Figure 4. Examples of polyethynyl[2.2]paracyclophanes. 
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3. π-Conjugation System Based on [2.2]Paracyclophane 

Detailed investigations on π-conjugation systems including the [2.2]paracyclophane unit 

were carried out by Bazan, Mukamel and co-workers12 using the phenylene-vinylene systems. 

The features of π-conjugation system based on [2.2]paracyclophane are divided into two factors. 

One is the difference of the staking position with [2.2]paracyclophane in the monomer unit. 

The other is the π-conjugation length of the monomer unit. Monomer unit means one of the 

two stacked chromophores with [2.2]paracyclophane. In the case of the π-conjugation system 

stacked at the terminal aromatic ring, when the π-conjugation length is short, monomers 

strongly interact each other and photoluminescence is observed from mainly through-space 

(TS) level of [2.2]paracyclophane unit. It is called 'phane state'. The absorption occurs in the 

through-bond (TB) level of the monomer state because the phane state is forbidden transition 

band. On the other hand, when the π-conjugation length is long, the interaction is weak and 

photoluminescence is observed from mainly TB level of the monomer unit. In the case of the 

π-conjugation system stacked at central position, the strong interaction of the stacked 

monomers occurs and the absorbance and photoluminescence are observed from mixed 

monomer and phane state (Figure 7). Hopf and co-workers reported the optical properties of 

cyclic π-conjugation system including [2.2]paracyclophane (Figure 8).17 Especially, in 

Figure 5. Bridge cleavage and racemization of [2.2]paracyclophane over 200 ˚C. 

Figure 6. Bridge cleavage and polymerization of [2.2]paracyclophane over 600 ˚C by 

Gorham. 
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4,7,12,15-tatrasubstituted [2.2]paracyclophane, the cyclic π-conjugation system effectively 

exhibited three-dimensional π-conjugation system via through-space conjugation of 

[2.2]paracyclophane. The UV-vis and photoluminescence spectra drastically changed 

compared with non-cyclic compounds. Chujo, Morisaki and co-workers reported phenylene-

ethynylene-stacked optically active cyclic compounds with planar chiral [2.2]paracyclophane 

scaffolds (Figure 8).18 Through-space conjugation behaviors in polymer19 and oligomer20 

systems were actively investigated. The photo-excited energy was transferred to the terminal 

unit via through-space conjugation of [2.2]paracyclophane (Figure 9). In the case of poly(p-

phenylene-ethynylene) system, the effective π-conjugation length of through-space π-

conjugation system was longer than that of through-bond π-conjugation one. In addition, 

making advantage of designability of the stacked π-conjugation unit and effective fluorescence 

resonance energy transfer, it is expected to apply for single molecular wire as energy transfer 

media. Knorr, Harvey and co-workers also reported the features of Dexter type energy transfer 

behavior via [2.2]paracyclophane.21 Martín and co-workers reported the photo-excited electron 

transfer through [2.2]paracyclophane.22 

 

 

 

 

 

 

 

Figure 7. Qualitative electronic description of bichromophoric [2.2]paracyclophane 

molecules. In A, absorption occurs via the stilbene fragment, as shown by the excitation 

from S0 to S2. Internal conversion populates S1, which is primarily TS in character, and 

emission occurs from there. In B, TB has lower energy, relative to TS. In C, TB and TS are 

mixed by interchromophore contact. 
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4. Planar Chirality of [2.2]Paracyclophane 

[2.2]Paracyclophanes with substituent(s) exhibit planar chirality because the benzene rings 

cannot rotate. Numerous researches were carried out to obtain enantiopure planar chiral 

[2.2]paracyclophane so far.23-25 Definition of the planar chirality is shown in Figure 10; first, a 

pilot atom, which is nearest atom to chiral plane, is decided; second, go to chiral plane from 

the pilot atom, then turn to a prior atom (an arrow in Figure 10). When the rotation is right, the 

planar chirality is (Rp), and when the rotation 

is left, the planar chirality is (Sp). Rowlands 

and co-workers reported the general optical 

resolution method of 4-monosubstituted 

[2.2]paracyclophane.23g They used optically 

Figure 8. Examples of [2.2]paracyclophane-containing cyclic compounds. 

Figure 9. Energy transfer through molecules via [2.2]paracyclophane. (A) Excited energy 

is transferred entire the polymer chain. (B) Excited energy is transferred unidirectionally. 

Figure 10. Definition of planar chirality. 

Energy Transfer

Energy Transfer

(A)

(B)

Pilot atom

Right rotation
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active sulfoxide with an optical resolution agent and converted the sulfoxide to functional 

groups such as formyl and azide groups with sulfoxide-metal exchange method by t-

butyllithium. Chujo, Morisaki and co-workers reported the general optical resolution method 

of pseudo-ortho-[2.2]paracyclophane24h in reference to the report of Rowlands.23g In addition, 

they developed the transformation to planar chiral ethynyl[2.2]paracyclophane, leading to the 

planar chiral π-conjugated compounds. The other planar chiral [2.2]paracyclophanes already 

synthesized are described in Figure 11. Thus, a lot of planar chiral [2.2]paracyclophanes have 

been synthesized and one of them was applied to an optically active phosphine ligand 

"PHANEPHOS",24a,b which was commercially available. Functionalized planar chiral 

[2.2]paracyclophane has a potential to be a novel optically active building block. Binaphthyl 

groups26 (axial chirality) and helicene groups27 (helical chirality) are famous as candidates for 

optically active building blocks. The main character of planar chirality of [2.2]paracyclophane 

is planarity, which is different from binaphthyl or helicene. The chirality of 

[2.2]paracyclophane is derived from restricted rotation of benzene rings. On the other hand, 

those of binaphthyl and helicene are derived from torsions. Therefore, planar chiral 

[2.2]paracyclophane has rigid structure and has the potential to extend π-conjugation length 

effectively. In addition, the [2.2]paracyclophane possesses good designability, as can be seen 

in a wide variety of functionalized [2.2]paracyclophane derivatives. The properties are 

advantage for opto-electronic materials and various applications. 

 

 

 

 

 

Figure 11. Planar chiral multi-substituted [2.2]paracyclophanes already reported. 
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5. Summary of This Thesis 

The author has carried out the research to elucidate the properties of [2.2]paracyclophane 

and to suggest the potential applications to functionalized materials. The author has focused on 

4,7,12,15-tetrasubstituted [2.2]paracyclophane which is one of the tetrasubstituted 

[2.2]paracyclophanes. The π-conjugation system using 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane exhibits though-space conjugation at central position. The properties of 

these derivatives were investigated by Bazan, Mukamel and co-workers in detail. However, 

only several p-arylene-vinylene-based derivatives have been reported, and the planar chirality 

has not been investigated. Considering the unique properties of 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane, it is important to synthesize many derivatives and investigate the 

chiroptical properties for various applications. One of the reasons why there has not been many 

researches on 4,7,12,15-tetrasubstituted [2.2]paracyclophane is a difficulty of the synthesis. 

Firstly, the author developed gram-scale synthesis of 4,7,12,15-tetrabromo[2.2]paracyclophane 

which is converted to a lot of functionalized [2.2]paracyclophanes. In reference to synthetic 

method previously reported,28 the reaction process and purification method were optimized 

(Scheme 1). As a result, over 10 g synthesis was achieved in total 50% yield from a 

commercially available compound. Especially, the yield of the final dimerization process was 

improved from 20% to 68%, and the insoluble polymeric byproducts were reduced. 

Recrystallization is the only purification method and SiO2 column chromatography is not 

necessary. 

 

 

 

 

Scheme 1. Gram-scale synthesis of 4,7,12,15-tetrabromo[2.2]paracyclophane 

OH Br

Br

Br
Br

Br

Br

BrBr2/I2

CH2Cl2

Me3N in H2O Ag2O

reflux

12 h

rt

THF

12 h

NMe3

Br

Br

Br

Phenothiazine

Toluene

rt

H2O

2 h
74% 68%

(2 steps)

4,7,12,15-tetrabromo-
[2.2]paracyclophane

reflux



 

General Introduction 

 

9 

In Chapter 1, conjugated microporous polymers (CMPs) were prepared from disubstituted 

and tetrasubstituted [2.2]paracyclophane monomers by a Sonogashira-Hagihara coupling. The 

polymers obtained exhibited a type I nitrogen gas adsorption profile and H4-like hysteresis 

loops, indicating that the [2.2]paracyclophane containing CMPs possess slit-like mesopores. 

Their Brunauer-Emmett-Teller surface areas were estimated to be over 500 m2g−1. The step 

and stacked structure of the [2.2]paracyclophane unit affects the morphology of the polymers 

because of the contribution of two-dimensional expansion of the polymer network. 

 

 

 

 

 

 

In Chapter 2, conjugated microporous polymers (CMPs) were synthesized from the 

tetrasubstituted [2.2]paracyclophane skeleton as a tetra-functional building block using Hay 

coupling, Sonogashira-Hagihara cross-coupling, and Yamamoto coupling. The CMPs 

exhibited microporosity (less than 2 nm) and large surface areas (up to approximately 1000 

m2g–1). The CMPs consisted of relatively uniform particles and dispersed in organic solvents. 

These results suggest their possible applications in the fields of opto-electronics and catalyst 

chemistry. 
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In Chapter 3, the author achieved optical resolution of 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane and subsequent transformation to planar chiral building blocks. An 

optically active propeller-shaped macrocyclic compound containing a planar chiral cyclophane 

core was synthesized, showing excellent chiroptical properties such as high fluorescence 

quantum efficiency and a large circularly polarized luminescence dissymmetry factor. 

 

 

 

 

 

 

In Chapter 4, a series of optically active cyclic compounds based on the planar chiral 

tetrasubstituted [2.2]paracyclophane core were synthesized to obtain luminescent materials 

with excellent chiroptical properties in both the ground and excited states. The obtained cyclic 

compounds were composed of the optically active propeller-shaped structures created by the 

[2.2]paracyclophane core with p-phenylene-ethynylene moieties. The compounds exhibited 

good optical profiles, with a large molar extinction coefficient (ε) and photoluminescence 

quantum efficiency (Φlum). This optically active higher-ordered structure provided chiroptical 

properties of high performance, such as intense circularly polarized luminescence (CPL) with 

large dissymmetry factors (glum) in the excited state. 
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In Chapter 5, the author synthesized optically active cyclic compounds with extension of π-

surface with naphthalene units based on a planar chiral 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane framework. Hypsochromic effect was observed in the absorption and 

photoluminescence (PL) spectra of naphthalene-containing cyclic derivatives compared with 

those of benzene ones. Density functional theory (DFT) indicated that HOMO-LUMO band 

gap increased by introducing naphthalene units. Optimized structures showed that one of 

reasons of the hypsochromic effect was torsions of the cyclic structure. 

 

 

 

 

 

In Chapter 6, optically active π-conjugated dimers based on a planar chiral 4,7,12,15-

tetrasubstituted [2.2]paracyclophane were synthesized. The π-conjugated dimers were 

functionalized by arylethynyl groups, such as phenyl, naphthyl and anthryl units. When the 

monomer had small aromatic unit, such as benzene and naphthalene, the dimer exhibited 

typical dimer-like optical properties. On the other hand, when anthracene was used, the dimer 

exhibited monomer-like optical properties. In the circular dichroism (CD) and circularly 

polarized luminescence (CPL) spectra, they exhibited unique chiroptical properties. 
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In Chapter 7, optically active π-conjugated oligo(phenylene-ethynylene) dimers with a 

planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane were synthesized. In the dilute 

solution, the dimers exhibited good chiroptical properties; i.e. 10−3 order dissymmetry factors 

(gabs and glum). In the aggregation state, using kinetically stable preparing methods, one of 

dimers formed J-aggregates and the others formed parallel H-aggregates or inclined H-

aggregates. The spin-coated films and drop-cast films exhibited opposite CPL signal each other 

with 10−2 order dissymmetry factor. Annealing method moves the films to the 

thermodynamically stable forms. The glum values of drop-cast thick films were drastically 

enhanced after annealing and the glum values reached 10−1 order. 

 

 

 

 

 

In Chapter 8, optically active phenylethene dimers based on a planar chiral 4,7,12,15-

tetrasubstituted [2.2]paracyclophane were synthesized. The author succeeded in the synthesis 

of optically active photoluminescent compounds both in the dilute solution and in the 

aggregation state by attaching an aggregation-induced emission (AIE) active monomer to the 

[2.2]paracyclophane framework. The photoluminescent property in the dilute solution was 

obtained because the molecular motion of the AIE active monomers was suppressed by the 

rigid [2.2]paracyclophane framework. 

 

 

 

 



 

General Introduction 

 

13 

In Chapter 9, optically active meta-arylene-ethynylenes with pyridine groups based on a 

planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane were synthesized. The enantiopure 

higher-ordered structures were controlled by pyridine-Ag(I) complexation or an excimer 

formation. After Ag(I) coordination, the structural change was observed. The intramolecular 

interaction of the terminal pyrene units was observed in the ground state, and static excimer 

properties were observed because of the rigid π-π interaction in the excited state. Titration of 

Ag(I) revealed that the different coordination number of the compounds from two to four Ag(I) 

ions. Optical and chiroptical properties suggested the existence of intramolecular Ag(I)-π 

interaction.  

 

 

 

 

 

 

In Chapter 10, the author synthesized optically active dendrimers with a planar chiral 

4,7,12,15-tetrasubstituted [2.2]paracyclophane as a core unit. Light-harvesting effect and steric 

protection of the dendrimer structure enhanced photoluminescence property both in the dilute 

solution and in the film state with excellent CPL profiles (dissymmetry factor: glum ≈ 0.002, 

and absolute fluorescence quantum efficiency: Φlum ≈ 0.60). 
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Chapter 1 

 

Synthesis and Characterization of [2.2]Paracyclophane-Containing 

Conjugated Microporous Polymers 

 

 

Abstract 

Conjugated microporous polymers (CMPs) were prepared from disubstituted and 

tetrasubstituted [2.2]paracyclophane monomers by a Sonogashira-Hagihara coupling. The 

polymers obtained exhibited a type I nitrogen gas adsorption profile and H4-like hysteresis 

loops, indicating that the [2.2]paracyclophane containing CMPs possess slit-like mesopores. 

Their Brunauer-Emmett-Teller surface areas were estimated to be above 500 m2g−1. The step 

and stacked structure of the [2.2]paracyclophane unit affects the morphology of the polymers 

because of the contribution of two-dimensional expansion of the polymer network. 
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Introduction 

Microporous polymers such as porous coordination polymers (PCPs),1 metal organic 

frameworks (MOFs),1 and microporous organic polymers (MOPs)2 have potential applications 

as catalysts,3 gas storage materials,2f,k,m,4 and gas separation materials3a,5 owing to their 

microporosity and large surface area. They consist of organic compounds, whose functional 

groups can be changed to easily design and produce organic frameworks. The sizes and shapes 

of the micropores can be controlled precisely at the molecular levels. Thus, organic compounds 

are ideal building blocks for preparing microporous materials for the following reasons; they 

can be prepared easily, modified easily, and imparted with a variety of functional 

characteristics. 

Over the past three decades, conjugated polymers have attracted considerable attention in 

polymer chemistry as well as in materials chemistry since the discovery of the conductivity of 

polyacetylene through chemical doping.6 In general, organic polymers, including conjugated 

polymers, possess film-forming properties, high processability, and light weightedness.7–9 

Therefore, conjugated polymers have been used widely as optoelectronic materials such as 

light-emitting devices,7 field-effect transistors,8 and photovoltaic cells.9 Advances in transition-

metal-catalyzed coupling reactions have facilitated the preparation of various conjugated 

polymers with conformationally stable rigid structures.10 Recently, conjugated frameworks 

have been incorporated into network polymers using multifunctional conjugated compounds 

as monomers. Consequently, network polymers comprising only rigid conjugated skeletons 

with micropores can be fabricated. This new class of microporous polymers is called 

conjugated microporous polymers (CMPs).11,12 CMPs are of interest to researchers because 

they possess π-electrons delocalized throughout their framework; therefore, they have received 

considerable attention for their potential applications in the field of optoelectronics.12m  
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[2.2]Paracyclophane is an attractive aromatic compound, in which two benzene rings are π-

stacked and fixed together with a face-to-face distance of approximately 3 Å.13 In this chapter, 

the author attempted to synthesize CMPs containing [2.2]paracyclophane units in their 

conjugated main chain. The author focused on the structure of [2.2]paracyclophane rather than 

its through-space conjugated π-electron system14 in light of the fact that the incorporation of 

the pseudo-para-disubstituted [2.2]paracyclophane as well as 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane units results in the formation of a conformationally stable step structure. 

The author investigated the effects of the step structure on the properties of the poly(p-arylene-

ethynylene)-based CMPs. 

 

Results and Discussion 

Target CMPs were prepared by a Sonogashira-Hagihara coupling15 of monomers 1,4-

diethynylbenzene 1, pseudo-para-diethynyl[2.2]paracyclophane 2, and 1,3,5-triiodobenzene 

(3), as shown in Scheme 1. The ratio (x:y) of monomers 1 and 2 was changed, by which eleven 

CMPs (CMP-0 to CMP-10) were obtained (Table 1).16 In general, the isolated yield of a CMP 

synthesized by palladium-catalyzed coupling is over 100% as a result of the presence of non-

reacted halogens. For example, CMP-10 was obtained in 114% isolated yield, and elemental 

analysis revealed that CMP-10 contained 3.40 wt% iodine (Table 1). Scheme 2 shows the 

synthesis of CMP-11 containing 4,7,12,15-tetrasubstituted [2.2]paracyclophane as a crossing 

point in the polymer network. The treatment of 4,7,12,15-tetraethynyl[2.2]paracyclophane 4 

with 1,4-diiodobenzene 5 in the presence of a catalytic amount of Pd(PPh3)4 and CuI afforded 

the corresponding polymer CMP-11 in 116% isolated yield. 
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Scheme 1. Synthesis of CMP-0 to CMP-10 

 

 

 

Scheme 2. Synthesis of CMP-11 

 

 

 

 

 

Table 1. The results of polymerization of monomers 1, 2, and 3 

CMP Monomer ratioa Yield / % Elemental analysis / wt% 
 1 2  H(calcd) C(calcd) I 

CMP-0 10 0 117 
3.68 

(3.47) 
82.56 

(96.53) 
5.63 

CMP-1 9 1 117 
3.69 

(3.77) 
80.78 

(96.23) 
5.87 

CMP-2 8 2 118 
3.92 

(4.03) 
83.07 

(95.97) 
5.78 

CMP-3 7 3 107 
4.15 

(4.25) 
84.33 

(95.75) 
4.78 

CMP-4 6 4 122 
4.25 

(4.46) 
85.09 

(95.54) 
4.17 

CMP-5 5 5 114 
4.54 

(4.63) 
84.23 

(95.37) 
4.41 

CMP-6 4 6 108 
4.61 

(4.79) 
86.23 

(95.21) 
3.57 

CMP-7 3 7 120 
4.68 

(4.94) 
84.24 

(95.06) 
4.53 

CMP-8 2 8 110 
4.89 

(5.07) 
82.63 

(94.93) 
5.00 

CMP-9 1 9 104 
4.97 

(5.19) 
82.83 

(94.81) 
6.72 

CMP-10 0 10 114 
4.94 

(5.30) 
85.33 

(94.70) 
3.40 

a Monomer 3 was added with the ratio of (1+2):3 = 3:2 
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The structures of CMP-0 to CMP-11 were confirmed by solid-state CP/MAS 13C NMR and 

FT-IR spectroscopy. Figure 1A shows the solid-state CP/MAS 13C NMR spectra of CMP-0 to 

CMP-10. Assignments were carried out by referring to the 13C NMR spectrum of the model 

compound,17 as shown in Figure 2. The signals for carbon-carbon triple bonds “a” for CMP-0 

to CMP-10 were observed at around 90 ppm, and those attributable to their aromatic carbons 

“b” and “c” appeared at 120-145 ppm. The signals of the bridge methylene carbons “d” and 

aromatic carbons “e” in the [2.2]paracyclophane unit appeared at around 35 and 142 ppm, 

respectively. 

The FT-IR spectra of CMP-0 to CMP-10 (Figure 1B) were obtained from KBr pellets. For 

all samples, the peaks of the stretching vibration of the carbon-carbon triple bond and the 

double bond of the aromatic groups appeared at around 2200 cm−1 and at around 1580 cm−1 in 

combination with 1480 cm−1, respectively. In the spectra of CMPs containing cyclophane units, 

the peaks attributable to the C–H stretching vibration were observed at 2850-2960 cm−1, which 

increased against the transmittance of the aromatic C−H stretching vibration with increasing 

content of the [2.2]paracyclophane units in the CMP backbone. Figure 3 shows the IR spectra 

of CMP-11; the peak appeared at 3288 cm−1 derived from the C−H stretching vibration of non-

reacted terminal alkynes. 

Figure 4 shows the nitrogen adsorption-desorption isotherms of CMP-0 to CMP-11 as 

measured at 77 K. According to the IUPAC classification reported in 1985,18 all of the 

isotherms exhibited a type I nitrogen gas sorption profile. In the isotherms of CMP-8 to CMP-

11, a H4-like hysteresis loop appeared around 0.5P/P0 with the higher content of 

[2.2]paracyclophane. This result implies the possibility of the existence of narrow slit-like 

mesopores, which seemed to be formed by the incorporation of the step structure of the 

[2.2]paracyclophane moiety. The Brunauer-Emmett-Teller (BET) surface areas (SBET) of 

CMP-0 to CMP-11 were estimated, and the results are summarized with the Langmuir surface  
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Figure 1. (A) CP/MAS 13C NMR spectra of CMP-0 to CMP-10. Spectra were recorded at 
a MAS rate of 4 kHz relative to adamantane. Asterisks denote spinning side bands. (B) FT-
IR spectra of CMP-0 to CMP-10 (KBr). 
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Figure 2. Comparison of the solid state CP/MAS 13C NMR spectrum of CMP-10 with the 
13C NMR spectrum of the model compound in CDCl3. Asterisks denote spinning sidebands. 

Figure 3. FT-IR spectrum of CMP-11 (KBr). 
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areas (SLangmuir) in Table 2. The SBET value of CMP-0 was found to be 822 m2g−1, which is 

consistent with the reported SBET value of 834 m2g−1 of the CMP prepared from monomers 1,4-

diiodobenzene and 1,3,5-triethynylbenzene.12a,c Although incorporation of the 

[2.2]paracyclophane moiety resulted in a decrease in the surface area, the SBET values were 

relatively high, above 500 m2g−1, as listed in Table 2. The isotherm for CMP-11 consisted of 

the tetrasubstituted [2.2]paracyclophane unit as a crossing point in the polymer network. This 

isotherm revealed that CMP-11 was also microporous and had a BET surface area of 640 m2g−1 

(Figure 3 and Table 2). 

 

 

CMP SBET / m2g−1 Pressure range / P/P0 C SLangmuir / m2g−1 

CMP-0 822 0.011-0.054 769 1068 

CMP-1 687 0.023-0.053 613 894 

CMP-2 702 0.026-0.055 575 948 

CMP-3 650 0.032-0.086 810 865 

CMP-4 710 0.042-0.062 412 929 

CMP-5 581 0.062-0.073 330 788 

CMP-6 617 0.048-0.13 259 816 

CMP-7 561 0.044-0.063 228 692 

CMP-8 502 0.010-0.11 241 673 

CMP-9 520 0.026-0.14 216 672 

CMP-10 501 0.021-0.081 277 630 

CMP-11 640 0.049-0.064 369 806 

 

 

 

Table 2. Surface area of CMPs 
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A three-dimensional (3D) network structure formed effectively in CMP-0 owing to the 

bending of the struts, leading to a larger surface area. However, [2.2]paracyclophane creates 

partially a two-dimensional (2D) stacked structure of π-electron systems, which covered the 

nanopores in the CMP in comparison with CMP-0. The differences in these structures derived 

from the [2.2]paracyclophane units reflected their morphologies as seen by SEM.19 Figure 5 

shows the SEM images of CMP-0, CMP-3, CMP-6, and CMP-10 as representative 

examples.20 SEM observation of CMP-0 reveals the presence of mainly aggregates of spherical 

particles with submicrometer diameters; such spherical particles generally form in the case of 

a CMP grown in three dimensions. As the [2.2]paracyclophane content increased, the 

morphologies changed gradually. For example, aggregates of masses and plates were observed 

Figure 4. Nitrogen adsorption-desorption isotherms of CMP-0 to CMP-11 at 77 K; a filled 
circle and an open circle indicate adsorption and desorption isotherms, respectively. 
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for CMP-10 (Figure 5). The morphologies of the CMPs with a high [2.2]paracyclophane 

content were considered to be derived from the contribution of the step and stacked structure 

of the [2.2]paracyclophane moieties. [2.2]Paracyclophanes construct partially 2D stacked 

structures and slit-like pores rather than the layered structure of π-conjugated planes according 

to the X-ray diffraction (XRD) patterns (Figure 6), which indicated the amorphous feature of 

CMPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SEM images of CMP-0, CMP-3, CMP-6, and CMP-10. 

CMP-0 CMP-3 

CMP-6 CMP-10 

Figure 6. XRD pattern of CMP-10. 
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Conclusions 

In summary, the author synthesized a new type of CMP by taking advantage of the structure 

of the [2.2]paracyclophane skeleton. All of the CMPs exhibited a type I nitrogen gas adsorption 

profile, and H4-like hysteresis loops were observed for CMPs with high [2.2]paracyclophane 

content. This result indicates that the [2.2]paracyclophane-containing CMPs possess slit-like 

mesopores. The BET surface areas of the CMPs were estimated to be above 500 m2g−1. As the 

[2.2]paracyclophane content increased in the CMPs, their morphologies changed gradually, 

and aggregates of masses and plates were observed, attributable to the contribution of partial 

2D expansion of the polymer network created by the step and stacked structure of the 

[2.2]paracyclophane moieties. [2.2]Paracyclophane compounds with substituents have a 

conformationally stable planar chirality. CMPs consisting of such optically active 

[2.2]paracyclophane units should possess chiral micropores. Therefore, they have potential for 

use as optical resolving reagents and light-harvesting matrices for achieving circularly 

polarized luminescence. 
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Experimental Section 

General. Solid state cross-polarization/magic-angle-sample-spinning (CP/MAS) 13C NMR spectra 

were obtained on a JEOL JNM-LA300WB spectrometer operated at 75.6 MHz, and were recorded at 

the MAS rate of 4 kHz with the 1H decoupling field amplitude of 75 kHz and reported relative to 

adamantane. The contact time and the repetition time were fixed as 2 ms and 6 s, respectively. FT-IR 

spectra were obtained on a SHIMADZU IRPrestige-21 spectrophotometer. The adsorption isotherms 

of nitrogen at 77 K were measured with a BELSORP-18PLUS instrument, and N2 gas of high purity 

(99.9999%) was used. Prior to the adsorption measurements, the sample was treated under reduced 

pressure (< 10−2 Pa) at 373 K for 5 h. Scanning electron microscopy (SEM) measurement was carried 

out on a JEOL JSM-5600B system. Samples were placed on a conducting carbon tape attached to a 

SEM grid, and then coated with platinum. X-Ray diffraction (XRD) data were obtained on a Rigaku 

MiniFlex diffractometer using CuKα radiation in a range of 3° ≤ 2θ ≤ 60° at intervals of 0.01° at a 

scanning rate of 0.25 deg min−1 in the θ-2θ Bragg-Brentano geometry. Elemental analyses were 

performed at the Microanalytical Center of Kyoto University. 

Materials. Dehydrated toluene was purchased commercially and used without further purification. 

Et3N was purchased and purified by passage through a purification column under Ar pressure.21 

Pd(PPh3)4 (> 97%, Tokyo Chemical Industry = TCI), CuI (95%, Wako), and 1,4-diiodobenzene 5 

(>98%, TCI) were purchased commercially and used without further purification. 1,4-

Diethynylbenzene 1 (>98%) was purchased from TCI and purified by sublimation. Pseudo-para-

diethynyl[2.2]paracyclophane 2 was synthesized from pseudo-para-dibromo[2.2]paracyclophane 

according to the literature procedure.14i 1,3,5-Triiodobenzene 3 was synthesized from 1,3,5-

tribromobenzene (>98%, TCI) according to the literature procedure.22 4,7,13,16-

Tetraethynyl[2.2]paracyclophane 4 was synthesized from 4,7,13,16-tetrabromo[2.2]paracyclophane 

according to the literature procedure.23 All reactions were performed under Ar atmosphere. 

Synthesis of Synthesis of CMP-0 to CMP-10. A typical procedure is as follows. A mixture of 1 (31.5 

mg, 0.25 mmol), 2 (64.1 mg, 0.25 mmol), 3 (151.9 mg, 0.33 mmol), Pd(PPh3)4 (28.9 mg, 0.025 mmol), 

CuI (4.8 mg, 0.025 mmol), Et3N (2.0 mL), and toluene (3.0 mL) was placed in a round-bottom flask 

equipped with a magnetic stirring bar and a reflux condenser. After degassing the reaction mixture 

several times, the reaction was carried out at 80 °C for 72 h with stirring. The reaction mixture was 

cooled to room temperature and 1.0 N HCl (10 mL) was added to the mixture. The pale yellow solid 

was collected by filtration and washed with CHCl3, H2O, and MeOH. The solid was then further washed 
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with CHCl3 for 24 h and MeOH for 24 h using a Soxhlet extractor. The solid was dried at 70 °C in a 

vacuum oven for 24 h to afford CMP-5 (163.6 mg, 114%). The results of the CMP syntheses are 

summarized in Table 1. 

CMP-0. Solid state CP/MAS 13C NMR: δ 144, 131, 124, 90 ppm. FT-IR (KBr): ν = 3034, 2200, 1581, 

1508 cm−1. 

CMP-1. Solid state CP/MAS 13C NMR: δ 142, 131, 124, 91, 35 ppm. FT-IR (KBr): ν = 3038, 2940, 

2926, 2850, 2197, 1581, 1508 cm−1. 

CMP-2. Solid state CP/MAS 13C NMR: δ 142, 138, 132, 124, 91, 35 ppm. FT-IR (KBr): ν = 3040, 2954, 

2926, 2887, 2853, 2199, 1581, 1508 cm−1. 

CMP-3. Solid state CP/MAS 13C NMR: δ 142, 138, 132, 125, 90, 34 ppm. FT-IR (KBr): ν = 3040, 2940, 

2926, 2889, 2853, 2199, 1582, 1508 cm−1. 

CMP-4. Solid state CP/MAS 13C NMR: δ 142, 135, 132, 125, 91, 34 ppm. FT-IR (KBr): ν = 3042, 3009, 

2939, 2930, 2889, 2853, 2199, 1582, 1508, 1480 cm−1. 

CMP-5. Solid state CP/MAS 13C NMR: δ 142, 139, 132, 125, 91, 35 ppm. FT-IR (KBr): ν = 3042, 3011, 

2940, 2928, 2891, 2853, 2199, 1582, 1508, 1481 cm−1. 

CMP-6. Solid state CP/MAS 13C NMR: δ 142, 139, 131, 125, 91, 35 ppm. FT-IR (KBr): ν = 3042, 3009, 

2957, 2928, 2889, 2853, 2200, 1582, 1508, 1481 cm−1. 

CMP-7. Solid state CP/MAS 13C NMR: δ 141, 138, 132, 125, 91, 35 ppm. FT-IR (KBr): ν = 3044, 3009, 

2939, 2930, 2891, 2853, 2199, 1582, 1508, 1481 cm−1. 

CMP-8. Solid state CP/MAS 13C NMR: δ 142, 139, 132, 125, 91, 34 ppm. FT-IR (KBr): ν = 3040, 3009, 

2957, 2928, 2889, 2853, 2195, 1578, 1481 cm−1. 

CMP-9. Solid state CP/MAS 13C NMR: δ 142, 140, 132, 126, 91, 35 ppm. FT-IR (KBr): ν = 3044, 3011, 

2955, 2928, 2891, 2853, 2199, 1578, 1481 cm−1. 

CMP-10. Solid state CP/MAS 13C NMR: δ 142, 139, 133, 126, 92, 35 ppm. FT-IR (KBr): ν = 3042, 

3009, 2955, 2930, 2889, 2853, 2198, 1578, 1481 cm−1. 

Synthesis of CMP-11. A mixture of 4 (72.3 mg, 0.24 mmol), 5 (156.7 mg, 0.48 mmol), Pd(PPh3)4 (27.4 

mg, 0.024 mmol), CuI (4.5 mg, 0.024 mmol), Et3N (2.0 mL), and toluene (3.0 mL) was placed in a 

round-bottom flask equipped with a magnetic stirring bar and a reflux condenser. After degassing the 

reaction mixture several times, the reaction was carried out at 80 °C for 72 h with stirring. The reaction 

mixture was cooled to room temperature and 1.0 N HCl (10 mL) was added to the mixture. The yellow 

solid was collected by filtration and washed with CHCl3, H2O, and MeOH. The solid was then further 
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washed with CHCl3 for 24 h and MeOH for 24 h using a Soxhlet extractor. The solid was dried at 70 °C 

in a vacuum oven for 24 h to afford CMP-11 (124.2 mg, 116%). Solid state CP/MAS 13C NMR (δ): 

144, 133, 126, 94, 35. FT-IR (KBr): ν = 3288, 3062, 3043, 3032, 2960, 2930, 2885, 2853, 2187, 1589, 

1508 cm−1. Anal. calcd. for C36H20: C 95.54, H 4.46; found: C 79.83, H 4.60, I 6.76. 
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Chapter 2 

 

Conjugated Microporous Polymers Consisting of Tetrasubstituted 

[2.2]Paracyclophane Junctions 

 

 

Abstract 

Conjugated microporous polymers (CMPs) were synthesized from the tetrasubstituted 

[2.2]paracyclophane compounds as tetra-functional building blocks using Hay coupling, 

Sonogashira-Hagihara cross-coupling, and Yamamoto coupling. The CMPs exhibited 

microporosity (less than 2 nm) and large surface areas (up to approximately 1000 m2g–1). The 

CMPs consisted of relatively uniform particles and dispersed in organic solvents. These results 

suggest their possible applications in the fields of opto-electronics and catalyst chemistry. 
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Introduction 

[2.2]Paracyclophane, which contains two benzene rings, has attracted considerable attention 

with regard to its structure, reactivity, and physical properties.1 A number of 

[2.2]paracyclophane derivatives have been prepared so far, and their unique properties derived 

from the characteristic interactions between the stacked π-electron systems have been 

investigated in detail.1-3 Recently, through-space conjugated oligomers and polymers by 

incorporating [2.2]paracyclophane into the conjugated polymer backbone have been 

synthesized.4-7 These polymers exhibited an extension of π-conjugation length via the through-

space interaction.8 In addition, end-capping of the through-space conjugated polymers allowed 

for fluorescence resonance energy transfer (FRET) from the stacked π-electron systems to the 

end-capped π-electron systems.8,9   

Microporous polymers such as metal organic frameworks (MOFs),10-20 porous coordination 

polymers (PCPs),10-20 and microporous organic polymers (MOPs)21-33 have been extensively 

investigated.  Because these polymers possess micropores and large surface areas, it is expected 

that they can be applied as catalysts,34-38 gas storage materials,26,31,33,39-43 and gas separation 

materials.34,44,45 Generally, they are composed of organic compounds whose functional groups 

can be readily designed; thus, the sizes and shapes of the micropores can be controlled at the 

molecular level. Recently, π-conjugated frameworks have been used for network polymers. 

This new class of microporous network polymers is called conjugated microporous polymers 

(CMPs),46,47 and they consist of only rigid π-conjugated skeletons and of micropores that can 

be readily fabricated. CMPs have received considerable attention owing to their potential 

application in the field of optoelectronics48,49 because of the presence of delocalized π-electrons 

throughout their frameworks as well as their rigid micropores. 

In this chapter, the author focused on the structure of [2.2]paracyclophane to construct a 

network for a CMP. In particular, the author selected a 4,7,12,15-tetrasubstituted 
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[2.2]paracyclophane skeleton with a crisscross structure as the junction of the CMP. Three 

types of CMPs consisting of tetrasubstituted [2.2]paracyclophane junctions were synthesized 

from [2.2]paracyclophane monomers with different sizes by Hay coupling,50 Sonogashira-

Hagihara cross-coupling,51,52 and Yamamoto coupling.53 All CMPs were found to be 

microporous with large surface areas on the basis of nitrogen gas sorption studies. Further 

characterization of the obtained CMPs by cross-polarization magic angle spinning (CP/MAS) 

13C NMR, FT-IR, X-ray diffraction (XRD), and scanning electron microscopy (SEM) were 

also performed. 

 

Results and Discussion 

[2.2]Paracyclophane-based monomer 1 was prepared from 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane54 using the procedure reported in the literature.55 The Sonogashira-

Hagihara cross-coupling51,52 of compound 1 with 1-bromo-4-iodobenzene 2 proceeded 

chemoselectively to give monomer 3 in 43% isolated yield, as shown in Scheme 1. Schemes 

2-4 show the synthesis of target CMPs 1-3. Hay coupling50 of 1 (Scheme 2), Sonogashira-

Hagihara cross-coupling of 1 with 4 (Scheme 3), and Yamamoto coupling53 of 3 (Scheme 4) 

afforded the corresponding CMPs 1-3, respectively. After the coupling reaction, the crude 

products were washed with organic solvents and H2O using a Soxhlet extractor to yield the 

CMPs as pale yellow powders. The polymerization results are listed in Table 1. The reaction 

efficiencies of the CMPs were calculated according to the FT-IR absorption peak of C−H 

stretching vibration of the terminal alkyne (CMP 1) and the elemental analysis data (CMP 2 

and 3). Generally, the isolated yield of a CMP synthesized by palladium-catalyzed cross-

coupling is over 100% because of the presence of unreacted halogens such as bromine and 

iodine. Thus, in our case, CMP 2 possessed 3.37 wt% iodine according to the result of elemental 

analysis. On the other hand, Yamamoto coupling proceeded smoothly to provide CMP 3 
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(Scheme 4) with high reaction efficiency (>99%), although this reaction required a 

stoichiometric amount of Ni. Almost all of the Br species reacted, and the elemental analysis 

showed that only 0.24 wt% of Br remained in the sample. It is desirable to remove residual 

halogens from the viewpoint of the possible application of the CMPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of 3 

Scheme 2. Synthesis of CMP 1 

Scheme 3. Synthesis of CMP 2 

Scheme 4. Synthesis of CMP 3 
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Table 1. Results of Polymerization and Surface Areas of CMPs 

   Elemental analysis   

CMP 
Yielda 

(%) 

Reaction 

Efficiencyb 

H (%) 

Found, Calcd. 

C (%) 

Found, Calcd. 

Halogen (%) 

Found, Calcd. 

SBET 

(m2g−1) 

SLangmuir 

(m2g−1) 

1 90 0.72 4.05, 4.03 82.99, 95.97 − 889 1,156 

2 116 0.94 4.72, 4.46 85.32, 95.54 Iodine:3.37, 0 840 1,285 

3 91 >0.99 4.98, 4.67 87.93, 95.33 Bromine:0.24, 0 956 1,231 

a Isolated yield calculated on the basis of weight. b Calculated from the elemental analysis data 

for CMPs 2 and 3 from the FT-IR absorption peak of the terminal alkyne C−H stretching for 

CMP 1. 
 

The structures of the obtained CMPs were confirmed by solid-state CP/MAS 13C NMR and 

FT-IR spectroscopies. The solid-state CP/MAS 13C NMR spectra of CMPs 1-3 are shown in 

Figure 1. As a representative example, the signal positions of CMP 2 for various types of 

carbons are as follows. The relatively sharp peak at 31.7 ppm was assigned to the bridge 

methylene carbons of cyclophane units. The small signals of the C−C triple bond carbons 

appeared at around 95 ppm. Finally, the peaks at 120-145 ppm were assignable to the aromatic 

carbons. The FT-IR spectra were obtained using KBr pellets of the CMPs. The spectra of the 

CMPs 1-3 are shown in Figure 2. For all samples, the peaks of the stretching vibration of the 

C−C triple bond appeared around 2200 cm−1 and those of the C−C double bonds of phenylenes 

appeared around 1580 and 1480 cm−1. The peaks attributable to the stretching vibrations of the 

C−H bonds in the cyclophane units were observed at 2850-2950 cm−1. In the FT-IR spectra of 

CMPs 1and 2, the C−H stretching vibration of unreacted terminal alkynes appeared at around 

3250 cm−1. Thus, the reaction efficiencies of CMPs 1and 2 could be calculated from the 

absorbance of the terminal alkyne C−H stretching. 
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Figure 1. Solid state CP/MAS 13C 

NMR spectra of CMPs 1-3; CP/MAS 

7 kHz, asterisks denote spinning 

sidebands. 

Figure 2. FT-IR spectra of CMPs 1-3. 

Figure 3. (A) Nitrogen adsorption-desorption isotherms of CMPs 1-3. (B) Pore size 

distribution curves of CMPs 1-3. 
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The CMPs were analyzed by nitrogen gas sorption. The nitrogen adsorption/desorption 

isotherms of CMPs 1-3 obtained at 77 K are shown in Figure 3A. According to the IUPAC 

classification reported in 1985,57 all isotherms of CMPs 1-3 exhibited a type I nitrogen gas 

sorption profile. This result clearly indicates that the obtained CMPs are microporous network 

polymers comprised only micropores with diameters of less than 2 nm. The Brunauer-Emmett-

Teller (BET) surface areas (SBET) and Langmuir surface areas (SLangmuir) of CMPs 1-3 were 

estimated, and the results are shown in Table 1. All of the CMPs exhibited large BET surface 

areas ( > 840 m2g−1). CMP 3, which was obtained by Yamamoto coupling, exhibited the highest 

SBET value of approximately 1000 m2g−1. Pore size distribution curves of CMPs 1-3 were 

obtained by the micropore method, and they are shown in Figure 3B. The pores were mainly 

observed in the mesopores range from 0.5 to 1.1 nm. The pore diameters of the CMPs increased 

as the distance between [2.2]paracyclophane junctions became longer. For example, the pore 

diameters of CMPs 2 and 3 were estimated to be approximately 1.0 nm. 

The powder XRD patterns of CMPs 1-3 exhibited the hollow peaks as shown in Figure 4, 

indicating that they were completely amorphous. SEM images of CMPs 1-3 are shown in 

Figure 5, respectively. The morphology of CMP 2 obtained by cross-coupling polymerization 

suggested the presence of various chunks consisting of small plates and blocks. In contrast, the 

SEM image of CMP 1 showed aggregates consisting of small blocks, and that of CMP 3, which 

was prepared by the Yamamoto coupling, showed relatively uniform particles with 

approximately 0.2 μm in size. Thus, CMP 3 was readily dispersed in common organic solvents 

such as CHCl3 and CH2Cl2. In addition, there was little residual Br in CMP 3; therefore its 

optical properties were investigated. As shown in Figure 6A, CMP 3 dispersed in CH2Cl2 

exhibited a broad absorption band with a peak top at around 420 nm. As shown in Figure 6B, 

upon excitation at the absorption peak maximum, a broad and featureless emission spectrum 
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was observed with a peak top at around 530 nm (fluorescence quantum yield of 2%) derived 

from the stacked and aggregated structures of the π-conjugated frameworks. 

 

  

 

 

 

 

 

Figure 4. XRD patterns of CMPs 1-3. 

 

 

 

 

 

Figure 5. SEM images of CMPs 1-3. 

 

 

 

 

 

 

 

 

 

Figure 6. (A) UV-vis absorption spectrum of CMP 3 dispersed in CH2Cl2. (B) PL spectrum 

of CMP 3 dispersed in CH2Cl2 (excited at absorption maximum). (C) PL of the CMP 

dispersed in CH2Cl2, irradiated with UV lamp (365 nm). 
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Conclusions 

In summary, the author prepared CMPs containing tetrasubstituted [2.2]paracyclophane 

units as the junctions of the network structure by Hay coupling, Sonogashira-Hagihara cross-

coupling, and Yamamoto coupling. All CMPs comprised micropores with diameters of less 

than 2 nm. Moreover, they exhibited large surface areas; in particular, the BET surface area 

(SBET value) of the CMPs synthesized by Yamamoto coupling reached 1000 m2g−1. The 

morphology of this CMP was relatively uniform and the particles had diameters of 

approximately 0.2 μm; therefore, it was readily dispersed in common organic solvents. 
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Experimental Section 

General. 1H and 13C NMR spectra were recorded on a JEOL JNM-EX400 instrument at 400 and 100 

MHz, respectively. Samples were analyzed in CDCl3, and the chemical shift values were expressed 

relative to Me4Si as an internal standard. Solid state cross-polarization/magic-angle-sample-spinning 

(CP/MAS) 13C NMR spectra were obtained on a Bruker Avance III spectrometer operated at 100 MHz, 

and CP/MAS spectra were recorded at the MAS rate of 7 kHz with the 1H decoupling field amplitude 

of 57 kHz. The contact time and the repetition time were fixed as 2 ms and 5 s, respectively. Analytical 

thin layer chromatography (TLC) was performed with silica gel 60 Merck F254 plates. Column 

chromatography was performed with Wakogel C-300 SiO2. High-resolution mass spectra (HRMS) were 

obtained on a Thermo Scientific MALDI LTQ Orbitrap XL hybrid mass spectrometer. The adsorption 

isotherms of nitrogen at 77 K were measured with a BELSORP-18PLUS instrument, and N2 gas of high 

purity (99.9999%) was used. Prior to the adsorption measurements, the sample was treated under 

reduced pressure (< 10−2 Pa) at 423 K for 5 h. Scanning electron microscopy (SEM) measurement was 

carried out on a JEOL JSM-5600B system. Samples were put on a conducting carbon tape attached by 

a SEM grid, and then coated with platinum. X-Ray diffraction (XRD) data were obtained on a Rigaku 

MiniFlex diffractometer using CuKα radiation in a range of 3° ≤ 2θ ≤ 60° at intervals of 0.01° at a 

scanning rate of 0.25° min−1. Elemental analyses were performed at the Microanalytical Center of Kyoto 

University. 

Materials. THF and Et3N were purchased and purified by passage through purification column under 

Ar pressure.57 Dehydrated CH2Cl2 and DMF were obtained commercially, and used after degassing. 

Pd2(dba)3, Pd(PPh3)4, Ni(cod)2, PPh3, CuI, N,N,N',N'-tetramethylethylenediamine (TMEDA), 2,2'-

bipyridine, cyclooctadiene (COD), 1-bromo-4-iodobenzene (2), and 1,4-diiodobenzene (4) were 

obtained commercially, and used without further purification. 4,7,12,15-

Tetraethynyl[2.2]paracyclophane (1)54 was prepared from the corresponding 

tetrabromo[2.2]paracyclophane55 as described in the literature. 

Synthesis of 4,7,12,15-Tetrakis(4-bromophenylethynyl)[2.2]paracyclophane 3. A mixture of 1 

(0.363 g, 1.19 mmol), 2 (1.486 g, 5.25 mmol), Pd2(dba)3 (109 mg, 0.12 mmol), PPh3 (125 mg, 0.45 

mmol), and CuI (46 mg, 0.24 mmol) was placed in a 50 mL Pyrex flask equipped with a magnetic stirrer 

bar. The equipment was purged with Ar, followed by adding THF (40 mL) and NEt3 (10 mL) at 0 °C. 

The reaction was carried out at room temperature for 3 h. The reaction mixture was concentrated in 

vacuo to afford the crude product, which was purified by SiO2 column chromatography (hexane/CHCl3, 
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v/v = 8/1 as an eluent) and recrystallization from CHCl3 and MeOH to afford 3 as a pale yellow solid 

(476 mg, 0.52 mmol, 43%). Rf = 0.24 (hexane/CHCl3, v/v = 8/1). 1H NMR (CDCl3, 400 MHz): δ 3.07 

(t, J = 8.0 Hz, 4H), 3.54 (t, J = 8.0 Hz, 4H), 7.10 (s, 4H), 7.41 (d, J = 8.0 Hz, 8H), 7.53 (d, J = 8.0 Hz, 

8H); 13C NMR (CDCl3, 100 MHz): δ 32.7, 90.3, 93.6, 122.3, 122.7, 125.0, 131.7, 132.8, 134.6, 141.8. 

HRMS (MALDI) calcd for C48H28Br4 [M] +: 919.8919, found 919.8878. Elemental analysis calcd. for 

C48H28Br4: C 62.37 H 3.05 Br 34.58, found: C 62.64 H 3.27 Br 34.48. 

Synthesis of CMP 1. CuCl2 (99 mg, 1.00 mmol), TMEDA (116 mg, 1.00 mmol), and CH2Cl2 (5.0 mL) 

were placed in a 50 mL Pyrex flask equipped with a magnetic stirrer bar, and the mixture was bubbled 

with dry O2 (air) for 30 min. Compound 1 (126 mg, 0.42 mmol) in CH2Cl2 (2.0 mL) was added to this 

solution. After the reaction was carried out at room temperature for 72 h, aqueous NH3 (28%) was added. 

The pale yellow solid was collected by filtration and washed with THF, hexane, CHCl3, H2O, and 

MeOH. Then, the solid was further washed with CHCl3 for 24 h and MeOH for 24 h using a Soxhlet 

extractor. The solid was dried at 150 °C in a vacuum oven for 24 h to afford CMP 1 (112 mg, 90%). 

Solid state CP/MAS 13C NMR: δ 31.7, 82.7, 125.2, 141.1 ppm. FT-IR (KBr): 903, 1470, 1573, 2158, 

2929, 3290 cm−1. 

Synthesis of CMP 2. A mixture of 1 (72 mg, 0.24 mmol), 4 (157 mg, 0.48 mmol), Pd(PPh3)4 (27.4 mg, 

0.024 mmol), CuI (4.5 mg, 0.024 mmol), Et3N (1.9 mL), and DMF (2.85 mL) was placed in a round-

bottom flask equipped with a magnetic stirring bar and a reflux condenser. After degassing the reaction 

mixture several times, the reaction was carried out at 80 °C for 72 h with stirring. The reaction mixture 

was cooled to room temperature, and 1.0 N HCl (10 mL) was added to the mixture. The pale yellow 

solid was collected by filtration and washed with THF, hexane, CHCl3, H2O, and MeOH. Then, the 

solid was further washed with CHCl3 for 24 h and MeOH for 24 h using a Soxhlet extractor. The solid 

was dried at 150 °C in a vacuum oven for 24 h to afford CMP 2 (124 mg, 116 %). Solid state CP/MAS 

13C NMR: δ 31.7, 94.6, 123.4, 130.1, 140.2 ppm. FT-IR (KBr): 833, 905, 1508, 1593, 2195, 2930, 3032, 

3296 cm−1. 

Synthesis of CMP 3. A mixture of Ni(cod)2 (309 mg, 1.12 mmol), and 2,2'-bipyridine (175.7 mg, 1.12 

mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar and a reflux condenser.  

The equipment was purged with Ar, followed by adding DMF (30 mL) and COD (0.14 mL, 1.12 mmol), 

and then, the mixture was stirred for 1 h at 80 °C. To the mixture was added compound 3 (200 mg, 0.22 

mmol). The reaction was carried out at 80 °C for 72 h.  To the mixture, conc. HCl aq. (6.0 mL) was 

added, and the mixture was stirred for 8 h at room temperature. The pale yellow solid was collected by 
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filtration and washed with THF, hexane, CHCl3, H2O, and MeOH. Then, the solid was further washed 

with CHCl3 for 24 h and MeOH for 24 h using a Soxhlet extractor. The solid was dried at 150 °C in a 

vacuum oven for 24 h to afford CMP 3 (120 mg, 91%). Solid state CP/MAS 13C NMR: δ 31.6, 96.5, 

126.1, 130.5, 140.1 ppm. FT-IR (KBr): 822, 1497, 1601, 2181, 2930, 3028 cm−1. 
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Chapter 3 

 

Planar Chiral Tetrasubstituted [2.2]Paracyclophane: 

Optical Resolution and Functionalization 

 

 

Abstract 

Optical resolution of 4,7,12,15-tetrasubstituted [2.2]paracyclophane and subsequent 

transformation to planar chiral building blocks are described. An optically active propeller-

shaped macrocyclic compound containing a planar chiral cyclophane core was synthesized, 

showing excellent chiroptical properties such as high fluorescence quantum efficiency and a 

large circularly polarized luminescence dissymmetry factor. 
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Introduction 

Planar chiral [2.2]paracyclophanes provide a conformationally stable chiral environment 

due to suppression of the rotation of phenylenes.1 Optical resolutions of various 

[2.2]paracyclophanes have been conducted,1-3 and the resulting optically active 

[2.2]paracyclophane compounds have mainly been used as chiral auxiliaries. For example, 

aryl-PHANEPHOS3a,b are well-known commercially available compounds; they are widely 

used as chiral ligands for transition metal-catalyzed asymmetric reactions. 

There have been several reports on optical resolution of disubstituted [2.2]paracyclophane;3 

however, only one report on that of a tetrasubstituted [2.2]paracyclophane compound exists.4 

Considering the potential applications of [2.2]paracyclophane skeletons in polymer and 

materials chemistry,5 as well as organic and organometallic chemistry, further development 

and modification of optical resolution methods for planar chiral tetrasubstituted 

[2.2]paracyclophanes would be valuable. Herein, the author reports optical resolution of rac-

4,7,12,15-tetrabromo[2.2]paracyclophane and subsequent transformations to produce planar 

chiral building blocks for through-space carbon-rich compounds.6 In this chapter, an optically 

active macrocycle7 based on a tetrasubstituted [2.2]paracyclophane was synthesized. The 

excellent chiroptical properties, in particular, circularly polarized luminescence (CPL), are also 

reported.
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Results and Discussion 

Optical resolution of tetrasubstituted [2.2]paracyclophane was carried out by a diastereomer 

method beginning with 4,7,12,15-tetrabromo[2.2]paracyclophane8 rac-1, as shown in Figure 1. 

One of bromides in rac-1 was converted to a hydroxyl group to obtain rac-2 in 69% isolated 

yield,3c-e which was reacted with (−)-(1S,4R)-camphanoyl chloride 3 to obtain a mixture of 

diastereomers. These were readily separated by SiO2 column chromatography and purified by 

recrystallization to obtain (Sp,1S,4R)-4 and (Rp,1S,4R)-4 in 38% and 34% isolated yield, 

respectively (each diastereomer ratio (dr) > 99.5%).9 The structures were confirmed by NMR 

spectroscopy, mass analysis, elemental analysis, and X-ray crystallography (Figure 1). 

Hydrolysis and subsequent transformation of (Sp,1S,4R)-4 are shown in Scheme 1. 

Treatment of (Sp,1S,4R)-4 with KOH afforded (Sp)-2. This compound was used for the next 

transformation to OTf without purification, and enantiopure (Sp)-5 was obtained in 92% 

isolated yield. Sonogashira-Hagihara coupling10 of (Sp)-5 with trimethylsilylacetylene using a 

Pd2(dba)3/(t-Bu)3P catalysis gave only (Sp)-6 in 83% isolated yield. Interestingly, bromide was 

selectively reacted, and tetra(trimethylsilylethynyl)[2.2]paracyclophane (Sp)-7 was not 

detected by thin-layer chromatography. Reacting (Sp)-6 with trimethylsilylacetylene using a 

PdCl2(dppf) catalysis afforded (Sp)-7. Removal of the trimethylsilyl group was carried out with 

K2CO3/MeOH afforded the corresponding tetrayne11 (Sp)-8 in 91% isolated yield. The 

enantiomer (Rp)-8 was also synthesized by the same route. 

Tetrasubstituted [2.2]paracyclophanes 5 and 8 can be employed as conformationally stable 

chiral building blocks for various optically active carbon-rich compounds. In this study, the 

author synthesized an optically active propeller-shaped macrocycle12 from 8, as shown in 

Scheme 1. The reaction of (Sp)-8 with 5-tert-butyl-2-[(trimethylsilyl)ethynyl]iodobenzene 

afforded the corresponding optically active compound (Sp)-9 in 89% isolated yield. 

Desilylation of (Sp)-9 with K2CO3/MeOH and a subsequent oxidative coupling reaction using 
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Figure 1. Optical resolution of rac-1. Crystal structures of (Sp,1S,4R)-4 and (Rp,1S,4R)-4 

with ellipsoids at 30% probability. Hydrogen atoms and solvent (CHCl3 in (Rp,1S,4R)-4) 

are omitted for clarity. 

Scheme 1. Synthesis of Optically Active Macrocycle 
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Cu(OAc)2 gave the target macrocycle (Sp)-10 in 40% isolated yield. Enantiomer (Rp)-10 was 

also prepared, and their structures were confirmed by NMR spectroscopy and mass analysis. 

A single crystal of rac-10 was obtained by recrystallization with CHCl3 and MeOH, and the 

molecular structure is shown in Figure 2. The enantiomers co-crystallized into a single crystal, 

and the bowtie-shaped13 structure was confirmed from the top view. As shown in the front and 

side views, the structure seems like a two-blade propeller owing to the planar chiral 

[2.2]paracyclophane core. This structure has previously been synthesized by Hopf, Haley, and 

co-workers as a racemic compound,12 although the positions of the tert-butyl groups were 

different. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Preliminary X-ray structure of rac-10 and its packing diagram. Thermal ellipsoids 

are scaled to the 30% probability level. Hydrogen atoms and solvents are omitted for clarity. 



 

Chapter 3 

54 

 

The optical properties of (Rp)- and (Sp)-10 were investigated; the UV-vis absorption, 

circularly dichroism (CD), photoluminescence (PL), and CPL spectra of (Rp)- and (Sp)-10 in 

the dilute CHCl3 solution (1.0 × 10–5 M) are shown in Figure 3. The UV-vis absorption 

spectrum of 10 (Figure 3A) was identical to that of the cyclic compound prepared by Hopf, 

Haley, and co-workers.12 Thus, there was no difference in the electronic structure of the ground 

state between these compounds regardless of the positions of the tert-butyl groups.14 In the CD 

spectra of (Rp)- and (Sp)-10, intense and mirror image Cotton effects were observed in the 

absorption bands of the UV-vis spectra (Figure 3A). The molar ellipticity ([θ]) was very large, 

with a [θ] for (Sp)-10 of 2.7 × 106 deg cm2 dmol–1. The dissymmetry factor of absorbance, gabs 

= 2(Δε/ε), is another parameter indicating chirality in the ground state; a large gabs value of 0.9 

× 10–2 was obtained. The specific rotation [α]23
D (c 0.5, CHCl3) of (Sp)-10 was estimated to be 

−1494.9, whereas that of (Sp)-9 was +44.1. In all cases, the chiroptical data for (Sp)-10 were 

considerably enhanced compared with those for (Sp)-9 in the ground state. 

As shown in Figure 3B, compound 10 exhibited a vibronic emission peak at around 460 nm 

with an absolute PL quantum efficiency (Φlum) of 0.45 for (Sp)-10. The PL decay curve was 

fitted with a single exponential relationship (χ2 = 1.18), and the PL lifetime (τ) was calculated 

to be 3.71 ns (Figure 4). This efficient PL arose from criss-cross delocalization across the entire 

molecule via the strong through-space interaction of the [2.2]paracyclophane core.15 

Intense and mirror image CPL signals for (Rp)- and (Sp)-10 were observed in the emission 

region (Figure 3B) with a large CPL dissymmetry factor, glum = 2(I left – Iright)/(I left + Iright), where 

I left and Iright are the PL intensities of left- and right-handed CPL, respectively. The maximum 

|glum| value was estimated to be 1.1 × 10–2 (Figure 5). It is rare that a monodispersed chiral 

hydrocarbon exhibits such a large glum on the order of 10–2.16d,f,g Recently, small molecules that 

exhibit CPL in the dilute solution have been extensively studied; helically and axially chiral 

compounds have been known to have CPL with large glum values on the order of 10–3-10–2.16 A 
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conformationally stable chiral structure of the emitting species, such as a helical structure, in 

the excited state is essential to obtain CPL with a large glum. Macrocycle 10 possesses a 

conformationally stable chiral second-ordered structure (propeller-shaped structure) due to 

complete fixation by the [2.2]paracyclophane bridge methylenes, resulting in intense CPL with 

a large glum.17 There were only small differences between the gabs and glum for (Rp)- and (Sp)-

10, indicating little conformational change between the ground and the excited states.18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) UV-vis absorption and CD spectra of (Rp)- and (Sp)-10 in CHCl3 (1.0 × 10–5 

M) at room temperature. (B) PL and CPL spectra of (Rp)- and (Sp)-10 in CHCl3 (1.0 × 10–6 

M for PL and 1.0 × 10–5 for CPL) at room temperature, excited at 314 nm. 

Figure 5. Charts of glum of (Rp)- and (Sp)-

10 in CHCl3 (1.0 × 10−5 M) at room 

temperature. 

Figure 4. PL decay curves of (Rp)- and 

(Sp)-10 in CHCl3 (1.0 × 10−5 M) at room 

temperature, excited at 375 nm LED laser. 
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Conclusions 

In conclusion, the author have developed a practical method for optical resolution of planar 

chiral tetrasubstituted [2.2]paracyclophane. The obtained enantiopure 4,7,12,15-tetrafunctional 

cyclophane was readily modified to the corresponding planar chiral compounds. In the present 

study, a propeller-shaped macrocyclic compound was synthesized through coupling reactions. 

The obtained macrocycle exhibited a chiral environment in the ground and excited state. In 

particular, the macrocycle exhibited PL with a high Φlum of 0.45 and CPL with a large glum of 

1.1 × 10–2. A conformationally stable higher-ordered structure in the excited state is required 

for CPL with a large glum, and the theoretical supports in the excited state will be the next target. 

From the conformational viewpoint, [2.2]paracyclophane is the ideal scaffold and provides 

new design guidelines for CPL materials in addition to helically and axially chiral compounds. 

Various functionalizations of planar chiral tetrasubstituted [2.2]paracyclophanes, such as 5 and 

8, are available to obtain a variety of optically active emissive molecules. 
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Experimental Section 

General. 1H and 13C NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400 and 

100 MHz, respectively. Samples were analyzed in CDCl3, and the chemical shift values were expressed 

relative to Me4Si as an internal standard. Analytical thin layer chromatography (TLC) was performed 

with silica gel 60 Merck F254 plates. Column chromatography was performed with Wakogel C-300 

SiO2. High-resolution mass (HRMS) spectrometry was performed at the Technical Support Office 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto 

University), and the HRMS spectra were obtained on a JEOL JMS-MS700 spectrometer for electron 

ionization (EI), a Thermo Fisher Scientific EXACTIVE spectrometer for electrospray ionization (ESI), 

and a JEOL JMS-HX110A spectrometer for fast atom bombardment (FAB). Recyclable preparative 

high-performance liquid chromatography (HPLC) was carried out on a Japan Analytical Industry Co. 

Ltd., Model LC918R (JAIGEL-1H and 2H columns) and LC9204 (JAIGEL-2.5H and 3H columns) 

using CHCl3 as an eluent. UV-vis spectra were recorded on a SHIMADZU UV-3600 spectrophotometer, 

and samples were analyzed in CHCl3 at room temperature. Fluorescence emission spectra were recorded 

on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and samples were analyzed in CHCl3 

at room temperature. PL lifetime measurement was performed on a Horiba FluoroCube 

spectrofluorometer system; excitation was carried out using a UV diode laser (NanoLED 375 nm). 

Specific rotations ([α]t
D) were measured with a HORIBA SEPA-500 Polarimeter. Diastereomer ratio 

(dr) was confirmed by a HPLC (TOSOH UV-8020) equipped with a Daicel CHIRALPAK IA column 

(0.46 cm × 25 cm, solvent flow rate 0.5 mL/min). Circular dichroism (CD) spectra were recorded on a 

JASCO J-820 spectropolarimeter with CHCl3 as a solvent at room temperature. Circularly polarized 

luminescence (CPL) spectra were recorded on a JASCO CPL-200S with CHCl3 as a solvent at room 

temperature.  Elemental analyses were performed at the Microanalytical Center of Kyoto University. 

Materials. n-BuLi (1.65 M in hexane), B(OMe)3, H2O2 (30 w/v% in H2O), NaOH, (–)-(1S,4R)-

camphanoyl chloride (3), KOH, Tf2O, trimethylsilylacetylene, Pd2(dba)3 (dba = dibenzylideneacetone), 

(t-Bu)3P∙HBF4, CuI, K2CO3, MeOH, PdCl2(dppf)·CH2Cl2 (dppf = 1,1'-

bis(diphenylphosphino)ferrocene), and Cu(OAc)2 were purchased and used without further purification. 

Anhydrous CH2Cl2 and CH3CN were purchased and used without further purification. Pyridine was 

purchased and purified by distillation with KOH. THF and Et3N were purchased and purified by passage 

through solvent purification columns under Ar pressure.19 rac-4,7,12,15-

Tetrabromo[2.2]paracyclophane rac-1 was prepared as described in the literature.8 4,7,12,15-
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Tetra(trimethylsilylethynyl)[2.2]paracyclophane rac-7,11 4,7,12,15-tetraethynyl[2.2]paracyclophane 

rac-8,11 2-bromo-4-tert-butyl-1-iodobenzene s1,20 and 1-bromo-5-tert-butyl-2-

[(trimethylsilyl)ethynyl]benzene s2 have previously been reported.21 

Synthesis of rac-2. A solution of n-BuLi (1.65 M in hexane, 6.9 mL, 11 mmol) was slowly added to a 

solution of rac-4,7,12,15-tetrabromo[2.2]paracyclophane rac-1 (5.24 g, 10 mmol) in THF (80 mL) at 

−78 °C. After 30 min, B(OMe)3 (16.7 mL, 150 mmol) was added and the mixture was stirred 1 h at 

−78 °C to room temperature. Subsequently, aqueous 2 M NaOH (20 mL, 40 mmol) and aqueous 30% 

H2O2 (33.4 mL, 0.30 mol) were added and the mixture was stirred overnight at room temperature. To 

the yellow reaction mixture was added saturated aqueous NH4Cl solution, and the organic layer was 

extracted three times with CH2Cl2. The combined organic layer was washed with brine and dried over 

MgSO4. MgSO4 was removed by filtration, and the solvent was removed with a rotary evaporator. The 

crude residue was purified by column chromatography on SiO2 (CHCl3 as an eluent, Rf = 0.38) to afford 

rac-2 (3.19 g. 6.91 mmol, 69%) as a light yellow crystal. 1H NMR (CDCl3, 400 MHz) δ 2.80-3.00 (m, 

4H), 3.12-3.26 (m, 4H), 4.61 (s, 1H), 6.35 (s, 1H), 7.06 (s, 1H), 7.13 (s, 1H), 7.14 (s, 1H) ppm; 13C 

NMR (CDCl3, 100 MHz) δ 28.1, 32.6, 32.9, 33.2, 117.3, 119.4, 125.0, 125.7, 127.0, 134.1, 134.7, 134.9, 

140.0, 140.3, 141.2, 153.7 ppm. HRMS (ESI) calcd. for C16H13Br3ClO [M+Cl]−: 492.8200, found: 

492.8186.  Elemental analysis calcd. for C16H13Br3O: C 41.69 H 2.84, found: C 42.48 H 2.90. 

Optical resolution of rac-2: Synthesis of (Sp,1S,4R)-4 and (Rp,1S,4R)-4. A mixture of rac-2 (3.19 g, 

6.9 mmol) and (1S)-(−)-camphanoyl chloride (2.06 g, 9.51 mmol) was placed in a round-bottom flask 

equipped with a magnetic stirring bar. After degassing the reaction mixture several times, dehydrated 

pyridine (40 mL) was added and the mixture was stirred at room temperature for 9 h. After addition of 

5 M HCl (100 mL), the organic layer was extracted with CH2Cl2 and washed with 1 M HCl, saturated 

aqueous NaHCO3 and brine. The combined organic layer was dried over MgSO4. MgSO4 was removed 

by filtration, and the solvent was removed with a rotary evaporator. The crude residue was purified by 

column chromatography on SiO2 (CHCl3/hexane = 9/1 v/v as an eluent) to give the mixture of 

(Sp,1S,4R)-4 and (Rp,1S,4R)-4. as a crystal. Recrystallization was carried out to obtain each 

diastereomer; (Sp,1S,4R)-4 (1.70 g, 2.65 mmol, 38%) from toluene and hexane (good and poor solvent, 

respectively), (Rp,1S,4R)-4 (1.49 g, 2.33 mmol, 34%) from CHCl3 and MeOH (good and poor solvent, 

respectively). (Sp,1S,4R)-4. Rf = 0.30 (CHCl3/hexane = 9/1 v/v). Pale yellow block crystal. 1H NMR 

(CDCl3, 400 MHz) δ 1.15 (s, 3H), 1.21 (s, 3H), 1.25 (s, 3H), 1.75-1.81 (m, 1H), 1.97-2.05 (m, 1H), 

2.13-2.20 (m, 1H), 2.53-2.60 (m, 1H), 2.88-3.03 (m, 5H), 3.20-3.30 (m, 3H) 6.83 (s, 1H), 7.01 (s, 1H), 
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7.13 (s, 1H), 7.30 (s, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 9.81, 16.7, 17.4, 28.7, 28.8, 30.8, 32.6, 

32.9, 33.8, 54.7, 55.1, 90.8, 123.8, 125.1, 125.3, 125.6, 132.2, 134.7, 134.8, 135.6, 140.3, 140.7, 140.8, 

148.1, 165.3, 178.0 ppm. HRMS (ESI) calcd. for C26H25Br3ClO4 [M+Cl]−: 672.8986, found: 672.8968. 

Elemental analysis calcd. for C26H25Br3O4: C 48.70 H 3.93 Br 37.39, found: C 48.46 H 3.80 Br 37.41. 

[α]23
D = +80.6 (c 0.5, CHCl3). Retention time of HPLC: t = 11.3 min (CHIRALPAK IA, hexane/THF 

= 8/2 v/v). (Rp,1S,4R)-4. Rf = 0.21 (CHCl3/hexane = 9/1 v/v). Colorless needle crystal. 1H NMR (CDCl3, 

400 MHz) δ 1.12 (s, 3H), 1.20 (s, 3H), 1.23 (s, 3H), 1.80-1.87 (m, 1H), 2.02-2.09 (m, 1H), 2.27-2.34 

(m, 1H), 2.56-2.63 (m, 1H), 2.83-3.04 (m, 5H), 3.21-3.31 (m, 3H), 6.87 (s, 1H), 7.03 (s, 1H), 7.14 (s, 

1H), 7.29 (s, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 9.80, 16.9, 17.0, 28.8, 29.1, 31.3, 32.6, 33.0, 

33.9, 54.4, 54.9, 90.7, 123.7, 125.0, 125.1, 125.5, 132.0, 134.6, 134.8, 135.4, 140.3, 140.6, 140.7, 147.9, 

164.8, 177.6 ppm. HRMS (ESI) calcd. for C26H25Br3ClO4 [M+Cl]−: 672.8986, found: 672.8968. 

Elemental analysis calcd. for C26H25Br3O4: C 48.70 H 3.93 Br 37.39, found: C 48.46 H 3.78 Br 37.10. 

[α]23
D = −86.1 (c 0.5, CHCl3). Retention time of HPLC: t = 12.5 min (CHIRALPAK IA, hexane/THF 

= 8/2 v/v). 

Synthesis of 5. KOH (1.42 g, 2.41 mmol) in H2O (15 mL) was added to a solution of (Sp,1S,4R)-4 (1.55 

g, 2.41 mmol) in EtOH (70 mL). After the mixture was stirred for 10 h at room temperature, the reaction 

mixture was quenched by the addition of 1 M HCl (30 mL). The organic layer was extracted with 

CH2Cl2 and washed with saturated aqueous NaHCO3 and brine. The combined organic layer was dried 

over MgSO4. MgSO4 was removed by filtration, and the solvent was evaporated. Compound (Sp)-2 was 

obtained and used for the next reaction without purification. Dehydrated pyridine (2.0 mL, 25 mmol) 

and Tf2O (1.0 mL, 5.94 mmol) were added to a stirred solution of (Sp)-2 in dehydrated CH2Cl2 (30 mL) 

at 0 °C. After being stirred for 2 h at room temperature, the reaction mixture was quenched by the 

addition of 5 M HCl (5 mL). The organic layer was extracted with CH2Cl2 and washed with 1 M HCl, 

saturated aqueous NaHCO3, and brine. The combined organic layer was dried over MgSO4. MgSO4 was 

removed by filtration, and the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (hexane as an eluent) to afford (Sp)-5 (1.31 g, 2.22 mmol, 92%) as a colorless 

crystal. (Sp)-5. Rf = 0.23 (hexane). 1 H NMR (CDCl3, 400 MHz) δ 2.85-3.08 (m, 4H), 3.19-3.35 (m, 

4H), 6.95 (s, 1H), 6.96 (s, 1H), 7.15 (s, 1H), 7.33 (s, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 28.8, 

32.6, 32.8, 33.6, 118.7 (q, JC-F = 319 Hz), 125.1, 125.4, 125.5, 126.2, 133.4, 134.7, 135.4, 135.5, 140.46, 

140.49, 141.9, 147.5 ppm. HRMS (FAB) calcd. for C17H12Br3F3OS [M]+: 589.8009, found: 589.8009. 

Elemental analysis calcd. for C17H12Br3F3OS: C 34.43 H 2.04 F 9.61 S 5.41 Br 40.42, found: C 34.62 
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H 2.03 F 9.85 S 5.34 Br 39.60. [α]23
D = +90.5 (c 0.5, CHCl3). (Rp)-5. Yield: 85% from (Rp,1S,4R)-4. 

HRMS (FAB) calcd. for C17H12Br3F3OS [M]+ : 589.8009, found: 589.8006. Elemental analysis calcd. 

for C17H12Br3F3OS: C 34.43 H 2.04 F 9.61 S 5.41 Br 40.42, found: C 34.33 H 2.06 F 9.66 S 5.43 Br 

39.83. [α]23
D = –90.6 (c 0.5, CHCl3). Racemic compound rac-5 was synthesized from rac-2 in 92% 

isolated yield. 

Synthesis of 6. A mixture of (Sp)-5 (1.31 g, 2.22 mmol), Pd2(dba)3 (0.203 g, 0.222 mmol), t-Bu3P·HBF4 

(0.258 g, 0.888), CuI (0.085 g, 0.44 mmol), THF (25 mL) and Et3N (25 mL) was placed in a round-

bottom flask equipped with a magnetic stirring bar. After degassing the reaction mixture several times, 

trimethylsilylacetylene (3.14 mL, 22.2 mmol) was added to the mixture via a syringe. The reaction was 

carried out at 50 °C for 17 h with stirring. After the reaction mixture was cooled to room temperature, 

precipitates were removed by filtration, and the solvent was removed with a rotary evaporator. The 

residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/9 v/v as an eluent) to 

afford (Sp)-6 (1.18 g, 1.83 mmol, 83%) as a light brown solid. Rf = 0.26 (CHCl3/hexane = 1/9 v/v). 1H 

NMR (CDCl3, 400 MHz) δ 0.30 (s, 9H), 0.31 (s, 9H), 0.32 (s, 9H), 2.82-2.98 (m, 4H), 3.22-3.27 (m, 

1H), 3.39-3.46 (m, 3H), 6.76 (s, 1H), 6.87 (s, 1H), 6.99 (s, 1H), 7.10 (s, 1H) ppm; 13C NMR (CDCl3, 

100 MHz) δ −0.18, −0.06, −0.05, 29.3, 31.9, 31.9, 32.4, 99.8, 100.4, 100.5, 103.1, 104.1, 104.1, 118.7 

(q, JC−F = 320 Hz), 124.4, 125.4, 125.4, 125.6, 131.9, 134.4, 134.9, 136.7, 142.0, 142.0, 145.6, 148.1 

ppm. HRMS (FAB) calcd. for C32H40O3F3Si3S [M+H]+: 645.1958, found: 645.1940. Elemental analysis 

calcd. for C32H39O3F3Si3S: C 59.59 H 6.10, found: C 59.54 H 6.04. (Rp)-6 and rac-6 were obtained by 

the same procedure in 90% and 63% isolated yields, respectively. (Sp)-6: [α]23
D = −24.9 (c 0.5, CHCl3). 

(Rp)-6: [α]23
D = +28.9 (c 0.5, CHCl3). 

Synthesis of 7. A mixture of (Sp)-6 (1.18 g, 1.83 mmol), PdCl2(dppf)∙CH2Cl2 (0.300 g, 0.367 mmol), 

CuI (0.070 g, 0.37 mmol), THF (20 mL), and Et3N (20 mL) was placed in a round-bottom flask equipped 

with a magnetic stirring bar. After degassing the reaction mixture several times, trimethylsilylacetylene 

(2.59 mL, 18.3 mmol) was added to the mixture via a syringe. The reaction was carried out at 50 °C for 

12 h. After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, 

and the solvent was evaporated. The residue was purified by column chromatography on SiO2 

(CHCl3/hexane = 1/9 v/v as an eluent) to afford (Sp)-7 (0.769 g, 1.30 mmol, 71%) as a pale yellow 

crystal. The NMR data were matched with the literature’s value.11 Rf = 0.35 (CHCl3/hexane = 1/9 v/v). 

HRMS (ESI) calcd. for C36H49Si4 [M+H] +: 593.2906, found: 593.2906. (Rp)-7 was obtained by the same 

procedure in 76% isolated yield. Racemic compound rac-7 was obtained by the same procedure, and 
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used for the next reaction to prepare rac-8 without purification. (Sp)-7: [α]23
D = −59.4 (c 0.5, CHCl3). 

(Rp)-7: [α]23
D = +59.4 (c 0.5, CHCl3). 

Synthesis of 8. K2CO3 (1.08 g, 7.77 mmol) was added to a suspension of (Sp)-7 (0.769 g, 1.30 mmol) 

in MeOH (40 mL). After the mixture was stirred for 12 h at room temperature, H2O was added to the 

reaction mixture. The organic layer was extracted with CHCl3 and washed with brine. The combined 

organic layer was dried over MgSO4.  MgSO4 was removed by filtration, and the solvent was evaporated. 

The residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/4 v/v as an eluent) to 

afford (Sp)-8 (0.360 g, 1.18 mmol, 91%) as a colorless crystal. The NMR data were matched with the 

literature’s value.11 Rf = 0.17 (CHCl3/hexane = 1/9 v/v). HRMS (EI) calcd. for C24H15 [M−H] +: 303.1168, 

found 303.1172. (Rp)-8 was obtained by the same procedure in 91% isolated yield. Racemic compound 

rac-8 was obtained by the same procedure in 94% isolated yield (from rac-6). (Sp)-8: [α]23
D = +141.6 

(c 0.5, CHCl3). (Rp)-8: [α]23
D = −146.0 (c 0.5, CHCl3). 

 

 

 

 

 

 

Synthesis of s3. 2-Bromo-4-tert-butyl-1-iodobenzene (s1) was prepared according to the literature.21 A 

mixture of s1 (3.73g, 11.0 mmol), PdCl2(PPh3)2 (0.386 g, 0.550 mmol), CuI (0.105 g, 0.550 mmol), 

THF (45  mL), and Et3N (15 mL) was placed in a round-bottom flask equipped with a magnetic stirring 

bar. After degassing the reaction mixture several times, trimethylsilylacetylene (1.71 mL, 12.1 mmol) 

was added to the mixture via a syringe. The reaction was carried out at room temperature. After the 

reaction for 6 h, precipitates were removed by filtration, and the solvent was evaporated. The residue 

was purified by column chromatography on SiO2 (Rf = 0.34, hexane as an eluent) to afford s2 (1.79 g, 

5.79 mmol, 53%) as a pale yellow oil. The product s2 was used for the next reaction without further 

purification. A solution of n-BuLi (1.65 M in hexane, 3.98 mL, 6.57 mmol) was slowly added to a 

solution of s2 (1.79 g, 5.79 mmol) in THF (40 mL) at −78 °C. After 15 min, a solution of iodine (2.20 

g, 8.69 mmol) in THF (20 mL) was added and the mixture was stirred for 1 h at −78 °C to room 

temperature. The reaction mixture was quenched by the addition of aqueous NaHSO3 solution and the 

organic layer was extracted three times with hexane. The combined organic layer was washed with 

Scheme 2. Synthesis of s3 



 

Chapter 3 

62 

 

brine and dried over MgSO4. MgSO4 was removed by filtration, and the solvent was evaporated. The 

residue was purified by column chromatography on SiO2 (Rf = 0.39, hexane as an eluent) to afford s3 

(0.811 g. 2.28 mmol, 39%) as a light yellow oil. 1H NMR (CDCl3, 400 MHz) δ 0.27 (s, 9H), 1.28 (s, 

9H), 7.29 (dd, J = 8.1 Hz, 2.0 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.82 (d, J = 1.7 Hz, 1H) ppm; 13C NMR 

(CDCl3, 100 MHz) δ −0.1, 31.0, 34.7, 97.8, 101.4, 196.7, 125.0, 126.7, 132.24, 135.8, 153.4 ppm. 

HRMS (EI) calcd. for C15H21ISi [M] +: 356.0457, found: 356.0464. Elemental analysis calcd. for 

C15H21ISi: C 50.56 H 5.94, found: C15H21ISi: C 50.78; H 5.72. 

Synthesis of 9. A mixture of (Sp)-8 (20 mg, 0.0657 mmol), s3 (103.0 mg, 0.289 mmol), Pd2(dba)3 (6.0 

mg, 0.066 mmol), dppf (7.3 mg, 0.013 mmol), CuI (2.5 mg, 0.013 mmol), THF (2 mL), and Et3N (2 

mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the 

reaction mixture several times, the reaction was carried out at 50 °C for 64 h. After the reaction mixture 

was cooled to room temperature, precipitates were removed by filtration, and the solvent was 

evaporated. The residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/3 v/v as 

an eluent) to afford (Sp)-9 (71.0 mg, 0.0583 mmol, 89%) as a light yellow solid. Rf = 0.20 (CHCl3/hexane 

= 1/4 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.21 (s, 36H), 1.27 (s, 36H), 3.19-3.26, (m, 4H), 3.71-3.78 

(m, 4H), 7.29 (dd, J = 8.3 Hz, 2.0 Hz, 4H), 7.35 (s, 4H), 7.46 (d, J = 8.3 Hz, 4H), 7.56 (d, J = 2.0 Hz, 

4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 0.1, 31.0, 32.7, 34.7, 92.4, 93.7, 97.6, 104.2, 122.5, 125.2, 

125.4, 125.7, 129.3 (d, J = 9.9 Hz), 132.8, 135.3 (d, J = 9.9 Hz), 142.0, 151.6 ppm. HRMS (ESI) calcd. 

for C84H97Si4 [M+H] +: 1217.6662, found 1217.6694. Elemental analysis calcd. for C84H96Si4: C 82.83 

H 7.94, found: C 82.74 H 7.78. (Rp)-9 and rac-9 were obtained by the same procedure in 77% and 67% 

isolated yields, respectively. (Sp)-9: [α]23
D = +44.1 (c 0.5, CHCl3). (Rp)-9: [α]23

D = −45.4 (c 0.5, CHCl3). 

Synthesis of 10. K2CO3 (28.4  mg, 0.205 mmol) and Cu(OAc)2 (148.9 mg, 0.820 mmol) were added to 

a solution of (Sp)-9 (25.0 mg, 0.0205 mmol) in MeOH (50 mL) and CH3CN (50 mL). The mixture was 

heated at reflux temperature for 37 h. After the reaction mixture was cooled to room temperature, 

aqueous NH3 (28%) was added to the reaction mixture, and the organic layer was extracted three times 

with CH2Cl2. The combined organic layer was washed with brine and dried over MgSO4. MgSO4 was 

removed by filtration, and the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (eluent: CHCl3/hexane = 1/1 v/v). Further purification was carried out by 

HPLC and recrystallization with CHCl3 and MeOH (good and poor solvent, respectively) to afford (Sp)-

10 (7.5 mg, 0.0081 mmol, 40%) as a yellow solid. Rf = 0.25 (CHCl3/hexane = 1/4 v/v). 1H NMR (CDCl3, 

400 MHz) δ 1.34 (s, 36H), 3.13-3.21 (m, 4H), 3.57-3.65, (m, 4H), 7.22 (s, 4H), 7.35 (dd, J = 8.3 Hz, 
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2.0 Hz, 4H), 7.46 (d, J = 8.0 Hz, 4H), 7.54 (d, J = 2.0 Hz, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 

31.1, 33.3, 35.0, 78.2, 81.9, 92.5, 93.3, 121.3, 124.3, 125.5, 128.1, 129.1, 130.8, 133.9, 143.0, 152.4 

ppm. HRMS (FAB) calcd. for C72H60 [M] +: 924.4695 found 924.4712. (Rp)-10 and rac-10 were obtained 

by the same procedure in 71% and 58% isolated yields, respectively. (Sp)-10: [α]23
D = −1494.9 (c 0.5, 

CHCl3). (Rp)-10: [α]23
D = +1501.0 (c 0.5, CHCl3). 

X-ray crystal structure analysis of rac-10. The intensity data were collected on a Rigaku Saturn70 

CCD with VariMax Mo Optic using MoKα radiation (λ = 0.71070 Å). Single crystals of [C72H60(H2O)4] 

suitable for X-ray analysis were obtained by slow recrystallization from CHCl3/MeOH. A single crystal 

was mounted on a glass fiber. The structures were solved by direct methods (SHELXS-97) and refined 

by full-matrix least-squares procedures on F2 for all reflections (SHELXL-97).22 The solvated H2O 

molecules in the unit cell were found to be severely disordered. The coordinates of the hydrogen atoms 

of the H2O molecules were fixed as ideal positions, and Uij of the oxygen atoms were restricted with 

ISOR instruction. All of Alerts A and B pointed out by Check-Cif systems would be due to the severe 

disorder of H2O molecules, which could not be perfectly resolved because of the low quality of the 

obtained crystals. However, the author believes the analysis has been well done with sufficient accuracy. 

All hydrogen atoms other than those of H2O molecules were placed using AFIX instructions, while all 

other atoms were refined anisotropically. 
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Chapter 4 

 

Optically Active Cyclic Compounds Based on Planar Chiral 

[2.2]Paracyclophane: Extension of the Conjugated Systems 

and Chiroptical Properties 

 

 

Abstract 

A series of optically active cyclic compounds based on the planar chiral tetrasubstituted 

[2.2]paracyclophane core were synthesized to obtain luminescent materials with excellent 

chiroptical properties in both the ground and excited states. The obtained cyclic compounds 

were composed of the optically active propeller-shaped structures created by the 

[2.2]paracyclophane core with p-phenylene-ethynylene moieties. The compounds exhibited 

good optical profiles, with a large molar extinction coefficient (ε) and photoluminescence 

quantum efficiency (Φlum). The emission occurred mainly from the propeller-shaped cyclic 

structures. This optically active higher-ordered structure provided chiroptical properties of high 

performance, such as a large specific rotation ([α]D) and molar ellipticity ([θ]) in the ground 

state and intense circularly polarized luminescence (CPL) with large dissymmetry factors (glum) 

in the excited state. The results suggest that planar chiral [2.2]paracyclophane-based optically 

active higher-ordered structures, such as the propeller-shaped cyclic structure, are promising 

scaffolds for obtaining CPL and that appropriate modifications can enhance the CPL 

characteristics. 
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Introduction 

The importance of conjugated compounds has been increasing owing to their conductive, 

luminescent, and charge transfer properties, leading to their potential applications in various 

opto-electronic devices.1 Both industrial and academic researchers have extensively studied the 

design and construction of novel conjugated systems. [2.2]Paracyclophane is a typical 

cyclophane compound containing two stacked phenylenes in close proximity. This compound 

was first prepared by Brown and Farthing in 1949 by pyrolysis of p-xylene.2 In 1951, Cram 

and Steinberg reported its direct synthesis by a Wurtz-type intramolecular cyclization of 1,4-

bis(bromomethyl)benzene.3 Since then, considerable attention has been paid in the field of 

organic chemistry to the synthesis, reactivity, and opto-electronic properties of this unique 

conjugated system.4  

One of the interesting features of [2.2]paracyclophane compounds is undoubtedly the π-π 

interactions between the stacked aromatic rings, as well as the resulting stacked π-electron 

systems. Bazan, Mukamel, and co-workers reported the characteristic optical properties of 

4,12-disubstituted and 4,7,12,15-tetrasubstituted [2.2]paracyclophane compounds.5 They 

disclosed that the stacked position of the two π-electron systems affects the conjugation system 

in the ground and excited states. In particular, the two stacked π-electron systems found in the 

4,7,12,15-tetrasubstituted [2.2]paracyclophane skeleton, i.e. interchromophore interactions 

between the two π-electron systems, exhibit strong through-space conjugation in addition to 

the common through-bond conjugation.5b,d,e,i,j Hopf, Haley, and co-workers synthesized cyclic 

compounds that have an propeller-shaped structure based on the 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane unit.6 

The stacked structures of [2.2]paracyclophanes result in three-dimensional molecules. In 

Chapter 3, inspired by the synthesis of the propeller-shaped cyclic compounds based on 

4,7,12,15-tetrasubstituted [2.2]paracyclophane and its unique π-conjugation system, the author 
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attempted to introduce chirality into this cyclic structure.7 Some [2.2]paracyclophanes with 

substituents are planar chiral compounds due to the suppression of the rotary motion of the 

phenylenes.8 The author achieved optical resolution of 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane compounds7,9 using the diastereomer method, followed by transformation 

to obtain the enantiopure precursors (Rp)- and (Sp)-3Ph and the propeller-shaped cyclic 

compounds (Rp)- and (Sp)-3PhC (Figure 1).7 It should be noted that the obtained optically 

active cyclic compounds exhibited intense circularly polarized luminescence (CPL)10 with a 

large dissymmetry factor (glum) on the order of 10−2. 

Further development of planar chiral [2.2]paracyclophane-based optically active 

compounds is expected to afford luminescent materials with excellent chiroptical properties in 

both the ground and excited states. In this chapter, the author focused his attention on the 

propeller-shaped skeleton containing the planar chiral tetrasubstituted [2.2]paracyclophane 

core. To obtain superior CPL emitters, the author designed cyclic compounds with extended π-

conjugation moieties; herein, the synthesis and optical properties of these compounds are 

discussed.  

Figure 1. Precursors and the corresponding propeller-shaped cyclic compounds. 

 

(Sp)-3PhC

Precursors

Propeller-shaped cyclic compounds
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Results and Discussion 

Synthesis 

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane was 

carried out using the diastereomer method developed in Chapter 3, and the obtained 

enantiopure compounds were converted to the corresponding (Rp)- and (Sp)-4,7,12,15-

tetraethynyl[2.2]paracyclophanes.7 The synthetic routes to the target optically active cyclic 

compounds are shown in Schemes 1-4. Initially, the author prepared phenylene-ethynylene 

compounds 4 and 11 as arm units for light-harvesting moieties (Schemes 1 and 2, respectively). 

The tert-butyl groups in 4 and 11 were introduced to provide the target compounds with 

solubility in organic solvents, such as THF, CHCl3, CH2Cl2, and toluene; in particular, two tert-

butyl groups were required in 11 to dissolve the extended π-conjugation system of this cyclic 

compound in these solvents. 

As shown in Scheme 1, 4-tert-butylethynylbenzene 1 was reacted with 2-bromo-4-

iodoaniline in the presence of a catalytic amount of PdCl2(PPh3)2 to obtain compound 2 in 89% 

isolated yield; this reaction occurred chemoselectively at the iodine substituent of 2. 

Sonogashira-Hagihara coupling11 of 2 with trimethylsilylacetylene (TMS-acetylene) afforded 

compound 3 in 59% isolated yield. The amino group in 3 was converted to an iodo group using 

the Sandmeyer reaction12 to obtain compound 4 in 61% isolated yield. 

The chemoselective Sonogashira-Hagihara coupling of 3,5-di(tert-butyl)ethynylbenzene 5 

with p-iodobromobenzene afforded compound 6 in 68% isolated yield (Scheme 2). The 

successive Sonogashira-Hagihara coupling of 6 with TMS-acetylene gave compound 7 in 80% 

isolated yield. The TMS group in 7 was readily removed by the reaction with K2CO3/MeOH 

to prepare compound 8 quantitatively. Compound 8 was reacted with 2-bromo-4-iodoaniline 

in the same manner as described for compound 1 (Scheme 1); successive Sonogashira- 

Hagihara coupling with TMS-acetylene to obtain compound 10 in 71% isolated yield and the 
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Scheme 1. Synthesis of compound 4 (arm unit for 5PhC) 

Scheme 2. Synthesis of compound 11 (arm unit for 7PhC) 
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Sandmeyer reaction afforded the corresponding compound 11 in 50% isolated yield. 

Schemes 3 and 4 show the syntheses of the target cyclic compounds 5PhC and 7PhC, 

respectively. In these Schemes, only the reactions of the (Rp)-isomers are shown in these 

reactions; the (Sp)-isomers were prepared under identical conditions from (Sp)-12. The 

treatment of (Rp)-4,7,12,15-tetraethynyl[2.2]paracyclophane (Rp)-12 with compound 4 in the 

presence of the Pd2(dba)3/CuI catalytic system using di(1-adamantyl)-n-butylphosphine13 

(cataCXium® A) as a phosphine ligand afforded compound (Rp)-5Ph in 64% isolated yield 

(Scheme 3). After deprotection of the four TMS groups in (Rp)-5Ph using NBu4F, a Pd-

mediated alkyne coupling was carried out in situ to obtain cyclic compound (Rp)-5PhC in 18% 

isolated yield. Under the same reaction conditions, compounds (Rp)-7Ph and (Rp)-7PhC with 

the extended phenylene-ethynylene units were prepared by the reaction of 11 with (Rp)-12, as  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3. Synthesis of (Rp)-5Ph and (Rp)-5PhC 
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shown in Scheme 4. When cyclization was carried out, unidentified impurities such as 

oligomeric products by intermolecular reactions were formed. They could be readily removed 

by column chromatography on SiO2, resulting in low isolated yields (18% and 30% for (Rp)-

5PhC and (Rp)-7PhC, respectively). The structures of all new compounds in this study were 

confirmed by 1H and 13C NMR spectroscopy, high-resolution mass spectrometry (HRMS), and 

elemental analysis; the detailed synthetic procedures and NMR spectra data are shown in the 

experimental section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4. Synthesis of (Rp)-7Ph and (Rp)-7PhC 
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Optical Properties 

The optical properties of both enantiomers of cyclic compounds 3PhC, 5PhC, and 7PhC as 

well as their precursors 3Ph, 5Ph, and 7Ph were evaluated. The data are summarized in Table 

1. Although the optical and chiroptical properties of 3Ph and 3PhC were reported in Chapter 

3, they are included herein for comparison. 

 

 λabs
a/nm (ε / 105 M−1 cm−1) λlum

b/nm τc/ns (χ2) Φlum
d 

(Rp)-3Ph 372 (0.44) 418 2.16 (1.04) 0.46 

(Rp)-5Ph 398 (1.41) 438 1.05 (1.00) 0.80 

(Rp)-7Ph 403 (1.79) 443 0.87 (1.00) 0.88 

(Rp)-3PhC 314 (1.25), 391 (0.46) 453 3.75 (1.06) 0.41 

(Rp)-5PhC 329 (2.16), 419 (1.06) 471 2.07 (1.01) 0.60 

(Rp)-7PhC 355 (2.58), 422 (1.27) 474 2.00 (1.08) 0.70 

 

 

Figures 2A and B show the UV-vis absorption spectra and photoluminescence (PL) spectra 

of the (Rp)-precursors in the dilute CHCl3 solutions (1.0 × 10−5 M for UV and 1.0 × 10−6 M for 

PL), respectively. The absorption spectra exhibited a hyperchromic effect and bathochromic 

shift with an extension of the π-conjugation length (Figure 2A). In the PL spectra (Figure 2B), 

a similar bathochromic shift was observed. The PL spectra of (Rp)-5Ph and (Rp)-7Ph exhibited 

vibrational structures, whereas that of (Rp)-3Ph was relatively broad; the same phenomena 

were observed in the case of p-phenylenevinylene-stacked [2.2]paracyclophane compounds 

reported previously by Bazan and co-workers.5b,d,e,i,j This result suggests that the excited energy 

migrates to the phane state5 in (Rp)-3Ph; however, it is localized on the extended phenylene-

ethynylene chromophores in (Rp)-5Ph and (Rp)-7Ph. Table 1 includes the PL decay data (PL 

lifetime (τ) and χ2 parameters) for all compounds. Thus, it was supported by the shorter PL 

lifetimes of (Rp)-5Ph (τ = 1.05 ns) and (Rp)-7Ph (τ = 0.87 ns) than that of (Rp)-3Ph (τ = 2.16 

Table 1. Optical properties: Spectroscopic data of (Rp)-isomers 

a In CHCl3 (1.0 × 10−5 M). b In CHCl3 (1.0 × 10−6 M), excited at absorption maxima. c 

Emission life time at λlum. d Absolute PL quantum efficiency. 
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ns); in other words, the PL of (Rp)-5Ph and (Rp)-7Ph occurred from the chromophore states5 

rather than the phane states. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) UV-vis absorption spectra in the dilute CHCl3 (1.0 × 10−5 M) and (B) PL 

spectra in the dilute CHCl3 (1.0 × 10−5 M; excited at absorption maximum) of (Rp)-3Ph, 

(Rp)-5Ph, and (Rp)-7Ph.  

Figure 3. (A) UV-vis absorption spectra in the dilute CHCl3 (1.0 × 10−5 M) and (B) PL 

spectra in the dilute CHCl3 (1.0 × 10−5 M; excited at absorption maximum) of (Rp)-3PhC, 

(Rp)-5PhC, and (Rp)-7PhC.  
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As shown in Figures 3A and B, the same tendencies were observed in the absorption and 

PL spectra of cyclic compounds (Rp)-3PhC, (Rp)-5PhC, and (Rp)-7PhC. The absorption 

spectrum of (Rp)-5PhC exhibited a hyperchromic effect and was bathochromically shifted in 

comparison with that of (Rp)-3PhC (Figure 3A). Although the absorption spectrum of (Rp)-

7PhC also showed a hyperchromic effect and was bathochromically shifted, the absorption 

bands of (Rp)-5PhC and (Rp)-7PhC near 425 nm were almost identical. As shown in Figure 3B, 

the PL spectra of (Rp)-5PhC and (Rp)-7PhC were identical and both exhibited vibrational 

structures. The absolute PL quantum efficiencies (Φlum) of (Rp)-5PhC and (Rp)-7PhC were 

determined to be 0.60 and 0.70, respectively. The lifetimes were lengthened by cyclization of 

the compounds and shortened by elongation of the conjugated systems. All compounds 

exhibited single exponential decay curves. The τ of (Rp)-3PhC was estimated to be 3.75 ns, 

which were longer than those of (Rp)-5PhC (τ = 2.07 ns) and (Rp)-7PhC (τ = 2.00 ns). In 

addition, the τ of (Rp)-5PhC and (Rp)-7PhC were identical, suggesting that the PL of (Rp)-5PhC 

and (Rp)-7PhC arose from similar emitting species. 

Figure 4 shows the highest occupied molecular orbitals (HOMOs) and the lowest 

unoccupied molecular orbitals (LUMOs) of the cyclic compounds (Rp)-3PhC, (Rp)-5PhC, and 

(Rp)-7PhC; the molecular orbitals were obtained by density functional theory (DFT) at the TD-

BHandHLYP/def2-TZVPP//BLYP/def2-TZVPP level. The longest wavelength absorption 

bands observed in the absorption spectra (Figure 3A) were assigned to the S0 to S1 transition 

(Figure 4); both the HOMO and LUMO are located mainly on the cyclic moieties of these 

compounds. The π-orbitals are somewhat extended to the p-phenylene-ethynylene arms in the 

HOMOs of (Rp)-5PhC and (Rp)-7PhC, whereas they were localized on the cyclic moieties in 

the LUMOs. As the π-conjugations of (Rp)-5PhC and (Rp)-7PhC did not extend to the LUMOs 

regardless of the length of the π-conjugated p-phenylene-ethynylenes, the properties of the 



 

Chapter 4 

 

77 

cyclic skeleton would predominately affect the absorption and emission, resulting in similar 

optical profiles observed for (Rp)-5PhC and (Rp)-7PhC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. HOMOs and LUMOs of (Rp)-3PhC, (Rp)-5PhC, and (Rp)-7PhC obtained by 

density functional theory (DFT) at the TD-BHandHLYP/def2-TZVPP//BLYP/def2-TZVPP 

level. 



 

Chapter 4 

78 

 

Chiroptical Properties 

The chiroptical properties of the ground and excited states of 3Ph, 5Ph, 7Ph, 3PhC, 5PhC, 

and 7PhC were investigated by circular dichroism (CD) and CPL spectroscopy, respectively. 

The chiroptical data, i.e. the maximum molar ellipticity ([θ]), specific rotation, and CPL 

dissymmetry factor14 (glum) are summarized in Table 2. Figure 5 shows the CD and absorption 

spectra of both enantiomers of 3Ph, 5Ph, and 7Ph in the dilute CHCl3 (1.0 × 10−5 M). In all 

cases, mirror image Cotton effects were observed in the CD spectra, and the maximum [θ] 

values were estimated to be approximately ±3.3 × 105 deg cm2 dmol−1. As can be seen in Figure 

6, the [θ] values for 3PhC, 5PhC, and 7PhC were larger than those of 3Ph, 5Ph, and 7Ph, 

with the maximum values on the order of 106 deg cm2 dmol−1. The specific rotation [α]23
D 

values for (Rp)-3PhC, 5PhC, and 7PhC were +1501.0, +855.6, and +467.9, respectively, and 

were much larger than those for (Rp)-3Ph, 5Ph, and 7Ph (Table 2). Thus, the construction of 

optically active higher-ordered (propeller-shaped) structures through cyclization affected the 

chiroptical properties of the ground state, and greater chirality was induced in the cyclic 

compounds. 

 

 [α]23
D

a gabs / 10−2 at λabs
b glum / 10−2 at λlum, max

c 

(Rp)-3Ph     −45.4 −0.13 −0.14 

(Rp)-5Ph     −42.5 −0.14 −0.12 

(Rp)-7Ph     −62.9 −0.10 −0.10 

(Rp)-3PhC +1501.0 +0.88 +1.3 

(Rp)-5PhC   +855.6 +1.0 +1.0 

(Rp)-7PhC   +467.9 +0.75 +0.75 

 

 

 

 

Table 2. Chiroptical properties: Specific rotation and spectroscopic data of (Rp)-isomers 

a Specific rotation (c 0.1, CHCl3 at 23 °C). The [α]23
D values of (Sp)-isomers are described 

in the experimental section. b gabs = 2Δε/ε, where Δε indicates differences of absorbance 

between left- and right-handed circularly polarized light, respectively. The gabs value of the 

first peak top was estimated. c glum = 2(I left − Iright)/(I left + Iright), where I left and Iright indicate 

luminescence intensities of left- and right-handed CPL, respectively. 
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The CPL spectra of the precursors and cyclic compounds in the dilute CHCl3 (1.0 × 10−5 M) 

are shown in Figures 7 and 8, respectively. Intense and mirror image CPL signals were 

observed in the emission regions for the enantiomers of each compound, as shown in Figures 

7 and 8. The glum values of 3Ph, 5Ph, and 7Ph were very large (−0.14 × 10−2, −0.12 × 10−2, 

and −0.10 × 10−2 for the (Rp)-isomers, respectively; Table 2). The glum values for (Rp)-3PhC, 

5PhC, and 7PhC were calculated to be +1.3 × 10−2, +1.0 × 10−2, and +0.75 × 10−2, respectively 

(Table 2). As expected, the values for the cyclic compounds were significantly larger than those 

for the precursors owing to the optically active propeller-shaped structures. Higher-ordered 

structures of the emitting species in the excited state, such as propeller-shaped,7 V-shaped,15 S-

Figure 5. CD (top) and absorption (bottom) spectra of 3Ph, 5Ph, and 7Ph in CHCl3 (1.0 × 

10−5 M).  

Figure 6. CD (top) and absorption (bottom) spectra of 3PhC, 5PhC, and 7PhC in CHCl3 

(1.0 × 10−5 M).  
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shaped,16 and helical structures,15-18 are considered to be important for large glum values on the 

order of 10−2 to 10−3.19,20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. CPL (top), glum (middle), and PL (bottom) spectra of 3Ph, 5Ph, and 7Ph in CHCl3 

(1.0 × 10−5 M for CPL and 1.0 × 10−6 M for PL). Excitation wavelength: 300 nm, 350 nm, 

and 350 nm for 3Ph, 5Ph, and 7Ph, respectively. 

Figure 8. CPL (top), glum (middle), and PL (bottom) spectra of 3PhC, 5PhC, and 7PhC in 

CHCl3 (1.0 × 10−5 M for CPL and 1.0 × 10−6 M for PL). Excitation wavelength: 314 nm, 

350 nm, and 355 nm for 3PhC, 5PhC, and 7PhC, respectively. 
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The concentration effect (from 1.0 × 10−7 M to 1.0 × 10−3 M in CHCl3) on CPL was studied 

for (Rp)-isomers, and the CPL profiles of their film fabricated by drop-casting from CHCl3 

solution (1.0 × 10−3 M) were also investigated. The CPL spectra were gradually red-shifted and 

the glum values decreased slightly, as the concentration increased. In Chapter 3, the glum value 

of 3PhC was estimated to be 1.1 × 10−2 in CHCl3 (1.0 × 10−5 M),7 whereas the glum values in 

more diluted CHCl3 solutions (1.0 × 10−6 and 10−7 M) were 1.3 × 10−2. The solvent effect on 

CPL using good solvents such as CH2Cl2, toluene, and THF was not observed. The films 

exhibited almost the same glum values as those in solution, although Φlum decreased. 

The glum values of 3PhC, 5PhC, and 7PhC decreased as the Φlum values increased with the 

extension of the p-phenylene-ethynylene substituents; however, the glum values were 

sufficiently large in comparison with the values reported to date.19,15-20 Generally, the 

achievement of both high Φlum and large glum values is challenging, because orientation of 

fluorophores tends to decrease the PL performance because of excimer-like emission. Helicene 

derivatives are considered to be one of the promising candidates for organic CPL materials, 

and many of them exhibit large glum values;17 however, the Φlum values of helicene derivatives 

are by no means satisfactory.21 Considering the applications of organic emitters, large ε, high 

Φlum, and large glum values are required. From this viewpoint, 5PhC and 7PhC possess well-

balanced optical profiles (large ε values of 2.16-2.58 × 105 M−1 cm−1, good Φlum values of 0.60-

0.70, and large glum values of 0.75-1.0 × 10−2), and these compounds show good potential for 

application in organic CPL materials. 
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Conclusions 

In summary, planar chiral [2.2]paracyclophane-based cyclic compounds with extended π-

conjugated systems were synthesized. Cyclization resulted in a significant enhancement of the 

optical and chiroptical properties compared with those of the non-cyclic precursors. The 

HOMOs of the cyclic compounds were mainly located on the cyclic skeletons, whereas the 

LUMOs were localized on the cyclic skeletons. Thus, the absorption and emission occurred 

from the propeller-shaped cyclic structures, resulting in similar optical profiles for both 5PhC 

and 7PhC. The optically active higher-ordered structure of these compounds provided 

chiroptical properties of high performance, and both large [α]D and [θ] values were derived 

from the optically active propeller-shaped structure. The rigid propeller-shaped cyclic 

structures are maintained in the exited state unless carbon-carbon bonds are cleaved; hence, 

intense CPL with large glum values was observed for these compounds. The p-phenylene-

ethynylene substituents introduced onto the propeller-shaped structure acted as light-harvesting 

antenna and improved the optical properties, leading to the large ε values and relatively high 

Φlum values for the cyclic compounds. Compound 5PhC was, in particular, an outstanding CPL 

emitter, possessing well-balanced optical and chiroptical properties. The results of the present 

work suggest that planar chiral [2.2]paracyclophane-based optically active higher-ordered 

structures, such as the propeller-shaped cyclic structure, are promising scaffolds for emergent 

CPL materials and that appropriate modifications, e.g. extension of the π-conjugated system, 

can enhance the CPL characteristics. 
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Experimental Section 

General. 1H and 13C spectra were recorded on a JEOL EX400 or AL400 instrument at 400 and 100 

MHz, respectively. Samples were analyzed in CDCl3, and the chemical shift values were expressed 

relative to Me4Si as an internal standard. Analytical thin layer chromatography (TLC) was performed 

with silica gel 60 Merck F254 plates. Column chromatography was performed with Wakogel C-300 

SiO2. High-resolution  mass (HRMS) spectrometry was performed at the Technical Support Office 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto 

University), and the HRMS  spectra were obtained on a Thermo Fisher Scientific EXACTIVE 

spectrometer for electrospray ionization (ESI), a Thermo Fisher Scientific EXACTIVE spectrometer 

for atmospheric pressure chemical ionization (APCI), and a Thermo Fisher Scientific orbitrapXL 

spectrometer for matrix assisted laser desorption/ionization (MALDI) using 1,8-dihydroxy-9,10-

dihydroanthracen-9-one (DIT) as a matrix. Recyclable preparative high-performance liquid 

chromatography (HPLC) was carried out on a Japan Analytical Industry Model LC918R (JAIGEL-1H 

and 2H columns) using CHCl3 as an eluent. UV-vis spectra were recorded on a SHIMADZU UV-3600 

spectrophotometer, and samples were analyzed in CHCl3 at room temperature. Photoluminescence (PL) 

emission spectra were recorded on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and 

samples were analyzed in CHCl3 at room temperature. PL lifetime measurement was performed on a 

Horiba FluoroCube spectrofluorometer system; excitation was carried out using a UV diode laser 

(NanoLED 375 nm). Specific rotations ([α]t
D) were measured with a HORIBA SEPA-500 polarimeter. 

Circular dichroism (CD) spectra were recorded on a JASCO J-820 spectropolarimeter with CHCl3 as a 

solvent at room temperature. Circularly polarized luminescence (CPL) spectra were recorded on a 

JASCO CPL-200S with CHCl3 as a solvent at room temperature. Elemental analyses were performed 

at the Microanalytical Center of Kyoto University. 

Materials. Commercially available compounds used without purification: (Tokyo Chemical Industry 

Co, Ltd.) trimethylsilylacetylene, PdCl2(PPh3)2, Pd2(dba)3 (dba = dibenzylideneacetone) tetra-n-

butylammonium fluoride (NBu4F, TBAF) (1 M in THF); (Wako Pure Chemical Industries, Ltd.) p-t-

butylphenylacetylene (1), p-bromoiodobenzene, PPh3, CuI, NaNO2, concd. H2SO4, KI, K2CO3; (Sigma-

Aldrich Co. LLC.) di(1-adamantyl)-n-butylphosphine (cataCXium® A). Commercially available 

solvents: CH3CN and MeOH were used without purification. H2O was purified by demineralizer. THF 

and Et3N were purified by passage through solvent purification columns under Ar pressure.24 

Compounds prepared as described in the literatures: 4-Iodo-2-bromoaniline23, 3,5-di-t-



 

Chapter 4 

84 

 

butylethynylbenzene (5)24, (Rp)-4,7,12,15-tetraethynyl[2.2]para-cyclophane ((Rp)-12)7, cyclic 

compounds, 3Ph7 and 3PhC.7 

Computational Details. The Orca program package25 was used for computation. We optimized the 

structures of 3PhC, 5PhC, and 7PhC (methyl groups were used in place of tert-butyl groups) in the 

ground S0 states and calculated their electric structures. The density functional theory (DFT) was 

applied for the optimization of the structures in the S0 states at the BLYP/def2-TZVPP levels. We 

calculated the electric states and transitions from S0 to S1 of the 3PhC, 5PhC, and 7PhC with the 

optimized geometries in the S0 states by time-dependent DFT (TD-DFT) at the TD-BHandHLYP/def2-

TZVPP levels. 

Synthesis of 2. A mixture of 2-bromo-4-iodoaniline (4.16 g, 14.0 mmol), PdCl2(PPh3)2 (0.490 g, 0.70 

mmol), PPh3 (0.366 g, 1.40 mmol), CuI (0.133 g, 0.70 mmol), THF (80 mL) and Et3N (20 mL) was 

placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the reaction 

mixture several times, the mixture was cooled to 0 °C. p-t-butylphenylacetylene (1) (2.61 mL, 14.7 

mmol) was added to the mixture via a syringe. The reaction was carried out at room temperature for 10 

h with stirring. Precipitates were removed by filtration, and the solvent was removed with a rotary 

evaporator. The crude residue was purified by column chromatography on SiO2 (EtOAc/hexane = 1/6 

v/v as an eluent) to afford 2 (4.06 g, 12.4 mmol, 89%) as a pale brown crystal (Rf = 0.34 (EtOAc/hexane 

= 1/6 v/v)). The product 2 was used for the next reaction without further purification. 

Synthesis of 3. A mixture of 2 (2.29 g, 7.0 mmol), PdCl2(PPh3)2 (0.245 g, 0.35 mmol), dppf (0.194 g, 

0.35 mmol), CuI (0.067 g, 0.35 mmol), THF (45 mL) and Et3N (15 mL) was placed in a round-bottom 

flask equipped with a magnetic stirring bar. After degassing the reaction mixture several times, 

trimethylsilylacetylene (1.97 mL, 14.0 mmol) was added to the mixture via a syringe. The reaction was 

carried out at 60 °C for 10 h with stirring. After the reaction mixture was cooled to room temperature, 

precipitates were removed by filtration, and the solvent was removed with a rotary evaporator. The 

crude residue was purified by column chromatography on SiO2 (EtOAc/hexane = 1/6 v/v as an eluent). 

Further purification was carried out by recrystallization with hexane to afford 3 (1.42 g, 4.11 mmol, 

59%) as a light brown crystal. Rf = 0.43 (EtOAc/hexane = 1/6 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.26 

(s, 9H), 1.32 (s, 9H), 4.38, (s, 2H), 6.64 (d, J = 8.5 Hz, 1H), 7.28 (d, J = 1.9 Hz, 1H) 7.34 (d, J = 8.5 

Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 1.9 Hz, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 0.1, 

31.2, 34.7, 87.5, 88.6, 100.3, 100.8, 107.8, 112.4, 114.0, 120.7, 125.3, 131.1, 133.2, 135.6, 148.0, 151.0 
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ppm. HRMS (ESI) calcd. for C23H28NSi [M+H]+: 346.1986, found: 346.1977. Elemental analysis calcd. 

for C23H27NSi: C 79.94 H 7.88 N 4.05, found: C 79.86 H 7.94 N 4.03. 

Synthesis of 4. A mixture of 3 (0.628 g, 1.82 mmol), CH3CN (100 mL), H2O (30 mL) and concentrated 

H2SO4 (8.0 mL) was placed in a round-bottom flask at 0 °C, equipped with a magnetic stirring bar. To 

the reaction mixture, NaNO2 (0.163 g, 2.36 mmol) in H2O (4 mL) was slowly added at 0 °C. After 

stirring for 2 h, the mixture was added into a solution of KI (1.87 g, 11.3 mmol) in CH3CN (50 mL) and 

H2O (50 mL) at 0 °C. The reaction mixture was stirred at room temperature for 12 h. The mixture was 

quenched by the addition of aqueous NaHSO3 solution, and the organic layer was extracted three times 

with CH2Cl2. The combined organic layer was washed with brine and dried over MgSO4. MgSO4 was 

removed by filtration, and the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (hexane as an eluent). Further purification was carried out by recrystallization 

with CHCl3 and MeOH (good and poor solvent, respectively) to afford 4 (0.734 g, 1.62 mmol, 61%) as 

a colorless crystal. Rf = 0.23 (hexane). 1H NMR (CDCl3, 400 MHz) δ 0.29 (s, 9H), 1.30 (s, 9H), 7.08, 

(dd, J = 8.2 Hz, J = 2.1 Hz, 1H), 7.34 (d, J = 8.6 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 7.61 (d, J = 2.1 Hz, 

1H), 7.76 (d, J = 8.0 Hz, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ −0.1, 31.2, 34.8, 87.1, 91.4, 99.4, 

100.5, 105.8, 119.6, 123.5, 125.3, 129.9, 131.3, 132.0, 135.3, 138.6, 151.8 ppm. HRMS (APCI) calcd. 

for C23H26ISi [M+H] +: 457.0843, found: 457.0840. Elemental analysis calcd. for C23H25ISi: C 60.52 H 

5.52 I 27.80, found: C 60.49 H 5.57 I 27.79. 

Synthesis of 6. A mixture of 5 (3.79 g, 17.7 mmol), p-bromoiodobenzene (5.26 g, 18.6 mmol), 

PdCl2(PPh3)2 (0.621 g, 0.885 mmol), PPh3 (0.464 g, 1.77 mmol), CuI (0.169 mg, 0.885 mmol), THF 

(75 mL) and Et3N (25 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. 

After degassing the reaction mixture several times, the reaction was carried out at room temperature for 

12 h with stirring. After the reaction, precipitates were removed by filtration, and the solvent was 

removed with a rotary evaporator. The crude residue was purified by column chromatography on SiO2 

(hexane as an eluent). Further purification was carried out by recrystallization with CHCl3 and MeOH 

(good and poor solvent, respectively) to afford 6 (4.45 g, 12.0 mmol, 68%) as a colorless block crystal. 

Rf = 0.39 (hexane). 1H NMR (CDCl3, 400 MHz) δ 1.33 (s, 18H), 7.37-7.41 (m, 5H), 7.47 (d, J = 8.8 Hz, 

2H) ppm; 13C NMR (CDCl3, 100 MHz) δ 31.3, 34.8, 87.0, 91.7, 121.9, 122.2, 122.5, 123.0, 125.8, 131.6, 

133.0, 150.9 ppm. HRMS (APCI) calcd. for C22H26Br [M+H] +: 369.1212, found: 369.1206. Elemental 

analysis calcd. for C22H25Br: C 71.54 H 6.82, found: C 71.48 H 6.81. 
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Synthesis of 7. A mixture of 6 (4.21 g, 11.4 mmol), PdCl2(PPh3)2 (0.400 g, 0.57 mmol), PPh3 (0.299 g, 

1.14 mmol), CuI (0.109 g, 0.57 mmol), THF (40 mL) and Et3N (40 mL) was placed in a round-bottom 

flask equipped with a magnetic stirring bar. After degassing the reaction mixture several times, 

trimethylsilylacetylene (2.42 mL, 17.1 mmol) was added to the mixture via a syringe. The reaction was 

carried out at 70 °C for 12 h with stirring. After the reaction mixture was cooled to room temperature, 

precipitates were removed by filtration, and the solvent was removed with a rotary evaporator. The 

crude residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/9 v/v as an eluent). 

Further purification was carried out by recrystallization with CHCl3 and MeOH (good and poor solvent, 

respectively) to afford 7 (3.54 g, 9.15 mmol, 80%) as a light yellow needle crystal. Rf = 0.50 

(CHCl3/hexane = 1/9 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.25 (s, 9H), 1.33 (s, 18H), 7.38-7.48 (m, 7H) 

ppm; 13C NMR (CDCl3, 100 MHz) δ −0.1, 31.3, 34.8, 87.8, 92.5, 96.1, 104.7, 121.9, 122.7, 123.0, 123.6, 

125.9, 131.4, 131.9, 150.9 ppm. HRMS (APCI) calcd. for C27H35Si [M+H]+: 387.2503, found: 387.2491. 

Elemental analysis calcd. for C27H34Si: C 83.87 H 8.86, found: C 83.71 H 8.79. 

Synthesis of 8. K2CO3 (1.80 g, 13.1 mmol) was added to a suspension of 7 (3.36 g, 8.70 mmol) in 

MeOH (100 mL). After the mixture was stirred for 20 h at room temperature, H2O was added to the 

reaction mixture. The organic layer was extracted with CHCl3 and washed with brine. The combined 

organic layer was dried over MgSO4. MgSO4 was removed by filtration, and the solvent was removed 

with a rotary evaporator. The crude residue was purified by column chromatography on SiO2 

(CHCl3/hexane = 1/9 v/v as an eluent) to afford 8 (2.71 g, 8.62 mmol, 99%) as a colorless crystal. Rf = 

0.48 (CHCl3/hexane = 1/9 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.25 (s, 9H), 1.33 (s, 18H), 7.38 (d, J = 

2.0 Hz, 2H), 7.41 (t, J = 1.8 Hz, 1H), 7.46 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H) ppm; 13C NMR 

(CDCl3, 100 MHz) δ 31.4, 34.9, 78.7, 83.4, 87.6, 92.6, 121.6, 121.8, 123.0, 124.0, 125.8, 131.4, 132.0, 

150.9 ppm. HRMS (APCI) calcd. for C24H27 [M+H]+: 315.2107, found: 315.2102. Elemental analysis 

calcd. for C24H26: C 91.67 H 8.33, found: C 91.43 H 8.56. 

Synthesis of 9. A mixture of 2-bromo-4-iodoaniline (2.34 g, 7.88 mmol), 8 (2.48 g, 7.88 mmol), 

Pd2(dba)3 (0.180 g, 0.197 mmol), PPh3 (0.207 g, 0.788 mmol), CuI (0.075 g, 0.39 mmol), THF (40 mL) 

and Et3N (40 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 40 °C for 20 h with stirring. 

Precipitates were removed by filtration, and the solvent was removed with a rotary evaporator. The 

crude residue was purified by column chromatography on SiO2 (EtOAc/hexane = 1/4 v/v as an eluent) 
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to afford 9 (2.74 g, 5.65 mmol, 72%) as a pale brown crystal (Rf = 0.48 (EtOAc/hexane = 1/6 v/v)). The 

product 9 was used for the next reaction without further purification. 

Synthesis of 10. A mixture of 9 (2.74 g, 5.65 mmol), PdCl2(PPh3)2 (0.270 g, 0.385 mmol), dppf (0.213 

g, 0.385 mmol), CuI (0.073 g, 0.39 mmol), THF (40 mL) and Et3N (40 mL) was placed in a round-

bottom flask equipped with a magnetic stirring bar. After degassing the reaction mixture several times, 

trimethylsilylacetylene (2.17 mL, 15.4 mmol) was added to the mixture via a syringe. The reaction was 

carried out at 70 °C for 24 h with stirring. After the reaction mixture was cooled to room temperature, 

precipitates were removed by filtration, and the solvent was removed with a rotary evaporator. The 

crude residue was purified by column chromatography on SiO2 (EtOAc/hexane = 1/4 v/v as an eluent). 

Further purification was carried out by recrystallization with hexane to afford 10 (2.01 g, 4.00 mmol, 

71%) as a light brown needle crystal. Rf = 0.59 (EtOAc/hexane = 1/4 v/v). 1H NMR (CDCl3, 400 MHz) 

δ 0.27 (s, 9H), 1.34 (s, 18H), 4.42, (s, 2H), 6.64 (d, J = 8.6 Hz, 1H), 7.28 (dd, J = 8.6 Hz, J = 2.0 Hz, 

1H) 7.38-7.45 (m, 5H), 7.49-7.51 (m, 3H) ppm; 13C NMR (CDCl3, 100 MHz) δ 0.1, 31.3, 34.8, 87.3, 

88.0, 91.2, 92.2, 100.4, 100.6, 107.9, 111.9, 114.0, 122.0, 122.8, 122.9, 123.4, 125.9, 131.2, 131.5, 

133.2, 135.7, 148.3, 150.9 ppm. HRMS (ESI) calcd. for C35H40NSi [M+H]+: 502.2925, found: 502.2911. 

Elemental analysis calcd. for C35H39NSi: C 83.78 H 7.83 N 2.79, found: C 83.52 H 7.85 N 2.53. 

Synthesis of 11. A mixture of 10 (0.878 g, 1.75 mmol), CH3CN (150 mL), H2O (50 mL) and 

concentrated H2SO4 (24 mL) was placed in a round-bottom flask at 0 °C, equipped with a magnetic 

stirring bar. To the reaction mixture, NaNO2 (0.224 g, 3.25 mmol) in H2O (4 mL) was slowly added at 

0 °C. After stirring for 2 h, the mixture was added into a solution of KI (2.57 g, 15.5 mmol) in CH3CN 

(50 mL) and H2O (50 mL) at 0 °C. The reaction mixture was stirred at room temperature for 12 h. The 

mixture was quenched by the addition of aqueous NaHSO3 solution, and the organic layer was extracted 

three times with CH2Cl2. The combined organic layer was washed with brine and dried over MgSO4. 

MgSO4 was removed by filtration, and the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 1/7 v/v as an eluent). Further purification was carried out by 

recrystallization with CHCl3 and MeOH (good and poor solvent, respectively) to afford 11 (0.443 g, 

0.883 mmol, 50%) as a colorless solid. Rf = 0.44 (CHCl3/hexane = 1/7 v/v). 1H NMR (CDCl3, 400 MHz) 

δ 0.29 (s, 9H), 1.34 (s, 18H), 7.11, (dd, J = 8.0 Hz, J = 2.0 Hz, 1H), 7.39 (d, J = 1.7 Hz, 2H), 7.42 (d, J 

= 1.7 Hz, 1H), 7.47 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 7.63 (d, J = 2.0 Hz, 1H), 7.81 (d, J = 

8.0 Hz, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ −0.3, 31.3, 34.8, 87.8, 89.4, 90.9, 92.7, 99.6, 101.0, 

105.6, 121.9, 122.2, 123.0, 123.1, 123.8, 125.9, 130.0, 131.5, 131.6, 132.0, 135.4, 138.8, 150.9 ppm. 
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HRMS (ESI) calcd. for C35H37ISi [M] +: 612.1704, found: 612.1688. Elemental analysis calcd. for 

C35H37ISi: C 68.62 H 6.09, found: C 68.31 H 5.99. 

Synthesis of 5Ph. A mixture of (Rp)-12 (20 mg, 0.0657 mmol), 4 (132 mg, 0.289 mmol), Pd2(dba)3 (6.0 

mg, 0.066 mmol), cataCXium® A (9.4 mg, 0.026 mmol), CuI (2.5 mg, 0.013 mmol), THF (2 mL) and 

Et3N (2 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing 

the reaction mixture several times, the reaction was carried out at 50 °C for 48 h with stirring. After the 

reaction mixture was cooled to room temperature, precipitates were removed by filtration, and the 

solvent was removed with a rotary evaporator. The crude residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 1/2 v/v as an eluent). Further purification was carried out by 

HPLC to afford (Rp)-5Ph (68 mg, 0.042 mmol, 64%) as a light yellow solid. Rf = 0.53 (CHCl3/hexane 

= 1/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.24 (s, 36H), 1.33 (s, 36H), 3.19, (m, 4H), 3.73 (m, 4H), 

7.26 (s, 4H) 7.38 (d, J = 8.6 Hz, 8H), 7.45 (dd, J = 8.0 Hz, 1.6 Hz, 4H), 7.48 (d, J = 8.6 Hz, 8H), 7.52 

(d, J = 8.0 Hz, 4H), 7.73 (d, J = 1.6 Hz, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 0.1, 31.2, 32.8, 34.9, 

87.8, 92.0, 93.4, 94.8, 99.2, 103.0, 119.8, 123.3, 125.3, 125.4, 125.4, 125.4, 131.0, 131.4, 132.3, 135.2, 

135.7, 141.9, 151.9 ppm. HRMS (ESI) calcd. for C116H116Si4N [M+NH4]+: 1634.8179, found: 

1634.8173. Elemental analysis calcd. for C116H112Si4: C 86.08 H 6.98, found: C 86.06 H 6.93. (Sp)-5Ph 

and rac-5Ph were obtained by the same procedure in 69% and 66% isolated yields, respectively. (Rp)-

5Ph: [α]23
D = −42.5 (c 0.1, CHCl3). (Sp)-5Ph: [α]23

D = +42.6 (c 0.1, CHCl3). 

Synthesis of 5PhC. (Rp)-5Ph (53.6 mg, 0.0331 mmol) in THF (5.0 mL) was placed in a round-bottom 

flask equipped with a magnetic stirring bar. After degassing several times, TBAF (1 M in THF, 0.2 mL, 

0.2 mmol) was added to the solution at room temperature for 15 min with stirring. The mixture was 

quenched by the addition of H2O, and the organic layer was extracted three times with CHCl3. The 

combined organic layer was washed with brine and dried over MgSO4. MgSO4 was removed by 

filtration, and the solvent was evaporated. The residue was purified by flash column chromatography 

on SiO2 (CHCl3 as an eluent). A mixture of the residue, PdCl2(PPh3)2 (217 mg, 0.309 mmol), CuI (58.8 

mg, 0.309 mmol), THF (200 mL) and Et3N (50 mL) was placed in a round-bottom flask equipped with 

a magnetic stirring bar. The mixture was heated at reflux temperature for 24 h under open air. After the 

reaction mixture was cooled to room temperature, the solvent was evaporated. The residue was purified 

by column chromatography on SiO2 (CHCl3/hexane = 1/2 v/v as an eluent). Further purification was 

carried out by HPLC to afford (Rp)-5PhC (7.7 mg, 0.0058 mmol, 18%) as a light yellow solid. Rf = 0.30 

(CHCl3/hexane = 1/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 1.34 (s, 36H), 3.13, (m, 4H), 3.55 (m, 4H), 
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7.21 (s, 4H) 7.40 (d, J = 8.6 Hz, 8H), 7.50 (d, J = 8.6 Hz, 8H), 7.51 (m, 8H), 7.69 (m, 4H) ppm; 13C 

NMR (CDCl3, 100 MHz) δ 31.2, 33.2, 34.9, 79.0, 81.5, 87.5, 92.5, 93.0, 94.8, 119.6, 123.7, 124.2, 124.3, 

125.4, 127.7, 131.4, 131.8, 132.2, 133.9, 133.9, 143.3, 152.1 ppm. HRMS (APCI) calcd. for C104H77 

[M+H] +: 1325.6020, found: 1325.6032. (Sp)-5PhC and rac-5PhC were obtained by the same procedure 

in 18% and 9% isolated yields, respectively. (Rp)-5PhC: [α]23
D = +855.59 (c 0.1, CHCl3). (Sp)-5PhC: 

[α]23
D = −849.61 (c 0.1, CHCl3). 

Synthesis of 7Ph. A mixture of (Rp)-12 (20 mg, 0.0657 mmol), 11 (177 mg, 0.289 mmol), Pd2(dba)3 

(6.0 mg, 0.066 mmol), cataCXium® A (9.4 mg, 0.026 mmol), CuI (2.5 mg, 0.013 mmol), THF (2 mL) 

and Et3N (2 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 50 °C for 48 h with stirring. 

After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, and 

the solvent was removed with a rotary evaporator. The crude residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 1/3 v/v as an eluent). Further purification was carried out by 

HPLC to afford (Rp)-7Ph (87 mg, 0.039 mmol, 59%) as a light yellow solid. Rf = 0.26 (CHCl3/hexane 

= 1/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.25 (s, 36H), 1.34 (s, 72H), 3.21, (m, 4H), 3.75 (m, 4H), 

7.28 (s, 4H) 7.41-7.43 (m, 12H), 7.47 (dd, J = 8.2 Hz, 1.5 Hz, 4H), 7.51-7.57 (m, 20H), 7.76 (d, J = 1.6 

Hz, 4H), ppm; 13C NMR (CDCl3, 100 MHz) δ 0.0, 31.3, 32.7, 34.8, 87.8, 90.1, 91.6, 92.8, 93.4, 95.0, 

99.4, 102.9, 121.9, 122.3, 122.9, 123.0, 123.8, 125.5, 125.6, 125.7, 125.9, 131.1, 131.6, 131.6, 132.4, 

135.3, 135.9, 142.0, 150.9 ppm.  HRMS (APCI) calcd. for C164H161Si4 [M+H] +: 2242.1670, found: 

2242.1710. Elemental analysis calcd. for C164H160Si4: C 87.80 H 7.19, found: C 87.70 H 7.16. (Sp)-7Ph 

and rac-7Ph were obtained by the same procedure in 63% and 70% isolated yields, respectively. (Rp)-

7Ph: [α]23
D = −62.9 (c 0.1, CHCl3). (Sp)-7Ph: [α]23

D = +59.6 (c 0.1, CHCl3). 

Synthesis of 7PhC. A typical procedure is as follows. (Rp)-7Ph (70.0 mg, 0.0312 mmol) in THF (5.0 

mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing several 

times, TBAF (1 M in THF, 0.3 mL, 0.3 mmol) was added to the solution at room temperature for 15 

min with stirring. The mixture was quenched by the addition of H2O, and the organic layer was extracted 

three times with CHCl3. The combined organic layer was washed with brine and dried over MgSO4. 

MgSO4 was removed by filtration, and the solvent was evaporated. The residue was purified by flash 

column chromatography on SiO2 (CHCl3 as an eluent). A mixture of the residue, PdCl2(PPh3)2 (219 mg, 

0.312 mmol), CuI (59.4 mg, 0.312 mmol), THF (300 mL) and Et3N (50 mL) was placed in a round-

bottom flask equipped with a magnetic stirring bar. The mixture was heated at reflux temperature for 
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24 h under open air. After the reaction mixture was cooled to room temperature, the solvent was 

evaporated. The residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/1 v/v as 

an eluent). Further purification was carried out by HPLC to afford (Rp)-7PhC (18.1 mg, 0.00928 mmol, 

30%) as a light yellow solid. Rf = 0.26 (CHCl3/hexane = 1/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 1.35 

(s, 72H), 3.14, (m, 4H), 3.56 (m, 4H), 7.21 (s, 4H) 7.40-7.43 (m, 12H), 7.48-7.56 (m, 24H), 7.69 (m, 

4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 31.3, 33.2, 34.8, 79.1, 81.5, 87.8, 89.8, 92.1, 92.9, 93.0, 95.0, 

121.9, 122.2, 123.1, 123.3, 124.0, 124.3, 124.4, 125.9, 128.1, 131.6, 131.6, 131.9, 132.4, 134.0, 134.0, 

143.4, 150.9 ppm. HRMS (MALDI, DIT) calcd. for C152H124 [M] +: 1948.9703, found: 1948.9756. (Sp)-

7PhC and rac-7PhC were obtained by the same procedure in 27% and 27% isolated yields, respectively. 

(Rp)-7PhC: [α]23
D = +467.90 (c 0.1, CHCl3). (Sp)-7PhC: [α]23

D = −463.35 (c 0.1, CHCl3). 
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Chapter 5 

 

Optically Active Cyclic Compounds Based on Planar Chiral 

[2.2]Paracyclophane: Extension of π-Surface with Naphthalene Units 

 

 

Abstract 

The author synthesized optically active cyclic compounds with extension of π-surface with 

naphthalene units based on a planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane 

framework. Tuning of the properties of the cyclic compounds was possible changing aromatic 

moieties. Hypsochromic effect was observed by absorption and photoluminescence (PL) 

spectra of naphthalene-containing cyclic derivatives compared with those of benzene-

containing compounds. As a result, light blue and light green emission were observed in the 

naphthalene- and the benzene-containing cyclic compounds, respectively. Density functional 

theory (DFT) indicated that HOMO-LUMO band gap increased with introducing naphthalene 

units. Optimized structures showed that one of reasons of the hypsochromic effect was torsions 

of the cyclic structure. The naphthalene-containing cyclic derivatives had larger molar 

extinction coefficient (ε) and photoluminescence quantum efficiency (Φlum) and benzene-

containing cyclic derivatives had larger glum values. These results are useful for the design of 

cyclic compounds and CPL materials. 
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Introduction 

It is necessary to design π-conjugated compounds with conductive, luminescent, and charge 

transfer properties for various material applications, such as opto-electronic devices.1 Among 

π-conjugated compounds, [2.2]paracyclophane has been widely studied as a three-dimensional 

π-conjugation building block owing to its unique structure of face-to-face oriented two benzene 

rings.2 [2.2]Paracyclophane was firstly prepared by Brown and Farthing in 1949 by pyrolysis 

of p-xylene,3 and Cram and Steinberg reported its direct synthesis by a Wurtz-type 

intramolecular cyclization of 1,4-bis(bromomethyl)benzene in 1951.4 Representative 

properties of [2.2]paracyclophane are through-space conjugation and planar chirality derived 

from the interaction of the two benzene rings and the suppression of the rotation of the benzene 

rings, respectively. The author focused on these unique properties and developed an optical 

resolution method of 4,7,12,15-tetrasubstituted [2.2]paracyclophane, as shown in Chapter 3.5 

Especially in the research of a planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane, the 

author revealed that propeller-shaped cyclic compounds exhibited high performance of circular 

dichroism (CD) and circularly polarized luminescence (CPL) properties.5 In Chapter 4, the 

author tried to enhance the properties of the planar chiral cyclic compounds using phenylene-

ethynylene substituents. As a result, the author succeeded in the synthesis of the compounds 

exhibiting excellent CD and CPL properties.6 In this case, a bathochromic effect was observed 

owing to extension of the π-conjugation. Therefore, it is important to obtain the compounds 

which exhibit a hypsochromic effect for the diversity of designability of the cyclic compounds. 

In this chapter, the author observed the hypsochromic effect using naphthalene units in place 

of benzene units as a cyclic linker. In addition, molar extinction coefficient (ε) and 

photoluminescence quantum efficiency (Φlum) were improved in comparison with the benzene-

containing compounds. These are very important factors for applications for optical materials. 

Details were investigated with density functional theory (DFT), showing that a HOMO-LUMO 
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band gap of naphthalene-containing cyclic derivatives became larger than that of benzene-

containing compounds. Optimized structures indicated torsions of the cyclic structure affected 

the extension of the π-conjugation. Herein, the synthesis and optical properties of these 

compounds are discussed. 

 

Results and Discussion 

Synthesis 

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane was 

carried out using the diastereomer method developed in Chapter 3, and the obtained 

enantiopure compounds were converted to the corresponding (Rp)- and (Sp)-4,7,12,15-

tetraethynyl[2.2]paracyclophanes.5 The synthetic routes to the target optically active cyclic 

compounds are shown in Schemes 1-5. Initially, the author prepared iodinated naphthalene 

compounds 3 and 9 to prepare the cyclic compounds (Schemes 1 and 2, respectively). 

Compound 10 was synthesized according to the literature (see the experimental section). The 

hexyloxy groups in 3 and 10, and butyl groups in 9 were introduced to provide the target 

compounds with solubility in organic solvents, such as THF, CHCl3, CH2Cl2 and toluene. 

As shown in Scheme 1, one of bromides of 2,3-dibromo-6,7-bis(hexyloxy)naphthalene 1 

was reacted with trimethylsilylacetylene in the presence of a catalytic amount of PdCl2(PPh3)2 

to obtain compound 2 in 26% isolated yield. The other bromide of 2 was converted to an iodide, 

and then iodinated compound 3 was obtained in 73% isolated yield. As shown in Scheme 2, 

1,2,4,5-tetraboromobenzene 4 was reacted with 2,5-dibutylfuran 5 in the presence of n-

butyllithium to obtain compound 6 in 71% isolated yield, which was reacted with sodium 

iodide and trimethysilyl chloride to obtain compound 7 in 83% isolated yield. One of bromides 

in compound 7 was reacted with trimethylsilylacetylene in the presence of a catalytic amount  
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of PdCl2(PPh3)2 to obtain compound 8 in 67% isolated yield. The other bromide of 8 was 

converted to an iodide, and then iodinated compound 9 was obtained in 81% isolated yield. 

Schemes 3, 4 and 5 show the syntheses of the target cyclic compounds NpC, PhC and 

NpBu2C, respectively. In these Schemes, only the reactions of the (Rp)-isomers are shown; the 

(Sp)-isomers were synthesized under identical conditions from (Sp)-Cp. The treatment of (Rp)-

4,7,12,15-tetraethynyl[2.2]paracyclophane (Rp)-Cp with compound 3 in the presence of the 

Pd2(dba)3/CuI catalytic system using dppf as a phosphine ligand afforded compound (Rp)-Np-

Scheme 1. Synthesis of compound 3 (cyclic linker of NpC) 

Scheme 2. Synthesis of compound 9 (cyclic linker of NpBu2C) 
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TMS in 61% isolated yield (Scheme 3). After deprotection of the four TMS groups in (Rp)-

Np-TMS using NBu4F, a Pd-mediated alkyne homo-coupling was carried out in situ to obtain 

cyclic compound (Rp)-NpC in 29% isolated yield. Under the same reaction conditions, 

compounds (Rp)-PhC and (Rp)-NpBu2C were prepared by the reaction of 10 with (Rp)-Cp and 

by the reaction of 9 with (Rp)-Cp as shown in Schemes 4 and 5, respectively. In order to 

improve the reactivity, di(1-adamantyl)-n-butylphosphine7 (cataCXium® A) was used as a 

phosphine ligand. Cyclization was carried out, unidentified impurities such as oligomeric 

products by intermolecular reactions were formed. They could be readily removed by column 

chromatography on SiO2, resulting in low isolated yields (29%, 20% and 18% for (Rp)-NpC, 

(Rp)-PhC and (Rp)-NpBu2C, respectively). The structures of all new compounds in this study 

were confirmed by 1H and 13C NMR spectroscopy, high-resolution mass spectrometry (HRMS), 

and elemental analysis; the detailed synthetic procedures and NMR spectra data are shown in 

the experimental section. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3. Synthesis of (Rp)-NpC 
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Scheme 4. Synthesis of (Rp)-PhC 

Scheme 5. Synthesis of (Rp)-NpBu2C 
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Optical Properties 

The optical properties of both enantiomers of cyclic compounds NpC, PhC, and NpBu2C 

as well as their precursors Np-TMS, Ph-TMS and NpBu2-TMS were evaluated. The data are 

summarized in Table 1. Although the optical and chiroptical properties of PhtBu-TMS and 

PhtBuC were shown in Chapter 3, they are included herein for comparison. 

 

 

 

 

 

 λabs
a/nm (ε / 105 M−1 cm−1) λlum

b/nm τc/ns (χ2) Φlum
d 

(Rp)-Np-TMS 382 (0.96) 426 1.33 (1.01) 0.65 

(Rp)-Ph-TMS 384 (0.58) 428 1.71 (1.07) 0.59 

(Rp)-NpBu2-TMS 388 (0.86) 424 1.54 (1.03) 0.77 

(Rp)-PhtBu-TMS 372 (0.44) 418 2.16 (1.04) 0.46 

(Rp)-NpC 353 (1.29) 446 1.83 (1.06) 0.51 

(Rp)-PhC 325 (1.18), 401 (0.49) 482 4.67 (1.18) 0.44 

(Rp)-NpBu2C 348 (1.63), 412 (0.57) 438 2.00 (1.12) 0.81 

(Rp)-PhtBuC 314 (1.25), 391 (0.46) 453 3.75 (1.06) 0.41 

 

 

 

Figures 1A and 1B show the UV-vis absorption spectra and photoluminescence (PL) spectra 

of the (Rp)-precursors in the dilute CHCl3 solutions (1.0 × 10−5 M for UV and 1.0 × 10−6 M for 

PL), respectively. The absorption spectra exhibited a hyperchromic effect with extension of the 

π-surface from (Figure 1A). Bathochromic shift was caused by two factors; attaching 

naphthalene unit in place of benzene unit and attaching alkoxy groups. On the other hand, 

absorption edge was almost identical between (Rp)-Np-TMS and (Rp)-NpBu2-TMS because 

Table 1. Optical properties: Spectroscopic data of (Rp)-isomers 

a In CHCl3 (1.0 × 10−5 M). b In CHCl3 (1.0 × 10−6 M), excited at absorption maxima. c 

Emission life time at λlum. d Absolute PL quantum efficiency. 
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alkoxy groups were relatively far from alkyne unit attached the [2.2]paracyclophane core in 

the ground state. In the PL spectra (Figure 1B), a similar bathochromic shift was observed with 

extension of the π-conjugation unit and the introducing alkoxy group. A little bathochromic 

shift was observed in (Rp)-Np-TMS compared with (Rp)-NpBu2-TMS. This result showed 

alkoxy groups in the naphthalene unit worked in the excited state. 

As shown in Figures 2A and B, the interesting tendencies were observed in the absorption 

and PL spectra of cyclic compounds (Rp)-NpC, (Rp)-PhC, (Rp)-NpBu2C and (Rp)-PhtBuC. In 

the absorption spectra, bathochromic shift was observed by the cyclization and introducing 

alkoxy groups. The alkoxy groups in the naphthalene unit affected the spectra in the cyclic 

form. In addition, a hypsochromic shift was observed with an extension of the π-surface by the 

naphthalene unit. It is interesting phenomenon, considering that the precursors exhibited the 

similar absorption edge ((Rp)-Np-TMS, (Rp)-Ph-TMS and (Rp)-NpBu2-TMS). In the PL 

spectra (Figure 2B), a similar bathochromic shift and hypsochromic shift were observed. In 

this case, a hypsochromic shift from (Rp)-PhtBuC to (Rp)-NpBu2C was clearly observed. In 

addition, Stokes shifts of (Rp)-PhC and (Rp)-PhtBuC were larger than those of (Rp)-NpC and 

(Rp)-NpBu2C. 

PL lifetime measurement was carried out to support optical data. Table 1 includes the PL 

decay data (PL lifetime (τ) and χ2 parameters) for all compounds. PL lifetime of the cyclization 

compounds was longer than that of the precursors. In addition, the difference of lifetime of 

naphthalene derivatives between the cyclic compounds and the precursors is smaller than that 

of benzene compounds. Therefore, naphthalene-containing cyclic compounds were relatively 

similar to the precursors compared with benzene-containing compounds. This may be one of 

the reasons of the hypsochromic shift. 
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Figure 1. (A) UV-vis absorption spectra in the dilute CHCl3 (1.0 × 10−5 M) and (B) PL 

spectra in the dilute CHCl3 (1.0 × 10−6 M; excited at absorption maximum from 350 to 500 

nm) of (Rp)-Np-TMS, Ph-TMS, NpBu2-TMS, and PhtBu-TMS. 

Figure 2. (A) UV-vis absorption spectra in the dilute CHCl3 (1.0 × 10−5 M) and (B) PL 

spectra in the dilute CHCl3 (1.0 × 10−6 M; excited at absorption maximum) of (Rp)-NpC, 

PhC, NpBu2C, and PhtBuC. 
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Chiroptical Properties 

The chiroptical properties of the ground and excited states of Np-TMS, Ph-TMS, NpBu2-

TMS, NpC, PhC, and NpBu2C were investigated by circular dichroism (CD) and CPL 

spectroscopy, respectively. Chiroptical data, such as specific rotation, CD and CPL 

dissymmetry factors8 (gabs and glum, respectively) are summarized in Table 2. The chiroptical 

data of PhtBu-TMS and PhtBuC are shown in the same table. Figure 3 shows the CD and 

absorption spectra of both enantiomers of Np-TMS, Ph-TMS, NpBu2-TMS and PhtBu-TMS 

in the dilute CHCl3 (1.0 × 10−5 M). In all cases, mirror image Cotton effects were observed in 

the CD spectra, and the gabs values of the first cotton effect were estimated to be approximately 

−1.5 × 10−3 for (Rp)-isomers. The gabs values were enhanced by the cyclization and the values 

for (Rp)-NpC, PhC, NpBu2C and PhtBuC were estimated to be, +3.3 × 10−3, +3.9 × 10−3, 

+0.67 × 10−3, and +8.8 × 10−3, respectively (Figure 4). The specific rotation [α]23
D values for 

(Rp)-NpC, PhC, NpBu2C and PhtBuC were +789.4, +1086.4, +1040.13, +1501.0, 

respectively. They were much larger than those of (Rp)-Np-TMS, Ph-TMS, NpBu2-TMS and 

PhtBu-TMS (Table 2). It is suggested that optically active higher-ordered (propeller-shaped) 

structures by cyclization induced chirality strongly in the cyclic compounds in the ground state. 

The CPL spectra of the precursors and cyclic compounds in the dilute CHCl3 (1.0 × 10−5 M) 

are shown in Figures 5 and 6 respectively. Intense and mirror image CPL spectra were observed 

for the enantiomers, as shown in Figures 5 and 6. The glum values of (Rp)-Np-TMS, Ph-TMS, 

NpBu2-TMS and PhtBu-TMS were large (approximately, −1.4 × 10−3 for the (Rp)-isomers, 

respectively; Table 2). On the other hand, the glum values for (Rp)-NpC, PhC, NpBu2C and 

PhtBuC were calculated to be +3.5 × 10−3, +8.4 × 10−3, +0.84 × 10−3, and +13 × 10−3, 

respectively (Table 2). NpBu2C exhibited very weak CPL signals. Considering that NpBu2C 

had the similar structure with NpC, this is a very interesting phenomenon. As expected, the 

glum values for the cyclic compounds were enhanced in comparison with those for the 
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precursors by the optically active propeller-shaped structures. The emitting species with 

higher-ordered structures have a potential to exhibit good CPL properties in the excited state. 

For example, propeller-shaped,5,6 V-shaped,9 S-shaped,10 and helical structures11 have been 

reported previously. 

 

 

 [α]23
D

a gabs / 10−3 at λabs
b glum / 10−3 at λlum, max

c 

(Rp)-Np-TMS     −41.2 −1.4 −1.4 

(Rp)-Ph-TMS     −17.9 −1.3 −1.5 

(Rp)-NpBu2-TMS   −183.7 −1.8 −1.4 

(Rp)-PhtBu-TMS     −45.4 −1.3 −1.4 

(Rp)-NpC   +789.4 +3.3 +3.5 

(Rp)-PhC +1086.4 +3.9 +8.4 

(Rp)-NpBu2C +1040.1 +0.67 +0.84 

(Rp)-PhtBuC +1501.0 +8.8 +13 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Chiroptical properties: Specific rotation and spectroscopic data of (Rp)-isomers 

a Specific rotation (c 0.1, CHCl3 at 23 °C). The [α]23
D values of (Sp)-isomers are described 

in the experimental section. b gabs = 2Δε/ε, where Δε indicates differences of absorbance 

between left- and right-handed circularly polarized light, respectively. The gabs value of the 

first peak top was estimated. c glum = 2(I left − Iright)/(I left + Iright), where I left and Iright indicate 

luminescence intensities of left- and right-handed CPL, respectively. 

Figure 3. CD (top), gabs (middle), and UV-vis absorption (bottom) spectra of Np-TMS, Ph-
TMS, NpBu2-TMS, and PhtBu-TMS in the dilute CHCl3 (1.0 × 10−5 M). 
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Figure 4. CD (top), gabs (middle), and UV-vis absorption (bottom) spectra of NpC, PhC, 

NpBu2C, and PhtBuC in the dilute CHCl3 (1.0 × 10−5 M). 

Figure 5. CPL (top), glum (middle), and PL (bottom) spectra of Np-TMS, Ph-TMS, NpBu2-
TMS, and PhtBu-TMS in the dilute CHCl3 (1.0 × 10−5 M for CPL and 1.0 × 10−6 M for 

PL). Excitation wavelength was 300 nm, 350 nm 300 nm and 300 nm for NpC, PhC, 

NpBu2C, and PhtBuC, respectively. 

Figure 6. CPL (top), glum (middle), and PL (bottom) spectra of NpC, PhC, NpBu2C, and 

PhtBuC in the dilute CHCl3 (1.0 × 10−5 M for CPL and 1.0 × 10−6 M for PL). Excitation 

wavelength was 300 nm, 350 nm, 300 nm, and 314 nm for NpC, PhC, NpBu2C, and 

PhtBuC, respectively. 
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Figure 7 shows the highest occupied molecular orbitals (HOMOs) and the lowest 

unoccupied molecular orbitals (LUMOs) of the cyclic compounds NpC, PhC, NpBu2C and 

PhtBuC; methyl groups were used in place of hexyl and butyl groups to simplify the 

calculation. The molecular orbitals were obtained by density functional theory (DFT) at the 

TD-BHandHLYP/def2-TZVPP//BLYP/def2-TZVPP level. Only in the case of NpBu2C, the 

HOMO orbital did not form a cyclic π-conjugation system and the HOMO−1 orbital was 

delocalized whole of the molecule. The energies of the HOMO and HOMO−1 were very close, 

resulting in the weak CPL of NpBu2C. Figure 7 shows that naphthalene derivatives had low 

HOMO levels and high LUMO levels and that alkoxy groups increased HOMO and LUMO 

levels, especially HOMO levels. The first Cotton effects in the CD spectra (Figure 4) were 

assigned to the S0 to S1 transition (Table 3). Experimental data of wavelength of the first Cotton 

effect in the CD spectra are shown in Table 3. The hypsochromic shift by the naphthalene unit 

was almost identified between calculation and experimental data. In order to investigate the 

cause of the hypsochromic shift, the author focused on the torsion of the cyclic compounds. 

Calculated torsion angles, θ1 and θ2 are shown in Figure 8, and the parameters are shown in 

Table 3. The torsions of the naphthalene-containing cyclic compounds were relatively larger 

than those of benzene-containing compounds. Therefore, it is difficult to extend π-conjugation 

in the naphthalene derivatives. Those results support the lifetime measurement which indicated 

that the properties were similar to the precursors. As a result, the hypsochromic shift was 

caused by shorter π-conjugation length of the naphthalene substituents. 

Comparing with the compounds having benzene and naphthalene units in the cyclic 

structures, the benzene unit can enhance g values and the naphthalene unit can enhance a molar 

extinction coefficient and absolute fluorescence quantum efficiency (Φlum) (Tables 1 and 2), 

which are very important factors for CPL applications. In addition, the naphthalene unit 

induced the hypsochromic shift compared with the benzene unit. These results indicate the 
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possibility to tune the optical properties of the cyclic compounds exhibiting good chiroptical 

properties.12,13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 S0 to S1
a/eV (nm) λabs

b/nm θ1
c θ2

c 

NpC 3.02 (411) 429 24.55˚ 22.78˚ 

PhC 2.72 (456) 464 22.96˚ 23.17˚ 

NpBu2C 3.05 (406) 428 24.68˚ 23.12˚ 

PhtBuC 2.84 (436) 431 22.30˚ 21.79˚ 

 

 

 

Figure 7. HOMOs (HOMO−1) and LUMOs of model compounds, NpC, PhC, NpBu2C, 

and PhtBuC obtained by density functional theory (DFT) at the TD-BHandHLYP/def2-

TZVPP//BLYP/def2-TZVPP level. 

Figure 8. Torsion angles, θ1 and θ2, of cyclic compounds. 

Table 3. Calculated parameter from TD-DFT and experimental wavelength obtained from 

CD spectra 

Calculated at TD-BHandHLYP/def2-TZVPP//BLYP/def2-TZVPP level. a Energy band 

gap of transition from S0 to S1. b Wavelength observed from first Cotton effect of CD 

spectra of NpC, PhC, NpBu2C, and PhtBuC, respectively (Figure 5). c Estimated torsion 

angles of each optimized molecular structure (Figure 8). 
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Conclusions 

In summary, planar chiral [2.2]paracyclophane-based cyclic compounds with extended π-

surface were synthesized. Cyclization enhanced the optical and chiroptical properties compared 

with those of the non-cyclic precursors because of the optically active higher-ordered structure. 

The optical and chiroptical properties could be tuned by the benzene and naphthalene units. 

Introduction of the naphthalene unit enhanced a molar extinction coefficient and absolute 

fluorescence quantum efficiency; however glum values decreased in comparison with induction 

of the benzene unit. Another interesting property was hypsochromic shift by the introduction 

of the naphthalene unit. As a result, NpC exhibited light blue emission, and PhC exhibited 

light green emission. DFT supported this phenomenon; cyclic structure including a naphthalene 

unit decreased HOMO levels and increased LUMO levels in spite of the large π-surface. 

Calculated molecular structure indicated that the torsion was one of the reasons of the 

hypsochromic shift. These results are useful for the molecular design not only of the cyclic 

[2.2]paracyclophane derivatives but of various optically active compounds. 
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Experimental Section 

General. 1H and 13C NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400 and 

100 MHz, respectively.  Samples were analyzed in CDCl3, and the chemical shift values were expressed 

relative to Me4Si as an internal standard. Analytical thin layer chromatography (TLC) was performed 

with silica gel 60 Merck F254 plates. Column chromatography was performed with Wakogel C-300 

silica gel. High-resolution mass (HRMS) spectrometry was performed at the Technical Support Office 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto 

University), and the HRMS spectra were obtained on a Thermo Fisher Scientific EXACTIVE 

spectrometer for atmospheric pressure chemical ionization (APCI). Recyclable preparative high-

performance liquid chromatography (HPLC) was carried out on a Japan Analytical Industry Co. Ltd., 

Model LC918R (JAIGEL-1H and 2H columns) and LC9204 (JAIGEL-2.5H and 3H columns) using 

CHCl3 as an eluent. UV-vis spectra were recorded on a SHIMADZU UV-3600 spectrophotometer, and 

samples were analyzed in CHCl3 at room temperature. Fluorescence emission spectra were recorded on 

a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and samples were analyzed in CHCl3 at 

room temperature. The PL lifetime measurement was performed on a Horiba FluoroCube 

spectrofluorometer system; excitation was carried out using a UV diode laser (NanoLED 375 nm). 

Specific rotations ([α]t
D) were measured with a HORIBA SEPA-500 polarimeter. Circular dichroism 

(CD) spectra were recorded on a JASCO J-820 spectropolarimeter with CHCl3 as a solvent at room 

temperature. Circularly polarized luminescence (CPL) spectra were recorded on a JASCO CPL-200S 

with CHCl3 as a solvent at room temperature. Elemental analyses were performed at the Microanalytical 

Center of Kyoto University. 

Materials. Commercially available compounds used without purification: (Wako Pure Chemical 

Industries, Ltd.) PPh3, CuI, K2CO3, NaI; (Tokyo Chemical Industry Co, Ltd.) trimethylsilylacetylene 

(TMS-acetylene), PdCl2(PPh3)2, Pd2(dba)3 (dba = dibenzylideneacetone), 1,1'-

bis(diphenylphosphino)ferrocene (dppf), tetra-n-butylammonium fluoride (NBu4F, TBAF, 1 M in THF), 

trimethylsilyl chloride (TMS-Cl); (Kanto Chemical Co., Inc.) n-butyllithium (n-BuLi, 1.6 M in hexane); 

(Sigma-Aldrich Co. LLC.) di(1-adamantyl)-n-butylphosphine (cataCXium® A). Commercially 

available solvents: MeOH (Wako Pure Chemical Industries, Ltd.), toluene (deoxygenated grade, Wako 

Pure Chemical Industries, Ltd.) and acetonitrile (deoxygenated grade, Wako Pure Chemical Industries, 

Ltd.) used without purification. THF (Wako Pure Chemical Industries, Ltd.) and Et3N (Kanto Chemical 

Co., Inc.), purified by passage through solvent purification columns under Ar pressure.14 Compounds 
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prepared according to the literatures: 2,3-Dibromo-6,7-bis(hexyloxy)naphthalene (1)15, 2,5-di-n-

butylfuran (5)16, 1,2-bis(hexyloxy)-4-iodo-5-[2-(trimethylsilyl)ethynyl]benzene (10)17, (Rp)- and (Sp)-

4,7,12,15-tetraethynyl[2.2]paracyclophane ((Rp)- and (Sp)-Cp).5 

Computational Details. The Orca program package18 was used for computation. The author optimized 

the structures of NpC, PhC, NpBu2C and PhtBuC (methyl groups were used in place of hexyl and 

butyl groups) in the ground S0 states and calculated their electric structures. The density functional 

theory (DFT) was applied for the optimization of the structures in the S0 states at the BLYP/def2-

TZVPP levels. The author calculated the electric states and transitions from S0 to S1 of the NpC, PhC 

and PhtBuC, and from S0 to S1 and S0 to S2 states of the NpBu2C with the optimized geometries in the 

S0 states by time-dependent DFT (TD-DFT) at the TD-BHandHLYP/def2-TZVPP levels. 

Synthesis of 2. A mixture of 2,3-dibromo-6,7-bis(hexyloxy)naphthalene (1) (3.93 g, 8.1 mmol), 

PdCl2(PPh3)2 (0.284 g, 0.405 mmol), CuI (0.0770 g, 0.405 mmol), THF (180 mL) and Et3N (60 mL) 

was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the reaction 

mixture several times, TMS-acetylene (1.20 mL, 8.49 mmol) was added to the mixture via a syringe. 

The reaction was carried out at 70 °C for 17 h with stirring. After the reaction mixture was cooled to 

room temperature, precipitates were removed by filtration, and the solvent was removed with a rotary 

evaporator. The residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/2 v/v as 

an eluent) to afford 2 (1.06 g, 2.11 mmol, 26%) as a yellow solid. Rf = 0.33 (CHCl3/hexane = 1/2 v/v). 

1H NMR (CDCl3, 400 MHz) δ 0.29 (s, 9H), 0.91 (t, J = 7.1 Hz, 6H), 1.34-1.38 (m, 8H), 1.50 (m, 4H), 

1.84-1.88 (m, 4H), 4.05 (dt, J = 2.4 Hz, 6.6 Hz, 4H), 6.92 (s, 1H), 6.96 (s, 1H), 7.82 (s, 1H), 7.84 (s, 

1H) ppm; 13C NMR (CDCl3, 100 MHz) δ −0.1, 14.0, 22.6, 25.7, 28.9, 28.9, 31.5, 68.8, 97.9, 103.9, 

106.3, 107.0, 119.6, 120.1, 127.5, 129.0, 130.0, 131.8, 150.1, 150.9 ppm. HRMS (APCI) calcd. for 

C27H40BrO2Si [M+H]+: 503.1975, found: 503.1967. Elemental analysis calcd. for C27H39BrO2Si: C 

64.40 H 7.81 Br 15.87, found: C 64.31 H 7.92 Br 15.88. 

Synthesis of 3. A solution of n-BuLi (1.65 M in hexane, 1.45 mL, 2.32 mmol) was slowly added to a 

solution of 2 (1.06 g, 2.11 mmol) in THF (40 mL) at –78 °C under Ar atmosphere.  After 30 min, a 

solution of iodine (0.80 g, 3.16 mmol) in THF (10 mL) was added, and the mixture was stirred for 28 h 

at –78 °C to room temperature. The reaction mixture was quenched by the addition of aqueous NaHSO3 

solution, and the organic layer was extracted three times with hexane. The combined organic layer was 

washed with brine and dried over MgSO4. MgSO4 was removed by filtration, and the solvent was 

evaporated. The residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/2 v/v as 
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an eluent) to afford 3 (848 mg, 1.54 mmol, 73%) as a yellow oil. Rf = 0.42 (CHCl3/hexane = 1/2 v/v). 

1H NMR (CDCl3, 400 MHz) δ 0.30 (s, 9H), 0.91-0.93 (m, 6H), 1.35-1.36 (m, 8H), 1.51 (m, 4H), 1.88 

(m, 4H), 4.11 (dt, J = 2.4 Hz, 6.6 Hz, 4H), 6.92 (s, 1H), 6.95 (s, 1H), 7.81 (s, 1H), 8.13 (s, 1H) ppm; 

13C NMR (CDCl3, 100 MHz) δ 0.2, 14.1, 22.7, 25.8, 29.0, 29.0, 31.6, 31.7, 69.0, 94.5, 106.2, 107.2, 

107.3, 123.9, 128.2, 130.5, 130.9, 136.1, 150.4, 150.8 ppm. HRMS (APCI) calcd. for C27H40IO2Si 

[M+H] +: 551.1837, found: 551.1829. Elemental analysis calcd. for C27H39IO2Si: C 58.90 H 7.14 I 23.05, 

found: C 58.69 H 7.31 I 22.89. 

Synthesis of 6. A mixture of 2,5-n-dibutylfuran (5) (5.91 g, 15.0 mmol) and 1,2,4,5-tetrabromobenzene 

(4) (3.23 g, 18 mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing several times, n-BuLi (11.3mL, 1.60 M in hexane, 18.0 mmol) was added dropwise over the 

course of 30 min. The solution was stirred at 0 °C for 2 h, allowed to warm to room temperature, stirred 

for 3.5 h. It was quenched by the careful addition of 5 mL MeOH and water. The organic layer was 

extracted with toluene and washed with water. The combined organic layer was washed with brine and 

dried over MgSO4. MgSO4 was removed by filtration, and the solvent was evaporated. The product was 

purified by column chromatography on SiO2 (CHCl3/hexane = 1/5 v/v as an eluent) to afford 6 (4.39 g, 

10.6 mmol, 71%) as a light yellow viscous oil. Rf = 0.40 (CHCl3/hexane = 1/5 v/v).  1H NMR (CDCl3, 

400MHz) δ 0.96 (t, J = 7.1 Hz, 6H), 1.30-1.66 (m, 8H), 2.07-2.31 (m, 4H), 6.73 (s, 2H), 7.30 (s, 2H) 

ppm; 13C NMR (CDCl3, 100MHz) δ 13.9, 23.1, 26.8, 28.9, 91.7, 120.3, 124.2, 145.5, 154.1 ppm. HRMS 

(APCI) calcd. for C18H23Br2O [M+H]+: 413.0110, found: 413.0097. Elemental analysis calcd. for 

C18H22Br2O: C 52.20 H 5.35 Br 38.58, found: C 52.32 H 5.37 Br 38.35. 

Synthesis of 7. A suspension of 6 (4.15 g, 10 mmol) and dry NaI (4.50 g, 30 mmol) in acetonitrile (100 

mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing several 

times, TMS-Cl (3.8 mL, 30 mmol) was added dropwise. The solution turned from red to brown during 

the addition and was stirred at room temperature for 11 h. The mixture was quenched by addition of 

aqueous NaHSO3 solution and the product was extracted with CH2Cl2. The combined organic layer was 

washed with brine and dried over MgSO4. MgSO4 was removed by filtration, and the solvent was 

evaporated. The product was purified by column chromatography on SiO2 (CHCl3/hexane = 1/5 v/v as 

an eluent) to afford 7 (3.31 g, 8.31 mmol, 83%) as a light yellow oil. Rf = 0.70 (CHCl3/hexane = 1/5 

v/v). 1H NMR (CDCl3, 400MHz) δ 0.97 (t, J = 7.3 Hz, 6H), 1.38-1.49 (m, 4H), 1.64-1.73 (m, 4H), 2.95 

(t, J = 7.8 Hz, 4H), 7.24 (s, 2H), 8.30 (s, 2H) ppm; 13C NMR(CDCl3, 100MHz) δ 13.9, 22.7, 32.4, 32.8, 

120.5, 126.9, 129.4, 132.4, 136.3 ppm. HRMS (APCI) calcd. for C18H23Br2 [M+H] +: 396.0083, found: 
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396.0080. Elemental analysis calcd. for C18H22Br2: C 54.30 H 5.57 Br 40.13, found: C 54.55 H 5.47 Br 

40.11. 

Synthesis of 8. A mixture of 7 (2.99 g, 7.5 mmol), Pd2(dba)3 (0.172 g, 0.188 mmol), dppf (0.208 g, 

0.376 mmol), CuI (0.0716 g, 0.376 mmol), THF (25 mL) and Et3N (25 mL) was placed in a round-

bottom flask equipped with a magnetic stirring bar. After degassing the reaction mixture several times, 

TMS-acetylene (1.04 mL, 7.52 mmol) was added to the mixture via a syringe. The reaction was carried 

out at 70 °C for 8 h with stirring. After the reaction mixture was cooled to room temperature, precipitates 

were removed by filtration, and the solvent was removed with a rotary evaporator. The crude residue 

was purified by column chromatography on SiO2 (hexane as an eluent) to afford 8 (2.10 g, 5.1 mmol, 

67%) as a colorless oil. Rf = 0.38 (hexane only). 1H NMR (CDCl3, 400 MHz) δ 0.33 (s, 9H), 0.95 (t, J 

= 7.3 Hz, 6H), 1.33-1.49 (m, 4H), 1.57-1.73 (m, 4H), 2.94-3.00 (m, 4H), 7.17 (s, 2H), 8.18 (s, 1H), 8.22 

(s, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ −0.1, 13.9, 22.7, 32.4, 32.8, 32.9, 98.9, 104.1, 121.7, 126.4, 

127.4, 127.9, 130.3, 130.7, 133.0, 136.0, 137.0 ppm. HRMS (APCI) calcd. for C23H32BrSi [M+H]+: 

414.1373, found: 414.1361. Elemental analysis calcd. for C23H31BrSi: C 66.49 H 7.52 Br 19.23, found: 

C 66.50 H 7.63 Br 19.46. 

Synthesis of 9. A solution of n-BuLi (1.60 M in hexane, 3.15 mL, 5.04 mmol) was slowly added to a 

solution of 8 (1.90 g, 4.58 mmol) in THF (30 mL) at –78 °C under Ar atmosphere. After 15 min, a 

solution of iodine (1.74 g, 6.87 mmol) in THF (10 mL) was added, and the mixture was stirred for 16 h 

at –78 °C to room temperature. The reaction mixture was quenched by the addition of aqueous NaHSO3 

solution, and the organic layer was extracted three times with CHCl3. The combined organic layer was 

washed with brine and dried over MgSO4. MgSO4 was removed by filtration, and the solvent was 

evaporated. The residue was purified by column chromatography on SiO2 (hexane as an eluent) to afford 

9 (1.71 g, 3.69 mmol, 81%) as a colorless crystal. Rf = 0.70 (hexane only). 1H NMR (CDCl3, 400 MHz) 

δ 0.34 (s, 9H), 0.94 (dt, J = 3.2 Hz, 7.3 Hz 6H), 1.30-1.49 (m, 4H), 1.55-1.74 (m, 4H), 2.80-3.00 (m, 

4H), 7.14 (s, 2H), 8.14 (s, 1H), 8.49 (s, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ −0.1, 14.0, 22.7, 32.2, 

32.7, 32.8, 97.1, 98.0, 107.5, 125.2, 126.5, 127.1, 129.1, 131.1, 133.2, 135.0, 135.7, 136.9 ppm. HRMS 

(APCI) calcd. for C23H32ISi [M+H] +:462.1234, found: 462.1223. Elemental analysis calcd. for 

C23H31ISi: C 59.73 H 6.76 I 27.44, found: C 59.66 H 6.71 I 27.34. 

Synthesis of Np-TMS. A mixture of (Rp)-Cp (20.0 mg, 0.0657 mmol), 3 (160 mg, 0.289 mmol), 

Pd2(dba)3 (6.3 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mmol), CuI (2.5 mg, 0.013 mmol), THF (2.0 

mL) and Et3N (2.0 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 
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degassing the reaction mixture several times, the reaction was carried out at 50 °C for 16 h with stirring. 

After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, and 

the solvent was removed with a rotary evaporator. The residue was purified by column chromatography 

on SiO2 (CHCl3/hexane = 1/2 v/v as an eluent). Further purification was carried out by HPLC and 

reprecipitation with CHCl3 and MeOH (good and poor solvent, respectively) to afford (Rp)-Np-TMS 

(79.6 mg, 0.0399 mmol, 61%) as a light yellow solid. Rf = 0.50 (CHCl3/hexane = 1/2 v/v). 1H NMR 

(CDCl3, 400 MHz) δ 0.21 (s, 36H), 0.91-0.95 (m, 24H), 1.34-1.42 (m, 32H), 1.45-1.59 (m, 16H), 1.80-

1.94 (m, 16H), 3.17-3.32 (m, 4H), 3.74-3.84 (m, 4H), 3.86-3.97 (m, 8H), 4.09 (t, J = 6.4 Hz, 8H), 6.89 

(s, 4H), 7.02 (s, 4H), 7.39 (s, 4H), 7.89 (s, 4H), 8.00 (s, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 0.1, 

14.0, 22.6, 22.6, 25.7, 25.8, 29.0, 31.6, 31.6, 32.7, 68.7, 68.9, 92.2, 93.9, 97.1, 104.5, 107.0, 107.1, 

120.0, 121.0, 125.7, 128.3, 128.7, 130.9, 130.9, 135.3, 141.7, 150.5, 150.6 ppm. HRMS (APCI) calcd. 

for C132H169O8Si4 [M+H] +: 1994.1889, found: 1994.1941. Elemental analysis calcd. for C132H168O8Si4: 

C 79.47 H 8.49, found: C 79.57 H 8.59. (Sp)-Np-TMS and rac-Np-TMS were obtained by the same 

procedure in 68% and 54% isolated yields, respectively. (Rp)-Np-TMS: [α]23
D = −41.2 (c 0.1, CHCl3). 

(Sp)-Np-TMS: [α]23
D = +49.6 (c 0.1, CHCl3). 

Synthesis of NpC. (Rp)-Np-TMS (60.0 mg, 0.0301 mmol) in THF (5.0 mL) was placed in a round-

bottom flask equipped with a magnetic stirring bar. After degassing several times, NBu4F (1 M in THF, 

0.3 mL, 0.3 mmol) was added to the solution at room temperature for 15 min with stirring. The mixture 

was quenched by the addition of H2O, and the organic layer was extracted three times with CHCl3. The 

combined organic layer was washed with brine and dried over MgSO4. MgSO4 was removed by 

filtration, and the solvent was evaporated. The product was purified by column chromatography on SiO2 

(CHCl3 as an eluent). To this product in a round-bottom flask equipped with a magnetic stirring bar, 

PdCl2(PPh3)2 (211 mg, 0.301 mmol), CuI (57.3 mg, 0.301 mmol), THF (300 mL) and Et3N (50 mL) 

were added. The mixture was heated at reflux temperature for 16 h under air. After the reaction mixture 

was cooled to room temperature, the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 2/1 v/v as an eluent). Further purification was carried out by 

HPLC to afford (Rp)-NpC (14.6 mg, 0.0086 mmol, 29%) as a light yellow solid. Rf = 0.45 

(CHCl3/hexane = 2/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.90-0.94 (m, 24H), 1.34-1.38 (m, 32H), 1.51-

1.55 (m, 16H), 1.85-1.90 (m, 16H), 3.16-3.32 (m, 4H), 3.59-3.75 (m, 4H), 4.03-4.17 (m, 16H), 7.00 (d, 

J = 4.4 Hz, 8H), 7.26 (s, 4H), 7.80 (s, 4H), 7.84 (s, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 14.0, 14.0, 

22.6, 22.6, 25.7, 25.7, 29.0, 29.0, 31.6, 31.6, 33.3, 68.9, 68.9, 77.9, 82.3, 92.1, 93.7, 107.2, 107.3, 118.7, 
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122.3, 124.6, 128.2, 129.0, 129.6, 130.7, 134.0, 143.0, 150.6, 150.9 ppm. HRMS (APCI) calcd. for 

C120H133O8 [M+H] +:1701.9995, found: 1702.0000. (Sp)-NpC and rac-NpC were obtained by the same 

procedure in 29% and 14% isolated yields, respectively. (Rp)-NpC: [α]23
D = +789.4 (c 0.1, CHCl3). (Sp)-

NpC: [α]23
D = –781.2 (c 0.1, CHCl3). 

Synthesis of Ph-TMS. A mixture of (Rp)-Cp (20.0 mg, 0.0657 mmol), 10 (145 mg, 0.289 mmol), 

Pd2(dba)3 (6.0 mg, 0.0066 mmol), cataCXium® A (9.4 mg, 0.026 mmol), CuI (2.5 mg, 0.013 mmol), 

THF (5.0 mL) and Et3N (5.0 mL) was placed in a round-bottom flask equipped with a magnetic stirring 

bar. After degassing the reaction mixture several times, the reaction was carried out at 50 °C for 16 h 

with stirring. After the reaction mixture was cooled to room temperature, precipitates were removed by 

filtration, and the solvent was removed with a rotary evaporator. The crude residue was purified by 

column chromatography on SiO2 (CHCl3/hexane = 1/3 v/v as an eluent). Further purification was carried 

out by HPLC to afford (Rp)-Ph-TMS (26.3 mg, 0.0145 mmol, 22%) as a yellow solid. Rf = 0.53 

(CHCl3/hexane = 1/2 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.21 (s, 36H), 0.86-0.97 (m, 28H), 1.28-1.39 

(m, 32H), 1.40-1.53 (m, 16H), 1.71-1.89 (m, 20H), 3.15 (s, 4H), 3.67 (s, 4H), 3.89 (t, J = 6.1 Hz, 8H), 

4.00 (t, J = 6.6 Hz, 8H), 6.95 (s, 4H), 6.89 (s, 4H), 7.27 (s, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 

0.1, 14.0, 14.0, 22.6, 25.7, 25.7, 29.2, 29.2, 31.6, 31.6, 32.7, 69.1, 69.4, 91.8, 93.4, 96.5, 104.3, 116.4, 

117.1, 118.0, 119.5, 125.5, 135.1, 141.7, 149.1, 149.6 ppm. HRMS (APCI) calcd. for C132H169O8Si4 

[M+H] +: 1794.1263, found: 1794.1250. (Sp)-Ph-TMS and rac-Ph-TMS were obtained by the same 

procedure in 22% and 25% isolated yields, respectively. (Rp)-Ph-TMS: [α]23
D = −17.9 (c 0.1, CHCl3).  

(Sp)-Ph-TMS: [α]23
D = +16.3 (c 0.1, CHCl3). 

Synthesis of PhC. (Rp)-Ph-TMS (33.1 mg, 0.0185 mmol) in THF (5.0 mL) was placed in a round-

bottom flask equipped with a magnetic stirring bar. After degassing several times, NBu4F (1 M in THF, 

0.2 mL, 0.2 mmol) was added to the solution at room temperature for 15 min with stirring. The mixture 

was quenched by the addition of H2O, and the organic layer was extracted three times with CHCl3. The 

combined organic layer was washed with brine and dried over MgSO4. MgSO4 was removed by 

filtration, and the solvent was evaporated. The product was purified by column chromatography on SiO2 

(CHCl3 as an eluent). To this product in a round-bottom flask equipped with a magnetic stirring bar, 

PdCl2(PPh3)2 (130 mg, 0.185 mmol), CuI (35.2 mg, 0.185 mmol), THF (300 mL) and Et3N (50 mL) 

were added.  The mixture was heated at reflux temperature for 16 h under air. After the reaction mixture 

was cooled to room temperature, the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 2/1 v/v as an eluent). Further purification was carried out by 



 

Chapter 5 

116 

 

HPLC to afford (Rp)-PhC (5.5 mg, 0.0037 mmol, 20%) as a light yellow solid. Rf = 0.63 (CHCl3/hexane 

= 2/1 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.86-0.97(m, 24H), 1.29-1.40 (m, 32H), 1.43-1.54 (m, 16H), 

1.78-1.89 (m, 16H), 3.07-3.19 (m, 4H), 3.47-3.58 (m, 4H), 3.98-4.08 (m, 16H), 6.96 (d, J = 3.4 Hz, 8H), 

7.19 (s, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 14.0, 14.0, 22.6, 22.6, 25.7, 25.7, 29.0, 29.0, 31.6, 

31.6, 33.3, 68.9, 68.9, 77.9, 82.3, 92.1, 93.7, 107.2. 107.3, 118.7, 122.3, 124.6, 128.2, 129.0, 129.6, 

130.7, 134.0, 143.0, 150.6, 150.9 ppm. HRMS (APCI) calcd. for C104H125O8 [M+H] +:1501.9369, found: 

1501.9383. (Sp)-PhC and rac-PhC were obtained by the same procedure in 19% and 76% isolated 

yields, respectively. (Rp)-PhC: [α]23
D = +1086.4 (c 0.1, CHCl3). (Sp)-PhC: [α]23

D = −1082.6 (c 0.1, 

CHCl3). 

Synthesis of NpBu2-TMS. A mixture of (Rp)-Cp (23.0 mg, 0.0756 mmol), 9 (154 mg, 0.332 mmol), 

Pd2(dba)3 (6.9 mg, 0.0076 mmol), cataCXium® A (10.8 mg, 0.030 mmol), CuI (2.9 mg, 0.015 mmol), 

THF (5.0 mL) and Et3N (5.0 mL) was placed in a round-bottom flask equipped with a magnetic stirring 

bar. After degassing the reaction mixture several times, the reaction was carried out at 50 °C for 12 h 

with stirring. After the reaction mixture was cooled to room temperature, precipitates were removed by 

filtration, and the solvent was removed with a rotary evaporator. The crude residue was purified by 

column chromatography on SiO2 (CHCl3/hexane = 1/3 v/v as an eluent). Further purification was carried 

out by HPLC to afford (Rp)-NpBu2-TMS (74 mg, 0.0451 mmol, 60%) as a yellow solid. Rf = 0.50 

(CHCl3/hexane = 1/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.23 (s, 36H), 0.79 (t, J = 7.3 Hz, 12H), 1.01 

(t, J = 7.3 Hz, 12H), 1.15-1.23 (m, 8H), 1.44-1.58 (m, 16H), 1.69-1.80 (m, 8H), 2.69-2.89 (m, 8H), 

2.98-3.08 (m, 8H), 3.27-3.37 (m, 4H), 3.80-3.90 (m, 4H), 7.18 (d, J = 7.3 Hz, 4H), 7.24 (d, J = 7.3 Hz, 

4H), 7.44 (s, 4H) , 8.25 (s, 4H) , 8.28 (s, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 0.1, 13.9, 14.0, 22.5, 

22.8, 32.2, 32.4, 32.6, 32.9, 92.3, 94.0, 97.5, 104.6, 121.1, 121.8, 125.6, 126.8, 126.9, 129.2, 129.9, 

131.3, 131.6, 135.3, 136.8, 136.9, 142.1 ppm. HRMS (APCI) calcd. for C116H137Si4 [M+H] +: 1641.9792, 

found: 1641.9803. Elemental analysis calcd. for C116H136Si4: C 84.82 H 8.35, found: C 84.76 H 8.20. 

(Sp)-NpBu2-TMS and rac-NpBu2-TMS were obtained by the same procedure in 43% and 39% isolated 

yields, respectively. (Rp)-NpBu2-TMS: [α]23
D = −183.7 (c 0.1, CHCl3). (Sp)-NpBu2-TMS: [α]23

D = 

+174.2 (c 0.1, CHCl3). 

Synthesis of NpBu2C. (Rp)-NpBu2-TMS (54 mg, 0.0329 mmol) in THF (5.0 mL) was placed in a 

round-bottom flask equipped with a magnetic stirring bar.  After degassing several times, NBu4F (1 M 

in THF, 0.33 mL, 0.33 mmol) was added to the solution at room temperature for 15 min with stirring. 

The mixture was quenched by the addition of H2O, and the organic layer was extracted three times with 
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CHCl3. The combined organic layer was washed with brine and dried over MgSO4. MgSO4 was 

removed by filtration, and the solvent was evaporated. The product was purified by column 

chromatography on SiO2 (CHCl3 as an eluent). To this product in a round-bottom flask equipped with 

a magnetic stirring bar, PdCl2(PPh3)2 (230 mg, 0.329 mmol), CuI (63 mg, 0.329 mmol), THF (300 mL) 

and Et3N (50 mL) were added.  The mixture was heated at reflux temperature for 16 h under air. After 

the reaction mixture was cooled to room temperature, the solvent was evaporated. The residue was 

purified by column chromatography on SiO2 (CHCl3/hexane = 1/3 v/v as an eluent). Further purification 

was carried out by HPLC to afford (Rp)-PhC (8.1 mg, 0.0060 mmol, 18%) as a light yellow solid. Rf = 

0. 56 (CHCl3/hexane = 1/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.97 (t, J = 7.3 Hz, 12H), 1.02 (t, J = 

7.3 Hz, 12H), 1.40-1.51 (m, 16H), 1.68-1.79 (m, 16H), 2.98-3.08 (m, 16H), 3.23-3.29 (m, 4H), 3.66-

3.73 (m, 4H), 7.29 (s, 8H), 7.33 (s, 4H), 8.26 (s, 4H), 8.31 (s, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 

14.0, 22.7, 22.9, 32.4, 32.7, 32.9, 33.2, 33.4, 78.3, 82.6, 92.6, 93.7, 120.0, 123.3, 124.6, 127.4, 127.6, 

128.7, 129.3, 131.3, 132.0, 134.3, 137.1, 137.3, 143.2 ppm. HRMS (APCI) calcd. for C104H101 

[M+H] +:1349.7898, found: 1349.7901. (Sp)-NpBu2C and rac-NpBu2C were obtained by the same 

procedure in 40% and 32% isolated yields. (Rp)-NpBu2C: [α]23
D = +1040.1 (c 0.1, CHCl3).  (Sp)-

NpBu2C: [α]23
D = −1041.0 (c 0.1, CHCl3). 
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Chapter 6 

 

Highly Emissive Optically Active Conjugated Dimers 

Consisting of Planar Chiral [2.2]Paracyclophane 

Showing Circularly Polarized Luminescence 

 

 

Abstract 

Optically active π-conjugated dimers based on a planar chiral 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane were synthesized. The π-conjugated dimers were functionalized by aryl-

ethynylene groups, such as benzene, naphthalene and anthracene. The strength of though-space 

conjugation was tuned by the π-surface. In the UV-vis and photoluminescence (PL) spectra, 

the absorption and emission maxima of the dimers exhibited bathochromic effect compared 

with those of the monomers. When the monomer had small π-surface unit, such as benzene and 

naphthalene, the dimer exhibited typical optical properties of the stacked molecule. On the 

other hand, when the monomer had large π-surface, such as anthracene, the dimer exhibited 

monomer-like optical properties. In the circular dichroism (CD) and circularly polarized 

luminescence (CPL) spectra, the functionalized optically active chromophores exhibited 

unique properties. These data are useful not only for understanding the properties of the planar 

chiral [2.2]paracyclophane but for the design of a new functional π-conjugation system. 
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Introduction 

Aromatic compound-based π-conjugated systems are widely applied to luminescent 

materials, opto-electronic devices and organic thin film solar cell, and unique properties have 

been revealed.1 Among various aromatic frameworks, [2.2]paracyclophanes have been 

received much attention for the possibility to stack two chromophores in the distance of 3Å.2 

[2.2]Paracyclophane frameworks can extend π-conjugation between two chromophores, which 

is called through-space conjugation.3j Bazan, Mukamel, and co-workers reported the unique 

optical properties of π-conjugated pseudo-o-disubstituted, pseudo-p-disubstituted and 

4,7,12,15-tetrasubstituted [2.2]paracyclophane derivatives.3 They revealed that the stacked 

position of the two chromophores affects the conjugation system in the ground and excited 

states mainly based on the phenylene-vinylene systems. In particular, in the case of 4,7,12,15-

tetrasubstituted [2.2]paracyclophane, the two stacked π-conjugation systems exhibit strong 

through-space conjugation in addition to the common through-bond conjugation.3b,d,e,i,j Hopf, 

Haley, and co-workers synthesized a lot of multi-substituted [2.2]paracyclophane derivatives 

including three-dimensionally π-conjugated cyclic compounds.4 The author's group reported 

functional oligomers5 and polymers6 using though-space conjugation based on 

[2.2]paracyclophane frameworks. It is possible to set two chromophores in an optically active 

position using planar chiral [2.2]paracyclophane frameworks. The author reported optical 

resolution methods of optically active [2.2]paracyclophane compounds and revealed that planar 

chiral π-conjugated [2.2]paracyclophane exhibited good chiroptical properties, especially 

circularly polarized luminescence (CPL).7,8 In this chapter, the author designed optically active 

[2.2]paracyclophane-based π-conjugation systems functionalized by benzene, naphthalene and 

anthracene with ethynyl linkers. The author investigated optical and chiroptical properties of 

the planar chiral [2.2]paracyclophane compounds and the effect of ethynyl linkers and aromatic 

groups in detail. 
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Results and Discussion 

Synthesis 

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane was 

carried out using the diastereomer method developed in Chapter 3, and the obtained 

enantiopure compounds were converted to the corresponding (Rp)- and (Sp)-4,7,12,15-

tetraethynyl[2.2]paracyclophanes.8a The synthetic routes to the target optically active dimers 

and monomeric model compounds are shown in Schemes 1 and 2. n-Butyl group in 3 was 

introduced to provide the target compounds with solubility in organic solvents, such as THF, 

CHCl3, CH2Cl2 and toluene. Although the synthesis of Cp-Ph and M-Ph was already reported,9 

the author synthesized them by the different synthetic route to obtain an optically active 

compound. 

Scheme 1 shows the syntheses of the target planar chiral dimers Cp-Ph, Cp-Np and Cp-

An. In these Schemes, only the reactions of the (Sp)-isomers are shown; the (Rp)-isomers were 

synthesized under the same conditions from (Rp)-Cp. Sonogashira-Hagihara coupling 

reaction10 of (Sp)-Cp was carried out with iodobenzene 1 in the catalytic system of 

Pd2(dba)3/CuI using XPhos11 as a phosphine ligand to obtain compound (Sp)-Cp-Ph in 57% 

isolated yield. Using the same procedure, (Sp)-Cp-Np and (Sp)-Cp-An were obtained in 35% 

and 23% isolated yields, respectively. In the case of (Sp)-Cp-An, the reaction temperature was 

higher than that of the other systems because the brominated compound 3 is less reactive than 

the iodinated compounds 1 and 2. 

Scheme 2 shows the syntheses of the monomers, M-Ph, M-Np and M-An, as model 

compounds. These monomers are equivalent to the half units of the stacked dimers, Cp-Ph, 

Cp-Np and Cp-An, respectively. As shown in Scheme 2, these monomers were synthesized 

by the same procedure as that in Scheme 1, and M-Ph, M-Np and M-An were obtained in 78%, 

68% and 70%, respectively. In the case of M-Ph and M-Np, PPh3 was used as a phosphine 
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ligand because of the high reactivity. The structures of all new compounds in this study were 

confirmed by 1H and 13C NMR spectroscopy, high-resolution mass spectrometry (HRMS), and 

elemental analysis; the detailed synthetic procedures and NMR spectra data are shown in the 

experimental section.  

 

Scheme 2. Synthesis of model compounds M-Ph, M-Np and M-An 

Scheme 1. Synthesis of (Sp)-Cp-Ph, Cp-Np and Cp-An 
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Optical Properties 

The optical properties of both enantiomers of π-conjugated dimers with a planar chiral 

[2.2]paracyclophane, Cp-Ph, Cp-Np, and Cp-An as well as their monomers M-Ph, Cp-Np 

and M-An were evaluated. The optical and chiroptical data are summarized in Tables 1 and 2, 

respectively. Although the optical properties of Cp-Ph and M-Ph were already reported by 

Meijere in 1993,9 the chiroptical data of Cp-Ph were the first report. 

 

 

 λabs
a/nm (ε / 105 M−1 cm−1) λlum

b/nm τc/ns  χ2 Φlum
d 

(Sp)-Cp-Ph 349 (0.63) 412 3.67 1.12 0.60 

(Sp)-Cp-Np 380 (0.79) 421 1.89  1.16 0.78 

(Sp)-Cp-An 268 (2.18), 459 (0.87) 503 2.09 1.03 0.42 

M-Ph 328 (0.56) 355 0.78 1.11 0.52 

M-Np 358 (0.58) 388 0.99 1.18 0.57 

M-An 270 (1.38), 446 (0.49) 479 1.80 1.13 0.48 

 

 

 

Figures 1A, 1B and 1C show the UV-vis absorption spectra and photoluminescence (PL) 

spectra of dimers, Cp-Ph, Cp-Np, and Cp-An and the monomers, M-Ph, M-Np and M-An in 

the dilute CHCl3 solutions (1.0 × 10−5 M for UV and 1.0 × 10−6 M for PL), respectively. Figure 

1A shows a comparison of the spectra of Cp-Ph and M-Ph. The absorption maximum of Cp-

Ph (349 nm) exhibited bathochromic effect compared with that of M-Ph (328 nm). This is 

because the three-dimensional extension of π-conjugation, which is called through-space 

conjugation, occurred via [2.2]paracyclophane unit. The same through-space conjugation was 

observed in the absorption spectra of Cp-Np and M-Np (380 nm and 358 nm, respectively). In 

the case of Cp-An and M-An, the same through-space conjugation was observed. The 

Table 1. Optical properties: Spectroscopic data of (Sp)-isomers 

a In CHCl3 (1.0 × 10−5 M). b In CHCl3 (1.0 × 10−6 M), excited at absorption maxima. c 

Emission life time at λlum. d Absolute PL quantum efficiency. 
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absorption maxima of Cp-An and M-An were 459 nm and 446 nm, respectively. In the PL 

spectra, the emission maxima of dimers, Cp-Ph (412 nm), Cp-Np (421 nm), and Cp-An (503 

nm) exhibited bathochromic effect compared with the monomers, M-Ph (355 nm), M-Np (388 

nm) and M-An (479 nm). These results indicate that through-space conjugation occurred in the 

excited state. The shapes of UV-vis absorption and PL spectra were different in Cp-Ph and M-

Ph, whereas those of UV-vis absorption and PL spectra were similar in Cp-An and M-An; the 

vibrational structure was clearly observed in the PL spectra of Cp-An and M-An. The 

difference of the wavelength at the emission maxima between dimers and monomers decreased 

as the π-surface increased; 57 nm (Cp-Ph and M-Ph), 33 nm (Cp-Np and M-Np) and 24 nm 

(Cp-An and M-An). These results indicate that the dimers exhibited monomer-like properties 

as the π-conjugation length of monomers increases. PL lifetime measurement supported these 

results. The difference of PL lifetime between dimers and monomers decreases as the π-

conjugation length of monomers increases (PL lifetime (τ) and χ2 parameters are summarized 

in Table 1). Thus, through-space conjugation was effectively in a short π-conjugation length 

system. Bazan, Mukamel and co-workers reported similar phenomena in the phenylene-

vinylene systems.3 An absolute PL quantum efficiency (Φlum) enhanced by the rigid structure 

of [2.2]paracyclophane unit. However, that of Cp-An decreased compared with M-An because 

anthracene has large π-surface to induce torsions in the structure of Cp-An (Table 1). 

 

 

 

 

 

 

 

Figure 1. UV-vis absorption spectra in the dilute CHCl3 (1.0 × 10−5 M) and PL spectra in 

the dilute CHCl3 (1.0 × 10−6 M, excited at absorption maximum); (A) Cp-Ph and M-Ph, 

(B) Cp-Np and M-Np, (C) Cp-An and M-An.  
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Chiroptical Properties 

The chiroptical properties in the ground and excited states of Cp-Ph, Cp-Np, and Cp-An 

were investigated by circular dichroism (CD) and CPL spectroscopy. Chiroptical data, CD and 

CPL dissymmetry factor12 (gabs and glum, respectively), are summarized in Table 2. Figures 2A, 

2B and 2C show the CD and absorption spectra of both enantiomers of Cp-Ph, Cp-Np, and 

Cp-An in the dilute CHCl3 (1.0 × 10−5 M). In all cases, mirror image Cotton effects were 

observed in the CD spectra, and the gabs values of the first cotton effect were estimated to be 

+1.6 × 10−3 for (Sp)-Cp-Ph, +1.7 × 10−3 for (Sp)-Cp-Ph and +0.85 × 10−3 for (Sp)-Cp-An. The 

shape of the CD spectrum of (Sp)-Cp-Ph was similar to (Sp)-Cp-Np, but that of (Sp)-Cp-An 

was different from the others. The planar chirality of [2.2]paracyclophane induced anthracene 

chirality, and (Sp)-Cp-An exhibited minus sign in almost all region. The gabs values of first 

Cotton effect of (Sp)-Cp-An were half of the others. These properties were derived from the 

anthracene unit, which were different from the benzene and naphthalene units. 

The CPL spectra of both enantiomers of Cp-Ph, Cp-Np, and Cp-An in the dilute CHCl3 

(1.0 × 10−5 M) are shown in Figures 3A, 3B and 3C, respectively. Mirror image CPL spectra 

were observed for the enantiomers; a plus and minus CPL sign was observed in Cp-Ph (glum = 

+1.1 × 10−3 and −0.42 × 10−3 for (Sp)-Cp-Ph). Intense CPL was observed in Cp-Np (glum = 

+1.6 × 10−3 for (Sp)-Cp-Np), and weak CPL signal was observed in Cp-An (glum = +0.45 × 

10−3 for (Sp)-Cp-An). In the case of Cp-Ph, the split sign was caused by the same level of the 

intensity of plus and minus signal, on the other hand, in the case of Cp-Np, the intensity of 

plus signal was larger than that of minus signal. In the case of Cp-An, induction of chirality to 

anthracene units was effective as can be seen in the CD spectrum. In the present stage, it is 

difficult to explain the chiroptical behaviors in the excited state. 
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 gabs / 10−3 at λabs
a glum / 10−3 at λlum, max

b 

(Sp)-Cp-Ph +1.6 +1.1, −0.42 

(Sp)-Cp-Np +1.7 +1.6 

(Sp)-Cp-An +0.85 +0.45 

(Rp)-Cp-Ph −1.7 −1.2. +0.44 

(Rp)-Cp-Np −1.6 −1.7 

(Rp)-Cp-An −0.86 −0.41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Chiroptical properties: Spectroscopic data of (Sp)-isomers and (Rp)-isomers 

a gabs = 2Δε/ε, where Δε indicates differences of absorbance between left- and right-

handed circularly polarized light, respectively. The gabs value of the first peak top 

was estimated. b glum = 2(I left − Iright)/(I left + Iright), where I left and Iright indicate 

luminescence intensities of left- and right-handed CPL, respectively. 

Figure 2. CD (top), gabs (middle), and UV-vis absorption (bottom) spectra in the dilute 

CHCl3 (1.0 × 10−5 M); (A) Cp-Ph, (B) Cp-Np and (C) Cp-An. 

Figure 3. CPL (top), glum (middle), and PL (bottom) spectra of in the dilute CHCl3 (1.0 × 

10−5 M for CPL and 1.0 × 10−6 M for PL); (A) Cp-Ph, (B) Cp-Np and (C) Cp-An; excitation 

wavelength was 300 nm, 300 nm and 350 nm, respectively. 
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Conclusions 

In summary, optically active π-conjugated dimers functionalized by aryl-ethynylene groups 

with a planar chiral [2.2]paracyclophane were synthesized. The strength of though-space 

conjugation was tuned by conjugation length of the monomer unit. In the UV-vis and PL 

spectra, the absorption and emission maxima of the dimers, Cp-Ph, Cp-Np, and Cp-An 

exhibited bathochromic effect compared with those of the monomers, M-Ph, M-Np and M-

An. In addition, the difference of the shape and top wavelength of UV-vis and PL spectra 

between the dimers and the monomers decreased as the π-conjugation length of the monomer 

units increased. This result indicates through-space conjugation was effective in a short π-

conjugation length system. Similar CD spectra were observed in the Cp-Ph and Cp-Np 

systems, while the Cp-An exhibited unique CD signals. Three different types of CPL spectra 

were obtained from Cp-Ph, Cp-Np and Cp-An. These results are useful not only for 

understanding one of the relationships between the planar chiral [2.2]paracyclophane and the 

attached chromophores but for the design of a new functional π-conjugation system. 
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Experimental Section 

General. 1H and 13C NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400 and 

100 MHz, respectively. Samples were analyzed in CDCl3 and CD2Cl2. In the case of CDCl3, chemical 

shift values were expressed relative to Me4Si as an internal standard. Analytical thin layer 

chromatography (TLC) was performed with silica gel 60 Merck F254 plates. Column chromatography 

was performed with Wakogel C-300 silica gel. High-resolution mass (HRMS) spectrometry was 

performed at the Technical Support Office (Department of Synthetic Chemistry and Biological 

Chemistry, Graduate School of Engineering, Kyoto University), and the HRMS spectra were obtained 

on a Thermo Fisher Scientific orbitrapXL spectrometer for matrix assisted laser desorption/ionization 

(MALDI). UV-vis spectra were recorded on a SHIMADZU UV-3600 spectrophotometer, and samples 

were analyzed in CHCl3 at room temperature. Fluorescence emission spectra were recorded on a 

HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and samples were analyzed in CHCl3 at 

room temperature. The PL lifetime measurement was performed on a Horiba FluoroCube 

spectrofluorometer system; excitation was carried out using a UV diode laser (NanoLED 292 nm and 

375 nm). Specific rotations ([α]t
D) were measured with a HORIBA SEPA-500 polarimeter. Circular 

dichroism (CD) spectra were recorded on a JASCO J-820 spectropolarimeter with CHCl3 as a solvent 

at room temperature. Circularly polarized luminescence (CPL) spectra were recorded on a JASCO CPL-

200S with CHCl3 as a solvent at room temperature. Elemental analyses were performed at the 

Microanalytical Center of Kyoto University. 

Materials. Commercially available compounds used without purification: (Tokyo Chemical Industry 

Co, Ltd.) Iodobenzene (1), 1-iodonaphthalene (2), Pd2(dba)3 (dba = dibenzylideneacetone); (Wako Pure 

Chemical Industries, Ltd.) PPh3, CuI; (Sigma-Aldrich Co. LLC.) 2-dicyclohexylphosphino-2′,4′,6′-

triisopropylbiphenyl (XPhos). Commercially available solvents: THF (Wako Pure Chemical Industries, 

Ltd.) and Et3N (Kanto Chemical Co., Inc.), purified by passage through solvent purification columns 

under Ar pressure.14 Compounds prepared as described in the literatures: 9-Bromo-10-butylanthracene 

(3)15, 2,5-diethynyl-p-xylene (4)16, (Rp)- and (Sp)-4,7,12,15-tetraethynyl[2.2]paracyclophane ((Rp)- and 

(Sp)-Cp).8a 

Synthesis of Cp-Ph. A mixture of (Sp)-Cp (50 mg, 0.164 mmol), iodobenzene (1) (80.4 μL, 0.722 

mmol), Pd2(dba)3 (30.1 mg, 0.0329 mmol), XPhos (62.5 mg, 0.131 mmol), CuI (12.5 mg, 0.0657 mmol), 

THF (5 mL) and Et3N (5 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. 

After degassing the reaction mixture several times, the reaction was carried out at 50 °C for 12 h with 
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stirring. After the reaction mixture was cooled to room temperature, precipitates were removed by 

filtration, and the solvent was removed with a rotary evaporator. The residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 1/2 v/v as an eluent) and recrystallization from hexane to 

afford (Sp)-Cp-Ph (56.7 mg, 0.0931 mmol, 57%) as a colorless needle crystal. Rf = 0.16 (CHCl3/hexane 

= 1/4 v/v). 1H NMR (CDCl3, 400 MHz) δ 3.07-3.15 (m, 4H), 3.54-3.61 (m, 4H), 7.17, (s, 4H), 7.35-

7.43 (m, 12H), 7.58-7.61 (m, 8H) ppm; 13C NMR (CDCl3, 100 MHz) δ 32.7, 89.2, 94.5, 123.7, 125.2, 

128.3, 128.5, 131.6, 134.7, 141.9 ppm. HRMS (MALDI) calcd. for C48H32 [M] +: 608.24985, found: 

608.25171. Elemental analysis calcd. for C48H32: C 94.70 H 5.30, found: C 94.82 H 5.17. (Rp)-Cp-Ph 

was obtained by the same procedure in 42% isolated yield. (Sp)-Cp-Ph: [α]23
D = −77.4 (c 0.1, CHCl3). 

(Rp)-Cp-Ph: [α]23
D = +72.9 (c 0.1, CHCl3). 

Synthesis of Cp-Np. A mixture of (Sp)-Cp (30 mg, 0.0986 mmol), 1-iodonaphthalene (2) (63.4 μL, 

0.434 mmol), Pd2(dba)3 (18.0 mg, 0.0197 mmol), XPhos (37.6 mg, 0.0789 mmol), CuI (7.5 mg, 0.0394 

mmol), THF (5 mL) and Et3N (5 mL) was placed in a round-bottom flask equipped with a magnetic 

stirring bar. After degassing the reaction mixture several times, the reaction was carried out at 50 °C 

for 12 h with stirring. After the reaction mixture was cooled to room temperature, precipitates were 

removed by filtration, and the solvent was removed with a rotary evaporator. The residue was purified 

by column chromatography on SiO2 (CHCl3/hexane = 1/2 v/v as an eluent) and recrystallization from 

hexane and CHCl3 (poor solvent and good solvent, respectively) to afford (Sp)-Cp-Np (27.9 mg, 0.0345 

mmol, 35%) as a yellow plate crystal. Rf = 0.46 (CHCl3/hexane = 1/2 v/v). 1H NMR (CDCl3, 400 MHz) 

δ 3.29-3.37 (m, 4H), 3.78-3.86 (m, 4H), 7.34, (dt, J = 0.96, 6.8 Hz, 4H), 7.44 (s, 4H), 7.47-7.51 (m, 

8H), 7.84 (dd, J = 0.96, 7.1 Hz, 8H), 7.90 (d, J = 8.3 Hz, 4H), 8.53 (d, J = 8.3 Hz, 4H) ppm; 13C NMR 

(CDCl3, 100 MHz) δ 33.0, 93.0, 94.1, 121.2, 125.4, 125.5, 126.2, 126.5, 127.1, 128.3, 128.9, 130.7, 

133.3, 133.3, 135.0, 142.1 ppm. HRMS (MALDI) calcd. for C64H40 [M] +: 808.31245, found: 808.31519. 

Elemental analysis calcd. for C64H40: C 95.02 H 4.98, found: C 94.81 H 4.85. (Rp)-Cp-Np was obtained 

by the same procedure in 64% isolated yield. (Sp)-Cp-Np: [α]23
D = +209.1 (c 0.1, CHCl3). (Rp)-Cp-Np: 

[α]23
D = −203.8 (c 0.1, CHCl3). 

Synthesis of Cp-An. A mixture of (Sp)-Cp (40 mg, 0.131 mmol), 9-bromo-10-butylanthracene (3) 

(180.5 mg, 0.576 mmol), Pd2(dba)3 (24.0 mg, 0.0262 mmol), XPhos (50.0 mg, 0.105 mmol), CuI (10.0 

mg, 0.0524 mmol), THF (5 mL) and Et3N (5 mL) was placed in a round-bottom flask equipped with a 

magnetic stirring bar. After degassing the reaction mixture several times, the reaction was carried out 

at 70 °C for 36 h with stirring. After the reaction mixture was cooled to room temperature, precipitates 
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were removed by filtration, and the solvent was removed with a rotary evaporator. The residue was 

purified by column chromatography on SiO2 (CHCl3/hexane = 1/2 v/v as an eluent) and recrystallization 

from hexane, MeOH and CHCl3 (poor and good solvent, respectively) to afford (Sp)-Cp-An (37.4 mg, 

0.0303 mmol, 23%) as a light brown crystal. Rf = 0.58 (CHCl3/hexane = 1/2 v/v). 1H NMR (CD2Cl2, 

400 MHz) δ 1.10 (t, J = 7.4 Hz, 12H), 1.67 (sext, J = 7.6 Hz, 8H), 1.84-1.92 (m, 8H), 3.60-3.71 (m, 

12H), 4.08-4.16 (m, 4H), 7.06-7.10, (m, 8H), 7.38-7.42 (m, 8H), 7.71 (s, 4H), 8.32 (d, J = 8.8 Hz, 8H), 

8.73 (d, J = 8.3 Hz, 8H) ppm; 13C NMR (CD2Cl2, 100 MHz) δ 14.3, 23.8, 28.5, 33.7, 34.1, 92.9, 101.0, 

116.5, 125.2, 126.1, 126.3, 126.7, 127.7, 129.7, 133.0, 135.5, 138.1, 142.3 ppm. HRMS (MALDI) calcd. 

for C96H80 [M] +: 1232.62545, found: 1232.62964 Elemental analysis calcd. for C96H80: C 93.46 H 6.54, 

found: C 93.25 H 6.38. (Rp)-Cp-An was obtained by the same procedure in 20% isolated yield. (Sp)-

Cp-An: [α]23
D = +875.4 (c 0.1, CHCl3). (Rp)-Cp-An: [α]23

D = −873.3 (c 0.1, CHCl3). 

Synthesis of M-Ph. A mixture of 2,5-diethynyl-p-xylene (4) (100 mg, 0.648 mmol), iodobenzene (1) 

(0.18 mL, 1.62 mmol), Pd2(dba)3 (29.7 mg, 0.0324 mmol), PPh3 (34.0 mg, 0.130 mmol), CuI (12.4 mg, 

0.0648 mmol), THF (5 mL) and Et3N (5 mL) was placed in a round-bottom flask equipped with a 

magnetic stirring bar. After degassing the reaction mixture several times, the reaction was carried out 

at 50 °C for 12 h with stirring. After the reaction mixture was cooled to room temperature, precipitates 

were removed by filtration, and the solvent was removed with a rotary evaporator. The residue was 

purified by column chromatography on SiO2 (hexane as an eluent) and recrystallization from hexane to 

afford M-Ph (154.4 mg, 0.504 mmol, 78%) as a colorless plate crystal. Rf = 0.16 (hexane). 1H NMR 

(CDCl3, 400 MHz) δ 2.47 (s, 6H), 7.33-7.37, (m, 8H), 7.52-7.54 (m, 4H) ppm; 13C NMR (CDCl3, 100 

MHz) δ 20.0, 88.3, 94.5, 123.0, 123.4, 128.3, 128.4, 131.5, 132.6, 137.3 ppm.  HRMS (MALDI) calcd. 

for C24H18 [M] +: 306.14030, found: 304.14056. Elemental analysis calcd. for C24H18: C 94.08 H 5.92, 

found: C 94.03 H 5.86. 

Synthesis of M-Np. A mixture of 2,5-diethynyl-p-xylene (4) (100 mg, 0.648 mmol), 1-iodonaphthalene 

(2) (2.37 mL, 1.62 mmol), Pd2(dba)3 (29.7 mg, 0.0324 mmol), PPh3 (34.0 mg, 0.130 mmol), CuI (12.4 

mg, 0.0648 mmol), THF (5 mL) and Et3N (5 mL) was placed in a round-bottom flask equipped with a 

magnetic stirring bar. After degassing the reaction mixture several times, the reaction was carried out 

at 50 °C for 12 h with stirring. After the reaction mixture was cooled to room temperature, precipitates 

were removed by filtration, and the solvent was removed with a rotary evaporator. The residue was 

purified by column chromatography on SiO2 (CHCl3/hexane = 1/9 v/v as an eluent) and recrystallization 

from hexane and toluene (poor and good solvent, respectively) to afford M-Np (179.6 mg, 0.442 mmol, 
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68%) as a light yellow crystal. Rf = 0.20 (CHCl3/hexane = 1/9 v/v). 1H NMR (CDCl3, 400 MHz) δ 2.63 

(s, 6H), 7.46-7.50, (m, 2H), 7.53-7.57 (m, 4H), 7.60-7.64 (m, 2H), 7.79 (dd, J = 1.4, 7.1 Hz, 2H), 7.85-

7.89 (m, 4H), 8.47 (d, J = 8.3 Hz, 2H) ppm; 13C NMR (CDCl3, 100 MHz) δ 20.4, 92.9, 93.3, 121.2, 

123.4, 125.3, 126.3, 126.5, 126.9, 128.4, 128.8, 130.5, 133.0, 133.3, 133.4, 137.3 ppm. HRMS 

(MALDI) calcd. for C32H22 [M] +: 406.17160, found: 406.17014. Elemental analysis calcd. for C32H22: 

C 94.55 H 5.45, found: C 94.56 H 5.47. 

Synthesis of M-An. A mixture of 2,5-diethynyl-p-xylene (4) (50 mg, 0.324 mmol), 9-bromo-10-

butylanthracene (3) (213 mg, 0.681 mmol), Pd2(dba)3 (14.8 mg, 0.0162 mmol), XPhos (30.9 mg, 0.648 

mmol), CuI (6.2 mg, 0.0324 mmol), THF (5 mL) and Et3N (5 mL) was placed in a round-bottom flask 

equipped with a magnetic stirring bar. After degassing the reaction mixture several times, the reaction 

was carried out at 70 °C for 12 h with stirring. After the reaction mixture was cooled to room 

temperature, precipitates were removed by filtration, and the solvent was removed with a rotary 

evaporator. The residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/4 v/v as 

an eluent) and recrystallization from hexane and toluene (poor and good solvent, respectively) to afford 

M-An (140.8 mg, 0.228 mmol, 70%) as a yellow crystal. Rf = 0.38 (CHCl3/hexane = 1/4 v/v). 1H NMR 

(CDCl3, 400 MHz) δ 1.05 (t, J = 7.6 Hz, 6H), 1.62 (sext, J = 7.3 Hz, 4H), 1.79-1.87 (m, 4H), 2.77 (s, 

6H), 3.62-3.66 (m, 4H), 7.55-7.65 (m, 8H), 7.70 (s, 2H), 8.32 (d, J = 8.6 Hz, 4H), 8.76-8.78 (m, 4H) 

ppm; 13C NMR (CDCl3, 100 MHz) δ 14.1, 20.9, 23.5, 28.2, 33.7, 92.1, 99.7, 116.3, 123.6, 124.9, 125.6, 

126.1, 127.6, 129.2, 132.4, 132.9, 137.1, 137.4 ppm. HRMS (MALDI) calcd. for C48H42 [M] +: 

618.32810, found: 618.32677. Elemental analysis calcd. for C48H42: C 93.16 H 6.84, found: C 93.13 H 

6.86. 
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Chapter 7 

 

Enhancement of Circularly Polarized Luminescence Based on a Planar 

Chiral Tetrasubstituted [2.2]Paracyclophane Framework 

in Dilute Solution and Aggregation 

 

 

Abstract 

Optically active π-conjugated oligo(phenylene-ethynylene) dimers with a planar chiral 

4,7,12,15-tetrasubstituted [2.2]paracyclophane were synthesized. The author investigated the 

optical and chiroptical properties of the racemic and optically active compounds by UV-vis, 

photoluminescence (PL), circular dichroism (CD) and circularly polarized luminescence (CPL) 

measurements in the ground and excited states. Aggregates were prepared by the self-assembly 

in the mixed CHCl3/MeOH solution, a spin-coated film, a drop-cast film and the annealed films. 

In the dilute solution, the dimers exhibited good chiroptical properties, such as 10−3 order 

dissymmetry factors (gabs and glum). In the aggregation state, one of dimers formed J-aggregates 

and the others formed parallel H-aggregates or inclined H-aggregates as kinetically stable self-

assemblies. These differences were caused by the length of π-conjugation and the strength of 

the intermolecular π-π interaction. The spin-coated films and drop-cast films exhibited opposite 

CPL signal and 10−2 order dissymmetry factors. Annealing of the films provided the 

thermodynamically stable forms. The glum values of the drop-cast thick films were drastically 

enhanced after annealing, and the glum values reached 10−1 order.  
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Introduction 

Self-assembly of π-conjugated compounds is widely known to exhibit different properties 

from the isolated molecule.1 For example, J-aggregates and H-aggregates are representative 

self-assembled aggregates and they have specific optical properties.2 In the case of the optically 

active π-conjugated compounds, their aggregates have a potential to be circular dichroism (CD) 

active. The theory of intermolecular interaction between chiral chromophores based on exciton 

coupling is studied in detail, and it is possible to predict the direction of chirality, such as right- 

or left-handed helicate, using the sign of the Cotton effect in the CD spectrum.3 It is reported 

that regularly high-ordered chiral structures, such as helicate, enhance the chiroptical properties 

of self-assembly in the ground state.4 Recently, it was focused that the optically active 

chromophores exhibit circularly polarized luminescence (CPL) property. Various molecules 

have been designed to obtain good chiroptical properties, such as dissymmetry factor (glum) and 

photoluminescence quantum yield (Φlum).5-7 The CPL properties can be enhanced by regularly 

high-ordered chiral structures based on low molecular weight compounds8 and polymers6 in 

the excited state. Chirality inversion sometimes occurs in the self-assembly between kinetically 

and thermodynamically stable aggregates.9 The CD and CPL active π-conjugated compounds 

are the candidates for chiroptical sensors10 and circularly polarized light emitters. Recently, the 

author reported the planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane framework11 

to stack two chromophores in the chiral position.5h,k The framework also has good planarity 

and symmetrical structure, which is suitable for the investigation of the behavior of self-

assembly. In this chapter, the author used oligo(phenylene-ethynylene) units as rigid and planar 

chromophores which were easy to interact intermolecularly. Dodecyloxy groups were 

introduced to oligo(phenylene-ethynylene) unit to support intermolecular interaction. The 

chromophores are stacked in an X-shaped form which induces torsions in the self-assembly. 

Therefore, it is expected to exhibit different properties from racemic and chiral compounds in 
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their aggregation states. The author investigated the optical and chiroptical properties of the 

racemic and optically active oligo(phenylene-ethynylene) dimers with the planar chiral 

[2.2]paracyclophane framework using UV-vis, PL, CD and CPL measurements. Self-

assembled aggregates were prepared in the mixed CHCl3/MeOH solutions, the spin-coated, 

drop-cast and annealed films. The author succeeded in the observation of chirality inversion of 

self-assembled aggregates of the spin-coated and drop-cast films with 10−2 order dissymmetry 

factor of luminescence (glum). In addition, annealing process enhanced the glum values up to the 

10−1 order regardless of the film preparation methods. 

 

Results and Discussion 

Synthesis 

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane was 

carried out using the diastereomer method described in Chapter 3, and the obtained enantiopure 

compounds were converted to the corresponding (Rp)- and (Sp)-4,7,12,15-

tetraethynyl[2.2]paracyclophanes.8h The synthetic routes to the target optically active cyclic 

compounds are shown in Schemes 1 and 2. Dodecyloxy groups in CP3 and CP5 were 

introduced to form self-assembled aggregates. 2-Ethylhexyl groups in M3 and M5 were 

introduced to provide the target compounds with solubility in organic solvents, such as THF, 

CHCl3, CH2Cl2 and toluene because M3 and M5 containing dodecyloxy groups had poor 

solubility in organic solvents. 

Scheme 1 shows the synthesis of the target planar chiral dimers CP3 and CP5. In this 

scheme, only the reactions of the (Rp)-isomers are shown; the (Sp)-isomers were synthesized 

under similar conditions from (Rp)-CP1. Sonogashira-Hagihara coupling reaction11 of (Rp)-

CP1 was carried out with 1-(dodecyloxy)-4-iodobenzene 1 in the catalytic system of 

Pd2(dba)3/CuI using dppf as a phosphine ligand to obtain compound (Rp)-CP3 in 49% isolated 
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yield. Iodide of 1-bromo-4-iodobenzene 3 was reacted chemoselectively with 1-(dodecyloxy)-

4-ethynylbenzene 2 to afford compound 4 in 90% isolated yield. With the same procedure as 

(Rp)-CP3, Sonogashira-Hagihara coupling of (Rp)-CP1 with 4 was carried out to obtain (Rp)-

CP5 in 24% isolated yield. 

Schemes 2 shows the synthesis of the monomeric model compounds, M3 and M5. 2,5-

diethynyl-p-xylene 5 was used as a starting compound, and M3 and M5 were prepared with 

the same procedure as the synthesis of (Rp)-CP3 and (Rp)-CP5. Isolated yields were 88% for 

M3 and 61% for M5, respectively. The structures of all new compounds in this chapter were 

confirmed by 1H and 13C NMR spectroscopy, high-resolution mass spectrometry (HRMS), and 

elemental analysis; the detailed synthetic procedures and NMR data are shown in the 

experimental section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of (Rp)-CP3 and (Rp)-CP5 
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Optical Properties in the Dilute Solution 

The optical properties of both enantiomers of CP3 and CP5 as well as their monomers M3 

and M5 were evaluated. The optical and chiroptical data are summarized in Tables 1 and 2, 

respectively. 

 

 λabs
a/nm (ε / 105 M−1 cm−1) λlum

b/nm τc/ns (χ2) Φlum
d 

CP3 366 (0.73) 415 2.05 (1.13) 0.60 

CP5 386 (1.39) 425 0.88 (1.01) 0.78 

M3 338 (0.54), 363 (0.97) 368 0.77 (1.00) 0.42 

M5 363 (0.97) 399 0.61 (1.11) 0.52 

 

 

 

Scheme 2. Synthesis of model compounds M3 and M5 

Table 1. Optical properties: Spectroscopic data of (Rp)-isomers 

a In CHCl3 (1.0 × 10−5 M). b In CHCl3 (1.0 × 10−6 M), excited at absorption maxima. c 

Emission life time at λlum. d Absolute PL quantum efficiency. 
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Figures 1A and 1B show the UV-vis absorption spectra and photoluminescence (PL) spectra 

of dimers (CP3 and CP5) and the monomers (M3 and M5) in the dilute CHCl3 solutions (1.0 

× 10−5 M for UV and 1.0 × 10−6 M for PL). As shown in Figure 1A, the absorption maximum 

of CP3 (366 nm) exhibited bathochromic shift compared with that of M3 (338 nm). This effect 

was caused by the through-space conjugation via the [2.2]paracyclophane framework in the 

ground state.11c In PL spectra, the same bathochromic effect was observed between CP3 (415 

nm) and M3 (368 nm). This indicates through-space conjugation occurred in the excited state. 

Figure 1B shows the comparison of the spectra of CP5 and M5. Although the bathochromic 

effect was observed in the UV-vis (CP5: 386 nm, M5: 363 nm) and PL (CP5: 425 nm, M5: 

399 nm) spectra, as can be seen in CP3 and M3, the shorter bathochromic shift and monomer-

like spectra were obtained. When the monomer conjugation length of the dimer extends, the 

property becomes similar to the monomeric compound. This effect was previously reported in 

the literature on the oligo(phenylene-vinylene) systems.11c PL lifetime measurement supported 

these results. The PL lifetime (τ) of CP3 (τ = 2.05 ns) was far longer than that of M3 (τ = 0.77 

ns), whereas the τ of CP5 (τ = 0.88 ns) was similar to that of M5 (τ = 0.61 ns). An absolute PL 

quantum efficiency (Φlum) was enhanced by the rigid structure of [2.2]paracyclophane unit, and 

CP5 exhibited high absolute PL quantum efficiency (Φlum = 0.87). 

 

 

 

 

 

 

 

 
Figure 1. UV-vis absorption spectra in the dilute CHCl3 (1.0 × 10−5 M) and PL spectra in 

the dilute CHCl3 (1.0 × 10−6 M, excited at absorption maximum); (A) CP3 and M3, (B) 

CP5 and M5. 
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Chiroptical Properties in the Dilute Solution 

The chiroptical properties in the ground and excited states of CP3 and CP5 were 

investigated by circular dichroism (CD) and CPL spectroscopy, respectively. The chiroptical 

data including CD and CPL dissymmetry factor13 (gabs and glum, respectively) are summarized 

in Table 2. Although the only properties of (Rp)-isomers are discussed here, (Sp)-isomers 

exhibited the same properties as (Rp)-isomers. However, the inverse signal was obtained 

between (Rp)-isomers and (Sp)-isomers. Figure 2 shows the CD and absorption spectra of both 

enantiomers of CP3 and CP5 in the dilute CHCl3 (1.0 × 10−5 M). Mirror image Cotton effects 

were observed in both of CD spectra, and the gabs values of the first cotton effect were estimated 

to be −1.2 × 10−3 for (Rp)-CP3 and −1.1 × 10−3 for (Rp)-CP5, respectively. The gabs values of 

(Rp)-CP3 and (Rp)-CP5 were similar in the ground state. The CPL spectra of both enantiomers 

of CP3 and CP5 in the dilute CHCl3 (1.0 × 10−5 M) are shown in Figure 3. Intense mirror 

image CPL spectra were obtained. The gabs values were estimated to be −1.7 × 10−3 for (Rp)-

CP3 and −1.2 × 10−3 for (Rp)-CP5, respectively. In addition, CP5 exhibits excellent absolute 

PL quantum efficiency (Φlum = 0.87); thus, CP5 is a promising candidate for a CPL emitter. 

 

 

 gabs / 10−3 at λabs
a glum / 10−3 at λlum, max

b 

(Rp)-CP3 −1.2 −1.7 

(Sp)-CP3 +1.3 +1.6 

(Rp)-CP5 −1.1 −1.2 

(Sp)-CP5 +1.1 +1.1 

 

 

 

 

 

Table 2. Chiroptical properties: Spectroscopic data of (Sp)-isomers and (Rp)-isomers 

a gabs = 2Δε/ε, where Δε indicates differences of absorbance between left- and right-

handed circularly polarized light, respectively. The gabs value of the first peak top 

was estimated. b glum = 2(I left − Iright)/(I left + Iright), where I left and Iright indicate 

luminescence intensities of left- and right-handed CPL, respectively. 



 

Chapter 7 

144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. CD (top), gabs (middle), and UV-vis absorption (bottom) spectra in the dilute 

CHCl3 (1.0 × 10−5 M); (A) CP3 and (B) CP5. 

Figure 3. CPL (top), glum (middle), and PL (bottom) spectra of in the dilute CHCl3 (1.0 × 

10−5 M); (A) CP3 and (B) CP5, excited at 300 nm. 

0

1.0

2.0

−1.0

−2.0

−3.0

3.0

Δ
I/

 a
.u

.

g
lum

/ 10
−

3

N
or

m
al

iz
ed

 in
te

ns
ity

350 400 450 500 550

Wavelength / nm

600 650

0

1.0

2.0

−1.0

−2.0

−3.0

3.0

Δ
I/

 a
.u

.

g
lum

/ 10
−

3

N
or

m
al

iz
ed

 in
te

ns
ity

(Sp)-CP3

(Rp)-CP3

(Sp)-CP5

(Rp)-CP5

350 400 450 500 550

Wavelength / nm

600 650

(A) (B)

0

100

200

300

−100

−200

−300

0

2.0

4.0

−2.0

−4.0

−6.0

6.0

Δ
ε

/ M
−

1 c
m

−1

g
abs

/ 10
−

3

ε
/ 1

05
M

−
1 c

m
−1

0

0.2

0.4

0.6

0.8

250 300 400 450350

Wavelength / nm

(Sp)-CP3

(Rp)-CP3

0

70

140

210

−70

−140

−210

0

1.0

2.0

−1.0

−2.0

−3.0

3.0

Δ
ε

/ M
−

1 c
m

−1

g
abs

/ 10
−

3

ε
/ 1

05
M

−
1 c

m
−1

0

0.4

1.2

(Sp)-CP5

(Rp)-CP5

0.8

1.6

250 300 400 450350

Wavelength / nm

(A) (B)



 

Chapter 7 

 

145 

Optical Properties in the Aggregation State 

Planar π-conjugated compounds containing long alkyl chains often make self-assembly due 

to the π-π staking and Van der Waals interactions. Chirality are sometimes enhanced by making 

high-ordered structure with self-assembly. In this section, the chirality of CP3 and CP5 in the 

aggregation state was investigated by optical (UV-vis and PL) and chiroptical (CD and CPL) 

measurements. The spectroscopic data are summarized in Tables 3-6. Preparation methods of 

films are shown in the experimental section. 

Figures 4 and 5 show the UV-vis absorption spectra and PL spectra of CP3 and CP5 in the 

mixed CHCl3/MeOH solutions (1.0 × 10−5 M) and in the spin-coated films. The spectroscopic 

data are summarized in Tables 3 and 4. As shown in Figures 4A and 4B, the absorbance clearly 

decreased in the CHCl3/MeOH = 20/80 v/v solution both in rac-CP3 and in (Rp)-CP3. This 

indicates that aggregation occurred from this ratio of the mixed CHCl3/MeOH solution. In the 

spin-coated films, the specific peaks of J-aggregates2 were observed at 398 nm for rac-CP3 

and 400 nm for (Rp)-CP3. Figures 4C and 4D show the PL spectra of rac-CP3 and (Rp)-CP3. 

The peak tops were gradually bathochromic-shifted because of the π-π interaction in the 

aggregates in the excited state, and relatively sharp spectra were obtained in the spin-coated 

films of rac-CP3 and (Rp)-CP3. These results also indicate the formation of J-aggregates. 

Considering the results of UV-vis and PL spectra, (Rp)-CP3 formed J-aggregates clearly. 

Figures 5A and 5B show the UV-vis absorption spectra of rac-CP5 and (Rp)-CP5. In the case 

of rac-CP5, by increasing the ratio of MeOH in the mixed CHCl3/MeOH solution, the 

absorbance from 300 nm to 430 nm decreased, and the absorbance from 250 nm to 300 nm 

increased. These results indicate that the formation of H-aggregates,2 and the spin-coated films 

exhibited almost the same behavior. On the other hand, (Rp)-CP5 did not show the same 

behavior. The absorbance of (Rp)-CP5 aggregates decreased due to the intermolecular π-π 

interaction of the aggregates (vide infra). In the PL spectra (Figures 5C and 5D), the peak tops 
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were gradually bathochromic-shifted because of the intermolecular π-π interaction in the 

excited state. Larger bathochromic shift was observed in CP5 than in CP3 because the π-π 

interaction of five benzene rings of CP5 was stronger than that of three benzene rings of CP3. 

In addition, the larger bathochromic effect indicates the existence of H-aggregation.2a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. UV-vis absorption and PL spectra in CHCl3/MeOH = 100/0, 50/50, 40/60, 30/70, 

20/80, 10/90 v/v (1.0 × 10−5 M) and a spin-coated film prepared from CHCl3 (3.4 × 10−3 

M); (A) UV-vis absorption spectra of rac-CP3 and (B) (Rp)-CP3. The absorbance of the 

spin-coated film was normalized at a base line of the absorbance of aggregation in 

CHCl3/MeOH = 10/90 v/v. (C) PL spectra of rac-CP3 and (D) (Rp)-CP3, excited at 

absorption maximum. 
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Chiroptical Properties in the Aggregation State 

The chiroptical properties of CP3 and CP5 in the aggregation states were also investigated 

by circular dichroism (CD) and CPL spectroscopy. Chiroptical data are summarized in Tables 

3-6. Figures 6A and 6B show the CD and UV-vis absorption spectra of both enantiomers of 

CP3 in the mixed CHCl3/MeOH solutions (1.0 × 10−5 M) and in the spin-coated films. Figures 

Figure 5. UV-vis absorption and PL spectra in CHCl3/MeOH = 100/0, 60/40, 50/50, 40/60, 

30/70, 20/80, 10/90 v/v (1.0 × 10−5 M) and a spin-coated film prepared from CHCl3 (3.4 × 

10−3 M); (A) UV-vis absorption spectra of rac-CP5 and (B) (Rp)-CP5. The absorbance of 

the spin-coated film was normalized at a base line of the absorbance of aggregation in 

CHCl3/MeOH = 10/90 v/v. (C) PL spectra of rac-CP5 and (D) (Rp)-CP5, excited at 

absorption maximum. 
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6A and 6B show the spectra of (Rp)-CP3 and (Sp)-CP3, respectively. In both CD spectra, mirror 

image Cotton effects were observed. As shown in Figure 6, by increasing the ratio of MeOH, 

the gabs values decreased. On the other hand, the largest gabs values were observed at the specific 

peak of J-aggregates in the spin-coated films, and the gabs values were estimated to be −9.8 × 

10−3 for (Rp)-CP3 and +9.6 × 10−3 for (Sp)-CP3, respectively. They were 8.2 times and 7.4 

times larger than those in the dilute solution, respectively. The enhancement of the gabs values 

were caused by chiral J-aggregates of CP3 in the ground state. The CPL spectra of both 

enantiomers of CP3 in the mixed CHCl3/MeOH solutions (1.0 × 10−5 M) and in the spin-coated 

films are shown in Figures 6C and 6D. Intense mirror image CPL spectra were obtained for the 

enantiomers. As shown in the CD spectra, the largest glum values were obtained in the spin-

coated films, and they were estimated to be −7.9 × 10−3 for (Rp)-CP3 and +11 × 10−3 for (Sp)-

CP3, respectively. They were 4.6 times and 6.9 times larger than those in the dilute solution, 

respectively. This enhancement of the chirality in the spin-coated films was caused by J-

aggregates formation in the excited state. 

Figures 7A and 7B show the CD and absorption spectra of both enantiomers of CP5 in the 

mixed CHCl3/MeOH solutions (1.0 × 10−5 M) and in the spin-coated films. In both CD spectra, 

mirror image Cotton effects were observed. Unlike the case of CP3, by increasing the ratio of 

MeOH, signal inversion of the gabs values occurred at the first Cotton effect. This effect was 

caused by the exciton couplings of the intermolecular π-π interaction and the details are 

discussed in the mechanism section. The largest gabs value was observed in the mixed solution 

CHCl3/MeOH = 40/60 v/v. They were estimated to be +6.5 × 10−3 for (Rp)-CP5 and −7.4 × 

10−3 for (Sp)-CP5, which were 5.9 times and 6.7 times larger than in the dilute solution, 

respectively. The CPL spectra of both enantiomers of CP5 in the mixed CHCl3/MeOH 

solutions (1.0 × 10−5 M) and in the spin-coated films are shown in Figures 7C and 7D. As can 

be seen in the CD spectra, signal inversion was observed in the CPL spectra. The largest glum  
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CHCl3:MeOH 
or film 

10:0 5:5 4:6 3:7 2:8 1:9 filma 

λabs / nm 365 360 363 359 361 357 400 

λlum / nm 415 418 418 418 419 425 436 

Φlum
b 0.65 0.86 0.86 0.72 0.28 0.19 0.22 

gabs
c / 10−3 −1.2 −1.3 −1.3 −1.7 −1.0 −0.63 −9.8 

glum
d / 10−3 −1.7 −1.8 −1.9 −1.9 −1.9 −1.6 −7.9 

 

 

 

 

 

Table 3. Optical and chiroptical spectroscopic data of (Rp)-CP3 in the aggregation state or 

the film state 

a Spin-coated film prepared from CHCl3 solution (3.4 × 10−3 M). b Absolute PL quantum 

efficiency. c gabs = 2Δε/ε, where Δε indicates differences of absorbance between left- and 

right-handed circularly polarized light, respectively. The gabs value of the first peak top was 

estimated. d glum = 2(I left − Iright)/(I left + Iright), where I left and Iright indicate luminescence 

intensities of left- and right-handed CPL, respectively. 

Figure 6. CD and CPL spectra in CHCl3/MeOH = 100/0-10/90 v/v (1.0 × 10−5 M) and a 

spin-coated film prepared from CHCl3 (3.4 × 10−3 M); (A) CD spectra of (Rp)-CP3 and (B) 

(Sp)-CP3; (C) PL spectra of (Rp)-CP3 and (D) (Sp)-CP3, excited at 300 nm. 
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CHCl3:MeOH 

or film 
10:0 5:5 4:6 3:7 2:8 1:9 filma 

λabs / nm 386 382 387 379 381 385 339 

λlum / nm 425 425 431 453 455 458 462 

Φlum
b 0.82 0.89 0.43 0.20 0.13 0.13 0.19 

gabs
c / 10−3 −1.1 −1.1 +6.4 +5.7 +2.2 +2.4 +3.7 

glum
d / 10−3 −1.2 −1.1 +1.1 +3.4 +3.3 +2.7 +20 

 

 

 

 

Figure 7. CD and CPL spectra in CHCl3/MeOH = 100/0-10/90 v/v (1.0 × 10−5 M) and a 

spin-coated film prepared from CHCl3 (3.4 × 10−3 M); (A) CD spectra of (Rp)-CP5 and (B) 

(Sp)-CP5; (C) PL spectra of (Rp)-CP5 and (D) (Sp)-CP5, excited at 300 nm. 

Table 4. Optical and chiroptical spectroscopic data of (Rp)-CP5 in the aggregation state or 

the film state 

a Spin-coated film prepared from CHCl3 solution (3.4 × 10−3 M). b Absolute PL quantum 

efficiency. c gabs = 2Δε/ε, where Δε indicates differences of absorbance between left- and 

right-handed circularly polarized light, respectively. The gabs value of the first peak top was 

estimated. d glum = 2(I left − Iright)/(I left + Iright), where I left and Iright indicate luminescence 

intensities of left- and right-handed CPL, respectively. 
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value was obtained in the spin-coated films instead of the CHCl3/MeOH = 40/60 v/v solution. 

They were estimated to be +2.0 × 10−2 for (Rp)-CP5 and −1.3 × 10−2 for (Sp)-CP5, which were 

17 times and 12 times larger than those in the dilute solution, respectively. This enhancement 

of the chirality in the spin-coated films was also caused by exciton couplings in the excited 

state. 

Properties of Annealing Films 

Three types of films, spin-coated film, drop-cast thin film and drop-cast thick film were 

prepared to investigate the chirality of the self-assembly. The details of the film preparation 

methods are shown in the experimental section. CD and CPL measurements were carried out, 

and the spectroscopic data are summarized in Tables 5 and 6. 

 

film state 
spin-coated filma drop-cast thin filma 

before annealing after annealingb before annealing after annealingb 

(Rp)-CP3 −0.97 −0.76 −3.9 −0.36 

(Sp)-CP3 +0.96 +1.2 +3.4 +0.32 

(Rp)-CP5 −0.035 −5.2 −0.12 −10 

(Sp)-CP5 +0.086 +5.3 +0.039 +10 

 

 

 

film state 
spin-coated filma drop-cast thin filma drop-cast thick filma 

before 

annealing 

after 

annealingb 

before 

annealing 

after 

annealingb 

before 

annealing 

after 

annealingb 

(Rp)-CP3 −0.61 −0.87 −1.2 −2.6 −7.5 −0.43 

(Sp)-CP3 +0.56 +1.0 +0.96 +3.4 +5.6 +0.15 

(Rp)-CP5 +2.1 −12 −0.86 −17 −3.0 −25 

(Sp)-CP5 −1.4 +13 +1.6 +13 +1.1 +27 

 

 

Table 5. gabs × 102 values of (Rp)-, (Sp)-CP3 and CP5 in film states 

a Films prepared from CHCl3 solution (3.4 × 10−3 M). b CP3: Annealing at 65 ˚C for 3 h, 

CP5: Annealing at 90 ˚C for 5 h. 

Table 6. glum × 102 values of (Rp)-, (Sp)-CP3 and CP5 in film states 

a Films prepared from CHCl3 solution (3.4 × 10−3 M). b CP3: Annealing at 65 ˚C for 3 h, 

CP5: Annealing at 90 ˚C for 5 h. 
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Figures 8A and 8B show the CD spectra of (Rp)-CP3 and (Sp)-CP3, respectively. The 

spectra of the drop-cast thick films were not included in the Figure because the absorbance was 

too large to measure. The spin-coated films and the annealing films exhibited almost same 

profiles. However, the gabs value of the drop-cast thin films decreased after annealing. The 

largest gabs values in the ground state were obtained in the drop-cast thin films before annealing, 

and the gabs values were estimated to be −3.9 × 10−2 for (Rp)-CP3 and +3.4 × 10−2 for (Sp)-CP3, 

respectively. The absorption band was too weak to be observed in the UV-vis absorption 

spectra because it was attributed to the intermolecular π-π interaction. On the other hand, in the 

CPL spectra (Figures 8C and 8D), the glum values of the drop-cast thin films were enhanced 

after annealing. This is caused by the difference of the ground state and the excited state. The  

  

Figure 8. CD and CPL spectra in the spin-coated film and the drop-cast film. The spin-

coated film prepared from CHCl3 (3.4 × 10−3 M), drop-cast thin film prepared from CHCl3 

(3.4 × 10−3 M, 30 μL × 5 times) and drop-cast thick film prepared from CHCl3 (3.4 × 10−3 

M, 30 μL × 15 times). (A) CD spectra of (Rp)-CP3 and (B) (Sp)-CP3; (C) CPL spectra of 

(Rp)-CP3 and (D) (Sp)-CP3, excited at 350 nm. 

−0.01

g a
bs

A
bsorbance

0

1.0

2.0

3.0

0

0.01

250 300 400 450350

Wavelength / nm

500

−0.02

−0.03

−0.04

drop-thin-anneal
spin-anneal

spin
drop-thin

0.01

g a
bs

A
bsorbance

0

1.0

2.0

3.0
0

0.04

250 300 400 450350

Wavelength / nm

500

0.02

0.03

−0.01

Δ
I/

 a
.u

.

N
orm

alized
Intensity

350 400 500 550450

Wavelength / nm

600

drop-thin-anneal
spin-anneal

spin
drop-thin

650

Δ
I/

 a
.u

.

N
orm

alized
Intensity

350 400 500 550450

Wavelength / nm

600 650

drop-thick

drop-thick-anneal

(Rp)-CP3

(Sp)-CP3

(Sp)-CP3

(Rp)-CP3

(A) (B)

(C) (D)



 

Chapter 7 

 

153 

largest glum values were observed in the drop-cast thick films before annealing, and they were 

estimated to be −7.5 × 10−2 for (Rp)-CP3 and +5.6 × 10−2 for (Sp)-CP3, respectively. In the 

case of the drop-cast thick films, the glum values decreased after annealing because chiral self-

assembly was disordered by heating. 

Figures 9A and 9B show the CD spectra of (Rp)-CP5 and (Sp)-CP5, respectively. The gabs 

values of the spin-coated films and the drop-cast thin films were enhanced at the weak 

absorption band at the longest wavelength after annealing. This behavior was not seen in the 

CP3 systems. The signal was inverse compared with the aggregates in the spin-coated films 

before annealing or mixed CHCl3/MeOH solution systems. These results indicate that the 

different aggregation formed in the spin-coated and drop-cast films before annealing.  

  

Figure 9. CD and CPL spectra in the spin-coated film and the drop-cast film. The spin-

coated film prepared from CHCl3 (3.4 × 10−3 M), drop-cast thin film prepared from 

CHCl3 (3.4 × 10−3 M, 30 μL × 5 times) and drop-cast thick film prepared from CHCl3 

(3.4 × 10−3 M, 30 μL × 15 times). (A) CD spectra of (Rp)-CP5 and (B) (Sp)-CP5; (C) 

CPL spectra of (Rp)-CP5 and (D) (Sp)-CP5, excited at 350 nm. 

−0.02

g a
bs

A
bsorbance

0

1.0

2.0

3.0

0

0.02

250 300 400 450350

Wavelength / nm

500

−0.04

−0.06

−0.08

drop-thin-anneal
spin-anneal

spin
drop-thin

−0.10

−0.12

0.08

g a
bs

A
bsorbance

0

1.0

2.0

3.0

0.10

0.12

250 300 400 450350

Wavelength / nm

500

0.06

0.04

0.02

0

−0.02

Δ
I/

 a
.u

.

N
orm

alized
Intensity

350 400 500 550450

Wavelength / nm

600 650

Δ
I/

 a
.u

.

N
orm

alized
Intensity

700 350 400 500 550450

Wavelength / nm

600 650 700

drop-thin-anneal
spin-anneal

spin
drop-thin
drop-thick

drop-thick-anneal

(Rp)-CP5 (Sp)-CP5

(Rp)-CP5

(Sp)-CP5

(A) (B)

(D)(C)



 

Chapter 7 

154 

 

Annealing formed the stable aggregation regardless of the film preparation methods. The  

largest gabs values in the ground state were obtained in the drop-cast thin films after annealing, 

and the gabs values were estimated to be −0.1 for (Rp)-CP5 and +0.1 for (Sp)-CP5, respectively. 

In the CPL spectra (Figures 9C and 9D), largest gabs values in the excited state were observed 

in the drop-cast thick films after annealing, and the glum values were estimated to be −0.25 for 

(Rp)-CP5 and +0.27 for (Sp)-CP5, respectively. In the case of CP5, the chirality was enhanced 

by annealing. This is one of the largest glum values in the self-assembled organic 

compounds.6c,e,f,k,l Absolute PL quantum efficiency was calculated; however, absorptions of 

these films were too large to obtain correct values. The calculated absolute PL quantum 

efficiencies are summarized in Table 7. 

 

 

film state 
spin-coated filmb drop-cast thin filmb 

before annealing after annealingc before annealing after annealingc 

(Rp)-CP3 0.36 0.38 0.39 0.39 

(Sp)-CP3 0.31 0.32 0.34 0.34 

(Rp)-CP5 0.09 0.06 0.53 0.09 

(Sp)-CP5 0.13 0.05 0.58 0.09 

 

 

 

Mechanism 

The mechanism of the self-assembly and chirality is discussed here. A spin-coated method 

formed a kinetically stable film. A drop-cast method formed a thermodynamically stable film. 

Annealing method moved the films to more stable forms. The transition dipole moment was 

estimated by time-dependent density functional theory (TD-DFT) at the B3LYP/6-

31G(d,p)//B3LYP/6-31G(d,p) levels. 

Table 7. Absolute quantum efficiency of prepared filmsa 

a Absorption rate was approximately 60%-90% and thick film was removed because the 

absorption maximum was saturated. b Films prepared from CHCl3 solution (3.4 × 10−3 M). 
c CP3: Annealing at 65 ˚C for 3 h, CP5: Annealing at 90 ˚C for 5 h. 
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Figure 10 shows the proposal mechanism of self-assembly of CP3. The reason of decrease 

of chirality of CP3 in the drop-cast thick films is that the interaction of dodecyloxy groups was 

very large and CP3 made random aggregates. Dodecyloxy chains of the thin films did not move 

drastically than those of the thick films; therefore, the chirality was slightly enhanced by 

forming rigid aggregates. UV-vis absorption spectra of thin films of CP3 before and after 

annealing (Figure 8A) support this proposal. The shape of the spectra was almost similar, but 

the molar extinction coefficient decreased because of the strong intermolecular interaction. In 

the case of the spin-coated films, the spectra remained before and after annealing because the 

J-aggregates were stable at 65 ˚C. 

Figure 11 shows the proposal mechanism of the self-assembly of CP5. As shown in Figure 

5, rac-CP5 formed H-aggregates, while (Rp)-CP5 did not form it. These were spin-coated films, 

and the aggregates made kinetically stable form. The main interaction was π-π interaction of 

five benzene rings. Figure 11 shows the intermolecular π-π interaction of rac-CP5 and (Rp)-

CP5. As shown clearly in the structure, the arrangement of transition dipole moment was 

different between rac-CP5 and (Rp)-CP5. Rac-CP5 exhibited parallel H-aggregates but (Rp)-

CP5 exhibited inclined H-aggregates.14 When the inclined H-aggregates arrange the transition 

moment in approximately 60˚ described in Figure 11, positive Cotton effect was observed due 

to exciton coupling. Therefore, CD and CPL signal in the aggregation state was inverse 

compared with in the dilute solution (Figure 7). The drop-cast and annealing methods moved 

the films to thermodynamically stable forms. The main interaction is not π-π interaction and 

the inclined H-aggregates were slightly changed to overlap the dodecyloxy chain. As a result, 

exciton coupling was inverse compared with the kinetically stable form (Figure 9), although 

the regular form was not clear (the angle was 0˚ < x < 90˚). In addition, annealing process made 

the interaction stronger and the chirality was enhanced drastically. 
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Figure 10. Proposal mechanism of Self-assembly of CP3. 

Figure 11. Proposal mechanism of self-assembly of CP5. The direction of transition dipole 

moment was estimated by TD-DFT (B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)). 
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Conclusions 

In summary, optically active π-conjugated oligo(phenylene-ethynylene) dimers with a 

planar chiral [2.2]paracyclophane were synthesized. In the dilute solution, CP3 and CP5 

exhibited good chiroptical properties, 10−3 order gabs and glum values. Especially, CP5 exhibited 

excellent CPL profiles (εabs = 13,900, Φlum = 0.87, and |glum| = 1.2 × 10−3). The properties of 

the aggregates of CP3 and CP5 were investigated. Under the kinetically stable condition, 

racemic and optically active CP3 formed J-aggregates, whereas, rac-CP5 formed parallel H-

aggregates and optically active CP5 formed inclined H-aggregates because of the difference of 

the strength of the intermolecular π-π interaction. CP5 exhibited unique chiroptical properties, 

for example, signal inversion depending on the aggregates. The glum values reached 10−2 order 

in the opposite signal between the spin-coated films and the drop-cast films. Annealing method 

moved the films to the thermodynamically stable forms. The glum values of the drop-cast thick 

films of CP5 were drastically enhanced after annealing, and the glum values reached 10−1 order 

(|glum| = 0.27) regardless of the film preparation methods. This is one of the largest glum values 

in the self-assembled organic compounds. These properties are attributed to the unique chirality 

of the planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane framework. This is the first 

report realizing 10−1 order glum using the self-assembled system thanks to the planar chirality 

as the only chiral source. 
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Experimental Section 

General. 1H and 13C NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400 and 

100 MHz, respectively. Samples were analyzed in CDCl3, and the chemical shift values were expressed 

relative to Me4Si as an internal standard. Analytical thin layer chromatography (TLC) was performed 

with silica gel 60 Merck F254 plates. Column chromatography was performed with Wakogel C-300 

silica gel. High-resolution mass (HRMS) spectrometry was performed at the Technical Support Office 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto 

University), and the HRMS spectra were obtained on a Thermo Fisher Scientific orbitrapXL 

spectrometer for matrix assisted laser desorption/ionization (MALDI) and a Thermo Fisher Scientific 

EXACTIVE spectrometer for atmospheric pressure chemical ionization (APCI). Recyclable preparative 

high-performance liquid chromatography (HPLC) was carried out on a Japan Analytical Industry Co. 

Ltd., Model LC918R (JAIGEL-1H and 2H columns) and LC9204 (JAIGEL-2.5H and 3H columns) 

using CHCl3 as an eluent. UV-vis spectra were recorded on a SHIMADZU UV-3600 spectrophotometer, 

and samples were analyzed in CHCl3 at room temperature. Fluorescence emission spectra were recorded 

on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and samples were analyzed in CHCl3 

at room temperature. The PL lifetime measurement was performed on a Horiba FluoroCube 

spectrofluorometer system; excitation was carried out using a UV diode laser (NanoLED 292 nm and 

375 nm). Specific rotations ([α]t
D) were measured with a HORIBA SEPA-500 polarimeter. Circular 

dichroism (CD) spectra were recorded on a JASCO J-820 spectropolarimeter with CHCl3 as a solvent 

at room temperature. Circularly polarized luminescence (CPL) spectra were recorded on a JASCO CPL-

200S with CHCl3 as a solvent at room temperature. Elemental analyses were performed at the 

Microanalytical Center of Kyoto University. 

Materials. Commercially available compounds used without purification: (Tokyo Chemical Industry 

Co, Ltd.) PdCl2(PPh3)2, Pd2(dba)3 (dba = dibenzylideneacetone), 1,1'-bis(diphenylphosphino)ferrocene 

(dppf); (Wako Pure Chemical Industries, Ltd.) 1-bromo-4-iodobenzene (3), PPh3, CuI. Commercially 

available solvents: MeOH (Wako Pure Chemical Industries, Ltd.), used without further purification. 

THF (Wako Pure Chemical Industries, Ltd.) and Et3N (Kanto Chemical Co., Inc.), purified by passage 

through solvent purification columns under Ar pressure.15 Compounds prepared as described in the 

literatures: 1-(Dodecyloxy)-4-iodobenzene (1)16, 1-(dodecyloxy)-4-ethynylbenzene (2)17, 2,5-

diethynyl-p-xylene (5)18, 1-[(2-ethylhexyl)oxy]-4-iodobenzene (6)19, 1-[(2-ethylhexyl)oxy]-4-
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ethynylbenzene (7)19, rac-4,7,12,15-tetraethynyl[2.2]paracyclophane (rac-CP1)20, (Rp)- and (Sp)-

4,7,12,15-tetraethynyl[2.2]paracyclophane ((Rp)- and (Sp)-CP1).5h 

Preparation of Films. CP3: A spin-coated film: 30 μL of the CHCl3 solution (3.4 × 10−3 M) was put 

on a Quartz plate and rotated at 200 rpm (10 sec.). After the rotation, the solvent was evaporated at 500 

rpm (10 sec.). A spin-coated film was prepared by repeating this manipulation 15 times on the same 

Quartz plate. A drop-cast thin film: 30 μL of the CHCl3 solution (3.4 × 10−3 M) was put on a Quartz 

plate and leave it in the fume hood until all the solvent was evaporated. A drop-cast thin film was 

prepared by repeating this manipulation 5 times on the same Quartz plate. A drop-cast thick film: 30 

μL of the CHCl3 solution (3.4 × 10−3 M) was put on a Quartz plate and leave it in the fume hood until 

all the solvent was evaporated. A drop-cast thick film was prepared by repeating this manipulation 15 

times on the same Quartz plate. These films were annealed at 65 ˚C for 3 h. This temperature was 

selected to prevent melting and crystallization. CP5: A spin-coated film, a drop-cast thin film and a 

drop-cast thick film were prepared by the same way as CP3. These films were annealed at 90 ˚C for 5 

h. This temperature was selected to prevent melting and crystallization. 

Computational Details. The Gaussian 09 program package21 was used for computation. The structures 

of CP5 were optimized in the ground S0 states and their electric structures were calculated. The density 

functional theory (DFT) was applied for the optimization of the structures in the S0 states at the 

B3LYP/6-31G(d,p) levels. The electric states and transitions from S0 to S1 states of the CP5 with the 

optimized geometries in the S0 states were calculated by time-dependent DFT (TD-DFT) at the 

B3LYP/6-31G(d,p) levels. The transition moment was estimated in the transitions from S0 to S1 states. 

Synthesis of CP3. A mixture of (Rp)-CP1 (20.0 mg, 0.0657 mmol), 1-(dodecyloxy)-4-iodobenzene (4) 

(112.3 mg, 0.289 mmol), Pd2(dba)3 (6.3 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mmol), CuI (2.5 mg, 

0.013 mmol), THF (1.5 mL) and Et3N (1.5 mL) was placed in a round-bottom flask equipped with a 

magnetic stirring bar. After degassing the reaction mixture several times, the reaction was carried out 

at 50 °C for 25 h with stirring. After the reaction mixture was cooled to room temperature, precipitates 

were removed by filtration, and the solvent was removed with a rotary evaporator. The crude residue 

was purified by column chromatography on SiO2 (CHCl3/hexane = 2/3 v/v as an eluent). Further 

purification was carried out by HPLC (CHCl3 as an eluent) and reprecipitation with CHCl3 and MeOH 

(good and poor solvent, respectively) to afford (Rp)-CP3 (43.3 mg, 0.0322 mmol, 49%) as a light yellow 

solid. Rf = 0.30 (CHCl3/hexane = 2/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.89 (t, J = 6.7 Hz, 12H), 

1.22-1.42 (m, 64H), 1.42-1.51 (m, 8H), 1.78-1.86 (m, 8H), 3.02-3.12 (m, 4H), 3.46-3.58 (m, 4H), 4.00 



 

Chapter 7 

160 

 

(t, J = 6.5 Hz, 8H), 6.91 (d, J = 8.5 Hz, 8H), 7.11 (s, 4H), 7.51 (d, J = 8.8 Hz, 8H) ppm; 13C NMR 

(CDCl3, 100 MHz) δ 14.1, 22.7, 26.0, 29.2, 29.3, 29.4, 29.6, 29.6, 29.6, 29.7, 31.9, 32.6, 68.2, 88.1, 

94.5, 114.6, 115.7, 125.1, 132.9, 134.4, 141.6, 159.3 ppm.  HRMS (MALDI) calcd. for C96H128O4 [M] +: 

1345.98071, found: 1344.97867. Elemental analysis calcd. for C96H128O4: C 85.66 H 9.59, found: C 

84.96 H 9.67. (Sp)-CP3 and rac-CP3 were obtained by the same procedure in 30% and 46% isolated 

yields, respectively. (Rp)-CP3: [α]23
D = +51.7 (c 0.1, CHCl3). (Sp)-CP3: [α]23

D = −42.6 (c 0.1, CHCl3). 

Synthesis of 4. A mixture of 2 (2.67 g, 9.35 mmol), 1-bromo-4-iodobenzene (3) (2.78 g, 9.82 mmol), 

Pd2(dba)3 (219 mg, 0.234 mmol), PPh3 (251 mg, 0.935 mmol), CuI (92.2 mg, 0.468 mmol), THF (80 

mL) and Et3N (20 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at room temperature for 4 h 

with stirring. After the reaction, precipitates were removed by filtration, and the solvent was removed 

with a rotary evaporator. The residue was purified by column chromatography on SiO2 (CHCl3/hexane 

= 1/1 v/v as an eluent). Further purification was carried out by recrystallization with CHCl3 and MeOH 

(good and poor solvent, respectively) to afford 4 (3.72 g, 8.42 mmol, 90%) as a light brown solid. Rf = 

0.88 (CHCl3/hexane = 1/1 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.88 (t, J = 6.8 Hz, 3H), 1.22-1.39 (m, 

16H), 1.39-1.49 (m, 2H), 1.74-1.82 (m, 2H), 3.96 (t, J = 6.6 Hz, 2H), 6.88 (d, J = 9.0 Hz, 2H), 7.35 (d, 

J = 8.5 Hz, 2H), 7.45 (s, 2H), 7.45 (s, 2H) ppm; 13C NMR (CDCl3, 100 MHz) δ 14.1, 22.7, 26.0, 29.2, 

29.3, 29.4, 29.6, 29.6, 29.6, 29.7, 31.9, 68.1, 86.9, 90.7 114.6, 114.7, 122.0, 122.7, 131.5, 132.8, 133.0, 

159.4 ppm. HRMS (APCI) calcd. for C26H34BrO [M+H]+: 441.1788, found: 441.1778. Elemental 

analysis calcd. for C26H33BrO: C 70.74 H 7.54 Br 18.10, found: C 70.80 H 7.68 Br 18.33. 

Synthesis of CP5. A mixture of (Rp)-CP1 (10.0 mg, 0.0329 mmol), 4 (63.8 mg, 0.645 mmol), Pd2(dba)3 

(3.0 mg, 0.0033 mmol), dppf (3.6 mg, 0.0066 mmol), CuI (1.3 mg, 0.0066 mmol), THF (1.5 mL) and 

Et3N (1.5 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 70 °C for 72 h with stirring. 

After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, and 

the solvent was removed with a rotary evaporator. The residue was purified by column chromatography 

on SiO2 (CHCl3/hexane = 2/3 v/v as an eluent). Further purification was carried out by HPLC (CHCl3 

as an eluent) and reprecipitation with CHCl3 and MeOH (good and poor solvent, respectively) to afford 

(Rp)-CP5 (14.1 mg, 0.00873 mmol, 24%) as a light yellow solid. Rf = 0.18 (CHCl3/hexane = 2/3 v/v). 

1H NMR (CDCl3, 400 MHz) δ 0.89 (t, J = 6.8 Hz, 12H), 1.22-1.41 (m, 64H), 1.41-1.51 (m, 8H), 1.75-

1.83 (m, 8H), 3.04-3.17 (m, 4H), 3.51-3.61 (m, 4H), 3.98 (t, J = 6.6 Hz, 8H), 6.88 (d, J = 9.0 Hz, 8H), 
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7.15 (s, 4H), 7.48 (d, J = 8.8 Hz, 8H), 7.54 (s, 8H), 7.54 (s, 8H) ppm; 13C NMR (CDCl3, 100 MHz) δ 

14.1, 22.7, 26.0, 29.2, 29.3, 29.4, 29.6, 29.6, 29.6, 29.7, 31.9, 32.7, 68.1, 87.9, 90.9, 91.7, 94.6, 114.6, 

114.9, 122.9, 123.8, 125.2, 131.4, 131.5, 133.1, 134.8, 141.9, 159.5 ppm.  HRMS (MALDI) calcd. for 

C128H144O4 [M] +: 1745.10591, found: 1745.10742. Elemental analysis calcd. for C128H144O4: C 88.03 H 

8.31, found: C 86.99 H 8.30. (Sp)-CP5 and rac-CP5 were obtained by the same procedure in 12% and 

11% isolated yields, respectively. (Rp)-CP5: [α]23
D = +8.2 (c 0.1, CHCl3). (Sp)-CP5: [α]23

D = −7.3 (c 

0.1, CHCl3). 

Synthesis of M3. A mixture of 5 (100 mg, 0.648 mmol), 6 (519 mg, 1.43 mmol), Pd2(dba)3 (29.7 mg, 

0.0324 mmol), dppf (35.9 mg, 0.0648 mmol), CuI (12.4 mg, 0.0648 mmol), THF (5 mL) and Et3N (5 

mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the 

reaction mixture several times, the reaction was carried out at 50 °C for 14 h with stirring. After the 

reaction mixture was cooled to room temperature, precipitates were removed by filtration, and the 

solvent was removed with a rotary evaporator. The residue was purified by column chromatography on 

SiO2 (CHCl3/hexane = 1/1 v/v as an eluent). Further purification was carried out by recrystallization 

with CHCl3 and MeOH (good and poor solvent, respectively) to afford M3 (320.5 mg, 0.569 mmol, 

88%) as a yellow solid. Rf = 0.78 (CHCl3/hexane = 1/1 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.88-0.97 

(m, 12H), 1.28-1.36 (m, 8H), 1.36-1.56 (m, 8H) 1.68-1.77 (m, 2H), 2.44 (s, 6H), 3.82-3.89 (m, 4H), 

6.87 (d, J = 9.0 Hz, 4H), 7.33 (s, 2H), 7.44 (d, J = 9.0 Hz, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 

11.1, 14.0, 20.0, 23.1, 14.0, 29.1, 30.6, 39.5, 70.8, 87.1, 94.6, 114.7, 115.4, 123.1, 132.4, 132.9, 137.0, 

159.6 ppm. HRMS (APCI) calcd. for C40H51O2 [M+H] +: 563.3884, found: 563.3877. Elemental analysis 

calcd. for C40H50O2: C 85.36 H 8.95 found: C 85.28 H 8.86. 

Synthesis of 8. A mixture of 7 (5.94 g, 25.8 mmol), 1-bromo-4-iodobenzene (3) (7.30 g, 25.8 mmol), 

Pd2(dba)3 (591 mg, 0.645 mmol), PPh3 (677 mg, 2.58 mmol), CuI (245.7 mg, 1.29 mmol), THF (80 

mL) and Et3N (20 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at room temperature for 12 h 

with stirring. Then, precipitates were removed by filtration, and the solvent was removed with a rotary 

evaporator. The residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/9 v/v as 

an eluent). Further purification was carried out by recrystallization with CHCl3 and MeOH (good and 

poor solvent, respectively) to afford 8 (7.81 g, 20.3 mmol, 79%) as a light brown crystal. Rf = 0.38 

(CHCl3/hexane = 1/9 v/v).  1H NMR (CDCl3, 400 MHz) δ 0.86-0.98 (m, 6H), 1.25-1.56 (m, 8H), 1.68-

1.78 (m, 1H), 3.80-3.90 (d, J = 6.0 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 7.32-7.39 (m, 2H), 7.40-7.56 (m, 
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4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 11.2, 14.2, 23.1, 23.9, 29.2, 30.6, 39.4, 70.7, 86.9, 90.7, 114.6, 

114.6, 121.9, 122.6, 131.5, 132.8, 132.9, 159.6 ppm. HRMS (APCI) calcd. for C22H26BrO [M+H]+: 

385.1162, found: 385.1154. Elemental analysis calcd. for C22H25BrO: C 68.57 H 6.54 Br 20.74, found: 

C 68.33 H 6.52 Br 20.88. 

Synthesis of M5. A mixture of 5 (100 mg, 0.648 mmol), 8 (550 mg, 1.43 mmol), Pd2(dba)3 (29.7 mg, 

0.0324 mmol), dppf (35.9 mg, 0.0648 mmol), CuI (12.4 mg, 0.0648 mmol), THF (5 mL) and Et3N (5 

mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the 

reaction mixture several times, the reaction was carried out at 70 °C for 13 h with stirring. After the 

reaction mixture was cooled to room temperature, precipitates were removed by filtration, and the 

solvent was removed with a rotary evaporator. The residue was purified by column chromatography on 

SiO2 (CHCl3/hexane = 1/1 v/v as an eluent). Further purification was carried out by recrystallization 

with CHCl3 and MeOH (good and poor solvent, respectively) to afford M5 (299.3 mg, 0.392 mmol, 

61%) as a yellow solid. Rf = 0.82 (CHCl3/hexane = 1/1 v/v). 1H NMR (CDCl3, 400 MHz) δ 0.89-0.95 

(m, 12H), 1.28-1.36 (m, 8H), 1.36-1.53 (m, 8H) 1.68-1.78 (m, 2H), 2.47 (s, 6H), 3.81-3.90 (m, 4H), 

6.87 (d, J = 8.8 Hz, 4H), 7.34 (s, 2H), 7.45 (d, J = 8.8 Hz, 4H), 7.48 (s, 8H) ppm; 13C NMR (CDCl3, 

100 MHz) δ 11.1, 14.0, 20.0, 23.0, 24.0, 29.1, 30.6, 39.5, 70.8, 87.8, 90.1, 91.7, 94.5, 114.7, 114.9, 

122.8, 123.1, 123.8, 131.4, 131.4, 132.7, 133.1, 137.4, 159.8 ppm. HRMS (MALDI) calcd. for C56H58O2 

[M] +: 762.44313, found: 762.44222. Elemental analysis calcd. for C56H58O2: C 88.15 H 7.66 found: C 

88.23. H 7.58. 
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Chapter 8 

 

Optically Active Phenylethene Dimers 

Based on Planar Chiral Tetrasubstituted [2.2]Paracyclophane 

 

 

Abstract 

Optically active phenylethene dimers based on a planar chiral 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane were synthesized. Intense photoluminescence (PL) both in the dilute 

solution and in the aggregation state was observed by attached an aggregation-induced 

emission (AIE) unit monomer to the [2.2]paracyclophane framework. The PL property in the 

dilute solution was obtained because the molecular motion of the AIE active monomers was 

restricted by the rigid [2.2]paracyclophane framework. The planar chiral [2.2]paracyclophane 

provided the circular dichroism (CD) and circularly polarized luminescence (CPL) property to 

the chromophores. The obtained diphenylethene dimer and monophenylethene dimer exhibited 

good CPL properties in the dilute solution and the aggregation state. The optical and chiroptical 

properties varied drastically with the only attaching phenyl groups to the ethene moiety. These 

strategy are useful to obtain optically active PL materials. 
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Introduction 

The molecular design of π-conjugated systems is very important for the application in 

photoluminescent (PL) materials, opto-electronic devices and organic thin film solar cell.1 

Considering the application in photoluminescent materials, decrease of PL efficiency by 

aggregation-caused quenching (ACQ)2 is a serious problem. Common π-conjugated systems 

have high planarity, and the aggregates cause energy loss by radiation-less deactivation due to 

the formation of delocalized exciton or excimer.3 In order to obtain good PL property in the 

aggregation state, the molecules exhibiting aggregation-induced emission (AIE) property have 

received much attention. The AIE molecule does not emit PL in the dilute solution by radiation-

less deactivation derived from the molecular motion. However, the molecule exhibits good PL 

property in the aggregation state by suspension of the molecular motion.4 Common AIE 

molecules have distorted π-conjugation systems, which inhibit ACQ by steric hindrance. This 

switching property of AIE molecules is widely applied to optical sensors.5 However, 

considering their application to PL materials, it is important to design the molecular structure 

having good PL property both in the dilute solution and the aggregation state.6 Therefore, the 

author focused on a [2.2]paracyclophane framework.7 The [2.2]paracyclophane framework has 

a potential to suppress molecular motion effectively because it can stack two chromophores in 

close proximity. In other words, using AIE molecules as the stacked chromophores, it is 

possible to synthesize the molecule exhibiting good PL property both in the dilute solution and 

the aggregation state. In addition, [2.2]paracyclophanes with substituents provide planar 

chirality to the stacked chromophores. Thus, the molecule exhibits circularly polarized 

luminescence (CPL) property by the planar chiral [2.2]paracyclophane framework.8 In Chapter 

3, the author reported that a planar chiral 4,7,12,15-tetrasubstiruted [2.2]paracyclophane was a 

chiral building block to give CPL property to the chromophores.8d,e In this chapter, the author 
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synthesized the compound containing two AIE active molecules stacked by the planar chiral 

[2.2]paracyclophane and investigated the optical and chiroptical properties in detail. 

 

Results and Discussion 

Synthesis 

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane was 

carried out using the diastereomer method developed in Chapter 3, and the obtained 

enantiopure compounds were converted to the corresponding (Sp)- and (Rp)-4,7,12-tribromo-

15-(trifluoromethanesulfonate)[2.2]paracyclophanes ((Sp)-CpOTf, (Rp)-CpOTf).8d The 

synthetic routes to the target optically active cyclic compounds are shown in Schemes 1 and 2. 

Although the synthesis of DPh1 and MPh1 has already reported,9 the author modified the 

synthetic route to obtain optically active compounds. 

At first, a bromide of compounds 110 was converted to boronate ester group to obtain 

compound 2 in 97% isolated yield. Compound 2 was readily used for the Suzuki-Miyaura 

coupling reaction11 (Scheme 1). 

Scheme 2 shows the synthesis of the target planar chiral dimers DPh1 and DPh2. In this 

Scheme, only the reactions of the (Sp)-isomers are shown; the (Rp)-isomers were synthesized 

under identical conditions from (Rp)-CpOTf. Suzuki-Miyaura coupling reaction of (Sp)-

CpOTf was carried out with trans-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styrene (3) 

in the catalytic system of Pd2(dba)3/PPh3 using CsCO3 as a base to obtain compound (Sp)-DPh1 

in 54% isolated yield. Using the same procedure, (Sp)-DPh2 was obtained in 67% isolated yield. 

In the case of (Sp)-DPh2, unreacted OTf groups were converted to OH groups to remove by-

products by silica gel column chromatography. The details are shown in the experimental 

section. 
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Schemes 3 shows the synthesis of the monomeric model compounds, MPh1 and MPh2. 

These compounds are the half units of the dimers, DPh1 and DPh2, respectively. As shown in 

Scheme 3, the same procedure as Scheme 1 was available for MPh1 and MPh2, and they were 

obtained in 74% and 46%, respectively. The structures of all new compounds in this chapter 

were confirmed by 1H and 13C NMR spectroscopy, high-resolution mass spectrometry (HRMS), 

and elemental analysis; the detailed synthetic procedures and NMR data are shown in the 

experimental section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of Compound 2 

Scheme 2. Synthesis of planar chiral dimers (Sp)-DPh1 and DPh2 
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Optical Properties 

The optical properties of both enantiomers of π-conjugated dimers, DPh1 and DPh2 as well 

as their monomeric model compounds MPh1 and MPh2 were evaluated. The optical and 

chiroptical data are summarized in Tables 1 and 2, respectively. Although the optical properties 

of MPh1 and rac-DPh1 have been already reported by Meijere in 1993,9 the author shows the 

original data. 

 

 λabs
c/nm λlum

c,d/nm τe/ns χ2 Φlum
f 

DPh1a 395 455 3.28 1.02 0.78 

DPh1-aggb 394 470 0.24 (80.9%), 1.59 (19.1%) 1.58 0.03 

MPh1a 353 401, 424 1.40 1.09 0.87 

MPh1-aggb 344 443 0.24 (80.6%), 0.88 (19.4%) 1.44 0.13 

DPh2a 403 494 2.60 1.17 0.58 

DPh2-aggb 403 503 1.40 1.13 0.24 

MPh2a 337 468 0.19 1.19 0.04 

MPh2-aggb 341 473 2.30 1.07 0.56 

 

 

Scheme 3. Synthesis of model compounds MPh1 and MPh2 

Table 1. Optical properties: Spectroscopic data 

a In 1,4-dioxane. b In 1,4-dioxane/H2O = 1/99 v/v. c 1.0 × 10−5 M. d Excited at absorption 

maxima. e Emission lifetime at λlum. f Absolute PL quantum efficiency. 
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Figure 1 shows the UV-vis absorption spectra of dimers, DPh1 and DPh2, and the 

monomers, MPh1 and MPh2 in the dilute solution (1,4-dioxane, 1.0 × 10−5 M) and the 

aggregation state (1,4-dioxane/H2O = 1/99 v/v, 1.0 × 10−5 M). Molar extinction coefficiencies 

of DPh1 and MPh1 in the dilute solution were less than those in the aggregation state. In 

addition, absorption edge exhibited bathochromic shift in the aggregation state. These results 

show the existence of intermolecular interaction in the aggregation state. In the cases of DPh2 

and MPh2, those effects were weak compared with the case of DPh1 and MPh1 because of 

steric hindrance of distorted phenyl groups. The peak top wavelengths of [2.2]paracyclophane-

stacked dimers were longer than those of monomers due to through-space conjugation via the 

[2.2]paracyclophane framework.12 The difference of the absorption maxima between DPh2 

and MPh2 was larger than between DPh1 and MPh1. Planarity of DPh2 was the additional 

effect of bathochromic shift because phenyl groups in DPh2 were congested much more than 

those in others. Figure 2 shows the PL spectra of dimers, DPh1 and DPh2, and the monomers, 

MPh1 and MPh2 in the dilute solution (1,4-dioxane, 1.0 × 10−5 M) and the aggregation state 

(1,4-dioxane/H2O = 1/99 v/v, 1.0 × 10−5 M). ACQ was clearly observed in the aggregation state 

of DPh1 and MPh1 because of π-π interaction by the high planarity of DPh1 and MPh1. On 

the other hand, MPh2 exhibited AIE property13 because of the restricted molecular motion in 

the aggregation state; molecular motion of distorted phenyl groups cause radiation-less 

deactivation. However, DPh2 exhibited good PL property both in the dilute solution and the 

aggregation state. This is because congested structure could suppress the molecular motion in 

the dilute solution; therefore, DPh2 did not exhibit AIE property. Absolute quantum efficiency 

of DPh2 decreased in the aggregation state due to the ACQ. PL lifetime measurement 

supported the formation of the aggregation in 1,4-dioxane/H2O = 1/99 v/v. Table 1 includes 

the PL decay data (PL lifetime (τ) and χ2 parameters) for all compounds. PL lifetimes depended 
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on the state of compounds, showing different PL lifetimes in the dilute solution and the 

aggregation state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chiroptical Properties 

The chiroptical properties of the ground and excited states of DPh1 and DPh2 were 

investigated by circular dichroism (CD) and CPL spectroscopy, respectively. Chiroptical data, 

Figure 1. UV-vis absorption spectra in 1,4-dioxane (solid line) and 1,4-dioxane/H2O = 

1/99 v/v (dotted line) (1.0 × 10−5 M); (A) DPh1 and MPh1; (B) DPh2 and MPh2.  

Figure 2. PL spectra in 1,4-dioxane (solid line) and 1,4-dioxane/H2O = 1/99 v/v (dotted 

line) (1.0 × 10−5 M); (A) DPh1 and MPh1; (B) DPh2 and MPh2.  
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such as CD and CPL dissymmetry factor14 (gabs and glum, respectively), are summarized in 

Table 2. Figure 3 shows the CD and absorption spectra of both enantiomers of DPh1 and DPh2 

in the dilute solution (1,4-dioxane, 1.0 × 10−5 M) and the aggregation state (1,4-dioxane/H2O 

= 1/99 v/v, 1.0 × 10−5 M). In both enantiomers, mirror image Cotton effects were observed 

clearly in the CD spectra. In the dilute solution, the gabs values of the first Cotton effect were 

estimated to be +3.5 × 10−3 for (Sp)-DPh1 and +1.0 × 10−3 for (Sp)-DPh2, respectively. In the 

aggregation state, the gabs values of the first Cotton effect were estimated to be +3.0 × 10−3 for 

(Sp)-DPh1 and +0.87 × 10−3 for (Sp)-DPh2, respectively. When these compounds formed the 

aggregates, the gabs value for (Sp)- and (Rp)-DPh1 decreased in all region, whereas those for 

(Sp)- and (Rp)-DPh2 remained in almost all region. This result also indicates the existence of 

strong intermolecular interaction of DPh1 and weak intermolecular interaction of DPh2. 

The CPL spectra of both enantiomers of DPh1 and DPh2 in the dilute solution (1,4-dioxane, 

1.0 × 10−5 M) and the aggregation state (1,4-dioxane/H2O = 1/99 v/v, 1.0 × 10−5 M) are shown 

in Figure 4. Mirror image CPL spectra were observed for the enantiomers. The glum values were 

estimated to be +3.7 × 10−3 for (Sp)-DPh1 and +0.73 × 10−3 for (Sp)-DPh2 in the dilute solution, 

and +4.3 × 10−3 for (Sp)-DPh1 and +0.90 × 10−3 for (Sp)-DPh2 in the aggregation state. In the  

 

 

 gabs / 10−3 at λabs
c glum / 10−3 at λlum, max

d 

(Sp)-DPh1a +3.5 +3.7 

(Sp)-DPh1-aggb +3.0 +4.3 

(Sp)-DPh2a +1.0 +0.73 

(Sp)-DPh2-aggb +0.87 +0.90 

 

 

 

 

Table 2. Chiroptical properties: Spectroscopic data of (Sp)-isomers 

a In 1,4-dioxane. b In 1,4-dioxane/H2O = 1/99 v/v. c gabs = 2Δε/ε, where Δε indicates 

differences of absorbance between left- and right-handed circularly polarized light, 

respectively. The gabs value of the first peak top was estimated. d glum = 2(I left − 

Iright)/(I left + Iright), where I left and Iright indicate luminescence intensities of left- and 

right-handed CPL, respectively. 
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Figure 3. CD spectra in 1,4-dioxane (solid line) and in 1,4-dioxane/H2O = 1/99 v/v (dotted 

line) (1.0 × 10−5 M); (A) (Sp)- and (Rp)-DPh1; (B) (Sp)- and (Rp)-DPh2. 

 

Figure 4. CPL spectra in 1,4-dioxane (solid line) and 1,4-dioxane/H2O = 1/99 v/v (dotted 

line) (1.0 × 10−5 M); (A) (Sp)- and (Rp)-DPh1; (B) (Sp)- and (Rp)-DPh2. Excitation 

wavelength: 350 nm. 
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aggregation system of (Sp)- and (Rp)-DPh1, CPL peak tops were bathochromically shifted, and 

the glum values clearly increased because of stronger intermolecular interaction in the excited 

state. On the other hand, small changes were observed in the CPL peak top and glum values of 

(Sp)-DPh2 because of weaker intermolecular interaction in the excited state. In the dilute 

solution, DPh1 exhibited good optical and chiroptical properties as luminescence materials 

(Φlum = 0.78 and glum = +3.7 × 10−3 for (Sp)-DPh1). On the other hand, in the aggregation state, 

DPh2 exhibited good optical and chiroptical property as luminescence materials (Φlum = 0.24 

and glum = +0.90 × 10−3 for (Sp)-DPh2). 

Variable Temperature PL Measurement 

Variable temperature UV-vis and PL measurements were carried out to obtain further 

information on the suppression of the molecular motion by the [2.2]paracyclophane framework. 

These spectra were obtained in the dilute toluene solution (1.0 × 10−5 M for UV-vis and 1.0 × 

10−6 M for PL) at 20, 40, 60 and 80 ˚C. Relative PL quantum efficiency was calculated from 

the absolute PL quantum efficiency in 1,4-dioxane at 25 ˚C as a standard (Table 3). In the UV-

vis absorption spectra (Figures 5A and 5B), by increasing the temperature, the molar extinction 

coefficients of DPh1 and DPh2 decreased and the absorption maxima exhibited hypsochromic 

shift. This is because the effective conjugation length became shorter by the molecular motion 

of the phenyl groups. In the PL spectra (Figures 5C and 5D), the PL intensity of DPh2 

drastically decreased by increasing the temperature. The relative PL quantum efficiency was 

estimated to be 0.70 at 20 ˚C, 0.68 at 40 ˚C, 0.65 at 60 ˚C, 0.63 at 80 ˚C for DPh1 and 0.51 at 

20 ˚C, 0.44 at 40 ˚C, 0.39 at 60 ˚C, 0.29 at 80 ˚C for DPh2. In summary, 9.0% decrease for 

DPh1 and 43.3% for DPh2 decrease were observed by increasing the temperature from 20 ˚C 

to 80 ˚C. The PL intensity was recovered by cooling the temperature. This result shows that 

the molecular motion of the phenyl groups of DPh2 was suppressed by the [2.2]paracyclophane 

framework at room temperature and that it was activated by increasing the temperature. Usually, 
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PL of AIE molecules decreased by the molecular motion at room temperature and the formation 

of aggregate or cooling the temperature provide the good PL property. On the other hand, good 

PL property was obtained by introducing [2.2]paracyclophane skeleton into with only staking 

two AIE-active units in the dilute solution. This is interesting feature of the rigid 

[2.2]paracyclophane framework. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 20 ˚C 40 ˚C 60 ˚C 80 ˚C 

DPh1 0.70 0.68 0.65 0.63 

DPh2 0.51 0.44 0.39 0.29 

 

 

Figure 5. UV-vis and PL variable temperature spectra in toluene (1.0 × 10−5 M for UV-vis 

and 1.0 × 10−6 M for PL, excited at absorption maximum) at 20 ˚C, 40 ˚C, 60 ˚C, 80 ˚C; (A) 

UV-vis spectra of DPh1; (B) UV-vis spectra of DPh2; PL spectra of DPh1; PL spectra of 

DPh2. 

Table 3. Relative PL quantum efficienciesa,b 

a In toluene (1.0 × 10−6 M excited at absorption maximum). b Relative PL quantum 

efficiencies were calculated from absolute PL quantum efficiencies of DPh1 and 

DPh2 in 1,4-dioxane (Table 1), respectively. 
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Dispersion of the Dimers in Polystyrene Film 

To investigate the effect of ACQ and molecular motion, DPh1 or DPh2 were dispersed in 

polystyrene (Mn = 80,000, PDI = 2.6) films. The films including 1-100 wt% of DPh1 or DPh2 

in polystyrene were prepared with a spin-coat method from 40 μL CHCl3 solution (1.0 × 10−3 

M of DPh1 or DPh2 in polystyrene). The results are summarized in Figure 6 and Table 4. 

DPh1 and DPh2 exhibited high absolute PL quantum efficiency in the 1 wt% films (Φlum = 

0.86 and 0.80, respectively). The Φlum of the 1 wt% film of DPh2 was much higher than that 

in the dilute solution (Φlum = 0.58). The result shows that molecular motion slightly decreased 

the PL property at room temperature. As shown in Figure 6, Φlum of DPh1 dropped drastically 

in the 20 wt% film (Φlum = 0.26) by ACQ. The 40-100 wt% films exhibited the low Φlum (= 

0.09-0.04). On the other hand, the decrease of Φlum of DPh2 films was moderate, and the Φlum 

of the 100 wt% film was estimated to be 0.27, which was identical to the aggregate (Φlum = 

0.24). Therefore, the decrease of Φlum in the aggregate of DPh2 was caused by ACQ. The DPh2 

films exhibited good Φlum at 60 wt% film (Φlum = 0.44), and the results can be advantage for 

obtaining high brightness films. 

Molecular Model 

To obtain further information about molecular motion, density functional theory (DFT) was 

carried out. The structures of MPh2 and DPh2 were optimized at BLYP/def2-TZVPP level. 

The results are shown in Figure 7. The optimized structure of MPh2 was highly twisted, 

whereas that of DPh2 was relatively planar because of the intramolecular interaction of the 

stacked chromophores. The two chromophores were located at the distance of 4-6 Å, which 

was sufficient to inhibit the free molecular motion. The restriction of the molecular motion was 

the main reason of high PL intensity of DPh2 in the dilute solution. In addition, the relatively 

planar structure caused ACQ and the difference of Φlum between MPh2 (Φlum = 0.56) and DPh2 

(Φlum = 0.24) in the aggregation state. 
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 1 wt% 20 wt% 40 wt% 60 wt% 80 wt% 100 wt% (Film) 

DPh1 0.86 0.26 0.09 0.09 0.06 0.04 

DPh2 0.80 0.59 0.50 0.44 0.31 0.27 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Absolute PL quantum efficiency of the films of 1-100 wt% DPh1 or DPh2 in 

polystyrene. The films were prepared by a spin-coat method from CHCl3 solution (1.0 × 

10−3 M of DPh1 or DPh2 in polystyrene). 

Table 4. Absolute PL quantum efficiencies of the films 

Figure 7. Molecular models of MPh2 and DPh2. The structure was optimized by DFT at 

BLYP/def2-TZVPP levels. 
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Conclusions 

Optically active phenylethene dimers, DPh1 and DPh2, with a planar chiral 4,7,12,15-

tetrasubstituted [2.2]paracyclophane were synthesized. Dimer DPh1 and the monomer MPh1 

exhibited ACQ because of high planarity of the stacked π-electron system. On the other hand, 

DPh2 exhibited good PL properties both in the dilute solution and in the aggregation state in 

spite of the fact that monomer MPh2 did not exhibit PL in the dilute solution. Therefore, the 

rigid [2.2]paracyclophane framework has a potential to suppress the molecular motion by 

staking two chromophores. In addition, by increasing temperature, PL property of DPh2 

decreased much more sensitively than that of DPh1. The PL properties were recovered by 

cooling the temperature. DPh1 and DPh2 exhibited good chiroptical properties and the g 

values on the order of approximately 10−3. In the dilute solution, DPh1 had good CPL 

properties (Φlum = 0.78 and glum = +3.7 × 10−3), and in the aggregation state, DPh2 had good 

CPL properties (Φlum = 0.24 and glum = +0.90 × 10−3). The optical and chiroptical properties 

varied drastically by only attaching phenyl groups to the ethene units. 
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Experimental Section 

General. 1H and 13C NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400 and 

100 MHz, respectively. Samples were analyzed in CDCl3, and the chemical shift values were expressed 

relative to Me4Si as an internal standard. Analytical thin layer chromatography (TLC) was performed 

with silica gel 60 Merck F254 plates. Column chromatography was performed with Wakogel C-300 

silica gel. High-resolution mass (HRMS) spectrometry was performed at the Technical Support Office 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto 

University), and the HRMS spectra were obtained on a Thermo Fisher Scientific EXACTIVE 

spectrometer for atmospheric pressure chemical ionization (APCI). UV-vis spectra were recorded on a 

SHIMADZU UV-3600 spectrophotometer, and samples were analyzed in CHCl3 at room temperature. 

Fluorescence emission spectra were recorded on a HORIBA JOBIN YVON Fluoromax-4 

spectrofluorometer, and samples were analyzed in CHCl3 at room temperature. The PL lifetime 

measurement was performed on a Horiba FluoroCube spectrofluorometer system; excitation was 

carried out using a UV diode laser (NanoLED 292 nm and 375 nm). Circular dichroism (CD) spectra 

were recorded on a JASCO J-820 spectropolarimeter with CHCl3 as a solvent at room temperature. 

Circularly polarized luminescence (CPL) spectra were recorded on a JASCO CPL-200S with CHCl3 as 

a solvent at room temperature. Elemental analyses were performed at the Microanalytical Center of 

Kyoto University. 

Materials. Commercially available compounds used without purification: (Tokyo Chemical Industry 

Co, Ltd.) 2,5-Dibromo-p-xylene (4), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (i-

PrOBpin), Pd2(dba)3 (dba = dibenzylideneacetone); (Wako Pure Chemical Industries, Ltd.) trans-2-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styrene (3), PPh3, CsCO3; (Kanto Chemical Co., Inc.) n-

butyllitium (n-BuLi, 1.6 M in hexane). Commercially available solvents: 1,4-Dioxane (deoxygenated 

grade, Wako Pure Chemical Industries, Ltd.), used without purification. THF (Wako Pure Chemical 

Industries, Ltd.), purified by passage through solvent purification columns under Ar pressure.15 

Compounds prepared as described in the literatures: 2-Bromo-1,1-diphenylethylene (1)16, (Sp)- and (Rp)-

4,7,12-tribromo-15-(trifluoromethanesulfonate)-[2.2]paracyclophane ((Rp)- and (Sp)-CpOTf).8d 

Computational Details. The Orca program package17 was used for computation. The author optimized 

the structures of MPh2 and DPh2 in the ground states. The density functional theory (DFT) was applied 

for the optimization of the structures at the BLYP/def2-TZVPP levels in the ground state. 
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Synthesis of 2. A solution of n-BuLi (1.60 M in hexane, 17.9 mL, 28.7 mmol) was slowly added to a 

solution of 2-bromo-1,1-diphenylethylene (1) (6.77 g, 26.1 mmol) in THF (80 mL) at –78 °C under Ar 

atmosphere. After 1 h, i-PrOBpin (15.8 mL, 78.3 mmol) was added, and the mixture was stirred for 10 

h at –78 °C to room temperature. The reaction mixture was quenched by the addition of aqueous NH4Cl 

solution, and the organic layer was extracted three times with CH2Cl2. The combined organic layer was 

washed with brine and dried over Na2SO4. Na2SO4 was removed by filtration, and the solvent was 

evaporated. The residue was purified by column chromatography on SiO2 (EtOAc/hexane = 1/10 v/v as 

an eluent) to afford 2 (7.72 g, 25.2 mmol, 97%) as a light yellow oil. Further purification with HPLC 

was carried out to obtain characterization data. Rf = 0.48 (EtOAc/hexane = 1/10 v/v). 1H NMR (CDCl3, 

400 MHz) δ 1.13 (s, 12H), 6.00 (s, 1H), 7.22-7.27 (m, 10H) ppm; 13C NMR (CDCl3, 100 MHz) δ 24.5, 

82.9, 117.7, 127.4, 127.4, 127.8, 127.8, 129.7, 141.7, 142.9, 159.7 ppm. HRMS (APCI) calcd. for 

C20H24BO2 [M+H] +: 307.1864, found: 307.1855. Elemental analysis calcd. for C20H23BO2: C 78.45 H 

7.57, found: C 78.23 H 7.39. 

Synthesis of DPh1. A mixture of (Sp)-CpOTf (50.0 mg, 0.0843 mmol), 3 (194.0 mg, 0.843 mmol), 

Pd2(dba)3 (7.7 mg, 0.00843 mmol), PPh3 (8.8 mg, 0.0337 mmol), CsCO3 (549.3 mg, 1.69 mmol) and 

1,4-dioxane (5.0 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 100 °C for 20 h with stirring. 

After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, and 

the solvent was removed with a rotary evaporator. The residue was purified by column chromatography 

on SiO2 (CHCl3/hexane = 1/2 v/v as an eluent). Further purification was carried out by HPLC to afford 

(Sp)-DPh1 (28.3 mg, 0.0459 mmol, 54%) as a light yellow crystal. Rf = 0.39 (CHCl3/hexane = 1/2 v/v). 

1H NMR (CDCl3, 400 MHz) δ 2.85-2.93 (m, 4H), 3.54-3.62 (m, 4H), 6.92, (d, J = 16.1 Hz, 4H), 7.00 

(s, 4H), 7.21 (d, J = 16.1 Hz, 4H), 7.29 (t, J = 7.3 Hz, 4H), 7.38 (t, J = 7.3 Hz, 8H), 7.47 (d, J = 7.6 Hz, 

8H) ppm; 13C NMR (CDCl3, 100 MHz) δ 33.1, 125.3, 126.6, 127.6, 128.2, 128.7, 128.7, 136.7, 137.7, 

137.8 ppm. HRMS (APCI) calcd. for C48H41 [M+H]+: 617.3203, found: 617.3205. Elemental analysis 

calcd. for C48H40: C 93.46 H 6.54, found: C 93.53 H 6.30. (Rp)-DPh1 was obtained by the same 

procedure in 50% isolated yield. 

Synthesis of DPh2. A mixture of (Sp)-CpOTf (50.0 mg, 0.0843 mmol), 2 (258.1 mg, 0.843 mmol), 

Pd2(dba)3 (7.7 mg, 0.00843 mmol), PPh3 (8.8 mg, 0.0337 mmol), CsCO3 (549.3 mg, 1.69 mmol) and 

1,4-dioxane (5.0 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 100 °C for 48 h with stirring. 
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After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, and 

the solvent was removed with a rotary evaporator. The residue was added to KOH (250 mg, 4.46 mmol) 

in H2O (1 mL) and dissolved in EtOH (40 mL). The mixture was stirred with a magnetic stirring bar 

and heated to 60 °C for 12 h to convert unreacted OTf groups completely to OH groups, which were 

easily removed by silica gel column chromatography. After the reaction, the organic layer was extracted 

three times with CHCl3 and the combined organic layer was washed with brine and dried over MgSO4.  

MgSO4 was removed by filtration, and the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (EtOAc/hexane = 1/19 v/v as an eluent). Further purification was carried out 

by HPLC to afford (Sp)-DPh2 (51.7 mg, 0.0561 mmol, 67%) as a light yellow crystal. Rf = 0.33 

(EtOAc/hexane = 1/19 v/v). 1H NMR (CDCl3, 400 MHz) δ 2.35-2.43 (m, 4H), 2.98-3.06 (m, 4H), 6.24, 

(s, 4H), 6.65 (s, 4H), 7.06-7.09 (m, 8H), 7.21-7.32 (m, 32H) ppm; 13C NMR (CDCl3, 100 MHz) δ 32.5 

126.7, 127.3, 127.4, 128.1, 128.1, 128.1, 130.7, 133.8, 125.9, 137.6, 140.6, 142.1, 144.1 ppm. HRMS 

(APCI) calcd. for C72H57 [M+H] +: 921.4455, found: 921.4438. Elemental analysis calcd. for C72H56: C 

93.87 H 6.13, found: C 93.95 H 6.11. (Rp)-DPh2 was obtained by the same procedure in 51% isolated 

yield. 

Synthesis of MPh1. A mixture of 2,5-dibromo-p-xylene (4) (132.0 mg, 0.500 mmol), 3 (241.6 mg, 1.05 

mmol), Pd2(dba)3 (22.9 mg, 0.0250 mmol), PPh3 (26.2 mg, 0.100 mmol), CsCO3 (684.2 mg, 2.10 mmol) 

and 1,4-dioxane (15.0 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. 

After degassing the reaction mixture several times, the reaction was carried out at 100 °C for 24 h with 

stirring. After the reaction mixture was cooled to room temperature, precipitates were removed by 

filtration, and the solvent was removed with a rotary evaporator. The residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 1/3 v/v as an eluent) and recrystallization from CHCl3 and 

MeOH (good and poor solvent, respectively) to afford MPh1 (115.1 mg, 0.371 mmol, 74%) as a 

colorless crystal. Rf = 0.51 (CHCl3/hexane = 1/3 v/v). 1H NMR (CDCl3, 400 MHz) δ 2.44 (s, 6H), 7.03, 

(d, J = 16.1 Hz, 2H), 7.26 (t, J = 7.1 Hz, 2H), 7.31, (d, J = 16.1 Hz, 2H), 7.37 (t, J = 7.3 Hz, 4H), 7.44 

(s, 2H), 7.53, (d, J = 7.3 Hz, 4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 19.5, 126.3, 126.6, 127.3, 127.5, 

128.7, 129.6, 133.6, 135.6, 137.9 ppm. HRMS (APCI) calcd. for C24H23 [M+H]+: 311.1794, found: 

311.1788. Elemental analysis calcd. for C24H22: C 92.86 H 7.14, found: C 92.72 H 7.21. 

Synthesis of MPh2. A mixture of 2,5-dibromo-p-xylene (4) (132.0 mg, 0.500 mmol), 2 (321.5 mg, 1.05 

mmol), Pd2(dba)3 (22.9 mg, 0.0250 mmol), PPh3 (26.2 mg, 0.100 mmol), CsCO3 (684.2 mg, 2.10 mmol) 

and 1,4-dioxane (15.0 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. 
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After degassing the reaction mixture several times, the reaction was carried out at 100 °C for 24 h with 

stirring. After the reaction mixture was cooled to room temperature, precipitates were removed by 

filtration, and the solvent was removed with a rotary evaporator. The residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 1/4 v/v as an eluent) and recrystallization from CHCl3 and 

MeOH (good and poor solvent, respectively) to afford MPh2 (105.6 mg, 0.228 mmol, 46%) as a 

colorless crystal. Rf = 0.39 (CHCl3/hexane = 1/4 v/v). 1H NMR (CDCl3, 400 MHz) δ 1.96 (s, 6H), 6.56, 

(s, 2H), 6.88 (s, 2H), 7.07-7.10 (m, 4H), 7.21-7.25 (m, 6H), 7.26-7.34 (m, 10H) ppm; 13C NMR (CDCl3, 

100 MHz) δ 19.5, 127.0, 127.1, 127.4, 128.0, 128.0, 128.1, 130.6, 131.0, 133.5, 135.4, 140.4, 143.0, 

143.7 ppm. HRMS (APCI) calcd. for C36H31 [M+H]+: 463.2420, found: 463.2414. Elemental analysis 

calcd. for C36H30: C 93.46 H 6.54, found: C 93.46 H 6.62. 
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Chapter 9 

 

Control of Optical and Chiroptical Properties with 

Metal-Induced Higher-Ordered Structure 

Based on Planar Chiral Tetrasubstituted [2.2]Paracyclophane 

 

 

Abstract 

Optically active meta-arylene-ethynylene dimers with pyridine groups based on a planar 

chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane were synthesized. The enantiopure 

higher-ordered structures were controlled by pyridine-Ag(I) coordination or formation of 

excimer. Their optical and chiroptical properties before and after Ag(I) coordination were 

investigated by UV-vis, photoluminescence (PL), circular dichroism (CD) and circularly 

polarized luminescence (CPL) spectra. Although all compounds exhibited no specific 

interactions in the ground state before Ag(I) coordination, the compound having the pyrene 

units constructed higher-ordered structure derived from the excimer, which enhanced 

chiroptical property. After Ag(I) coordination, the structural change was observed. The 

intramolecular interaction of the pyrene units was observed in the ground state, and static 

excimer properties were observed because of the π-π interaction in the excited state. Titration 

of Ag(I) revealed that the difference coordination number of the compounds from two to four 

Ag(I) ions. Optical and chiroptical properties suggested the existence of intramolecular Ag(I)-

π interaction. The chirality was enhanced by the rigid higher-ordered structure in the ground 

state. These unique and unprecedented properties were attributed to the rigid planar chiral 

[2.2]paracyclophane framework. 
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Introduction 

Stimuli-responsive materials have a potential for various applications to photochemistry1, 

biochemistry2, shape memory polymers3 and supramolecular molecular assembly.4 Especially, 

stimuli-responsive optically active compounds are received much attention for next-generation 

materials with advanced technique based on chirality.5 The chiral properties are informative 

and sensitive to structural change. In addition, they are often enhanced by forming the optically 

active higher-ordered structure.6 Cozzi, Siegel and co-workers suggested the novel direction 

for the design of double-helical structure with the chiral scaffold and metal ion coordination 

method.7 Otera and coworkers constructed the double-helical structure based on rigid arylene-

ethynylene groups with the pyridine-Ag(I) coordination strategy.8 They used an enantiopure 

binaphthyl group as the chiral scaffold and investigated the construction of the double-helical 

structure with CD spectra. It is possible to obtain the enantiopure higher-ordered structure with 

the chiral scaffold. As a new chiral scaffold, the author focused on a planar chiral 

[2.2]paracyclophane framework.9 Recently, our research group reported optical resolution 

methods of the planar chiral [2.2]paracyclophanes and revealed their unique chiroptical 

properties, especially in circularly polarized luminescence (CPL) property.10 The planar chiral 

[2.2]paracyclophane framework can be used as a rigid chiral source and received much 

attention for new chiral building block.11 In this chapter, the author designed meta-arylene-

ethynylene system containing pyridinyl groups using a planar chiral 4,7,12,15-tetasubstituted 

[2.2]paracyclophane10c,d as the chiral scaffold. The [2.2]paracyclophane unit is located at the 

center of the molecule, and the molecule has a highly symmetrical structure, which makes 

structural analysis clear. Pyrene groups are introduced in the terminal units to investigate 

intramolecular interaction and the structural change based on the excimer formation.12,13 As a 

result, the author observed unique chiroptical properties and interesting intramolecular 

interaction with stimuli-responsive system. 
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Results and Discussion 

Synthesis 

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane was 

carried out using the diastereomer method in Chapter 3, and the obtained enantiopure 

compounds were converted to the corresponding (Rp)- and (Sp)-4,7,12,15-

tetraethynyl[2.2]paracyclophanes.10c Schemes 1 and 2 show the synthetic routes to the target 

optically active compounds. n-Butyl groups in N-Py were introduced to provide solubility to 

the target compounds in organic solvents such as CH2Cl2 and CHCl3. 

As shown in Scheme 1, one of bromides of 4,9-dibromo-1,2,3,6,7,8-hexahydropyrene 1 was 

converted to n-butyl group with 1-bromobutane to afford compound 2. The 1,2,3,6,7,8-

hexahydropyrene ring of compound 2 was oxidized to the pyrene ring with o-chloranil to obtain 

compound 3 in 42% isolated yield from 1. Sonogashira-Hagihara coupling reaction14 of 

compound 3 was carried out with TMS-acetylene in the catalytic system of Pd2(dba)3/CuI using 

dppf as a phosphine ligand to obtain compound 4. The TMS group of compound 4 was 

deprotected to afford compound 5 in 58% isolated yield from 3. Iodide of compound 5 was 

reacted chemoselectively with 2-bromo-6-iodopyridine 6 to obtain compound 7 in 78% isolated 

yield. Compound 3 was reacted in the presence of a catalytic amount of Pd2(dba)3 to obtain 

compound 2 in 26% isolated yield. 

Scheme 2 shows the synthesis of the target planar chiral compounds N, N-Ph and N-Py, 

respectively. In this scheme, only the reactions of the (Sp)-isomers are shown; the (Rp)-isomers 

were synthesized under the same conditions as that for (Rp)-Cp. Sonogashira-Hagihara 

coupling reaction of (Sp)-Cp was carried out with 2-iodopyridine 1 in the catalytic system of 

Pd2(dba)3/CuI using dppf as a phosphine ligand to obtain compound (Sp)-N in 64% isolated 

yield. Using the same procedure, (Sp)-N-Ph and (Sp)-N-Py were obtained in 15% and 62% 
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isolated yields, respectively. The reaction was carried out at 80 ˚C because the reactivity of 

bromide in compounds 7 and 9 was less than that of iodide in compound 8. 

Scheme 3 shows the synthesis and predicted structure of Ag(I) coordinated complexes (Sp)-

N, (Sp)-N-Ph and (Sp)-N-Py. Ag(I) coordination reactions were carried out in the presence of 

excess of AgOTf to obtain (Sp)-N-Ag, (Sp)-N-Ph-Ag and (Sp)-N-Py-Ag. The structures of all 

new compounds in this study were confirmed by 1H and 13C NMR spectroscopy, high-

resolution mass spectrometry (HRMS), and elemental analysis; the detailed synthetic 

procedures and NMR data are shown in the experimental section. 

Ag(I) Coordinated Compounds 

Ag(I) coordination was confirmed by 1H NMR spectra. Figure 1 shows the 1H NMR spectra 

of (Sp)-N (Sp)-N-Ag, (Sp)-N-Ph and (Sp)-N-Ph-Ag. The 1H NMR spectrum of (Sp)-N-Ag 

indicated downfield shift of Ha, Hb, Hc and Hd relative to those of (Sp)-N. The 1H NMR 

spectrum of (Sp)-N-Ph-Ag indicated that the hydrogens of pyridine units, Ha, Hb, and Hc, were 

downfield-shifted relative to those of (Sp)-N-Ph. On the other hand, Hd and He exhibited clear 

upfield shift. This is because of the shield effect of the benzene rings located at the other side.

Scheme 1. Synthesis of compound 7 
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Scheme 3. Synthesis and predicted structures of (Sp)-N-Ag, N-Ph-Ag and N-Py-Ag 

Scheme 2. Synthesis of (Sp)-N, N-Ph and N-Py 

N

N

N

NCuI

Pd2(dba)3

80 °C

THF, Et3N

dppf
NBr

+

24 h(Sp)-Cp

(Sp)-N-Ph, 15%

9



 

Chapter 9 

192 

 

Hf exhibited almost the same chemical shift because downfield shift by Ag(I) ions and upfield 

shift by benzene rings were balanced. Difference of solubility between before and after Ag(I) 

addition indicates the Ag(I) coordination. (Sp)-N-Ag was dissolved in CH3CN, while (Sp)-N 

was not dissolved in CH3CN. (Sp)-N-Ph-Ag was dissolved in MeOH, while (Sp)-N-Ph was not 

dissolved in MeOH. (Sp)-N-Py-Ag was dissolved in CH3CN, while (Sp)-N-Py was not 

dissolved in CH3CN. However, once (Sp)-N-Py-Ag was dissolved in CH3CN, Ag(I) ion was 

removed from (Sp)-N-Py-Ag and (Sp)-N-Py. In this case, AgOTf was more stable in CH3CN 

than in the (Sp)-N-Py-Ag complex. MS spectra could detect the Ag(I)-coordinated species, 

however, the only mono-coordinated compounds were detected.8 (Rp)-Isomers exhibited the 

same properties as those of (Sp)-isomers. 

 

 

 

 

 

 

 

 

 

 

 

The structure of rac-N-Ag was confirmed by X-ray single crystal analysis. Figure 2 shows 

the structures of rac-N and rac-N-Ag obtained by X-ray single crystal analysis. Four nitrogen 

atoms of rac-N directed outside of the structure, whereas the nitrogen atoms of rac-N-Ag 

directed inside of the structure; Ag(I) ion was sandwiched by two nitrogen atoms of pyridine 

Figure 1. 1H NMR spectra of (A) (Sp)-N and (Sp)-N-Ag (B) (Sp)-N-Ph and (Sp)-N-Ag-Ph 

in CD2Cl2. 
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groups at the trans position. The angle of N(1)−Ag(1)−N(2) (174.6˚) was almost planar, 

whereas that of N(3)−Ag(2)−N(4) (161.6˚) was not planar because one of oxygen atoms of the 

OTf group combined with the Ag(I) atom (bond length of O(1)−Ag(2) was 2.640 Å, which was 

shorter than the sum of van der Waals radii, 3.27 Å). As a result, the structure of rac-N-Ag was 

formed by two Ag(I) ion combined with rac-N. Although X-ray single crystal structures of 

(Sp)-N-Ag, (Sp)-N-Ph-Ag and (Sp)-N-Py-Ag were not obtained, it was predicted that they 

formed the same complexes as rac-N-Ag. 

 

 

 

 

 

 

 

 

 

 

 

 

Optical Properties 

The optical properties of both enantiomers with a planar chiral 4,7,12,15-tetrasubstituted 

[2.2]paracyclophane N, N-Ph, and N-Py as well as their Ag(I)-coordinated complexes N-Ag, 

N-Ph-Ag, and N-Py-Ag were evaluated. The optical and chiroptical data are summarized in 

Tables 1 and 2, respectively. The UV-vis absorption spectra and the PL spectra were obtained 

in the dilute CH2Cl2 solutions (1.0 × 10−5 M for N, N-Ph, N-Ag and N-Ph-Ag; 5.0 × 10−6 M 

for N-Py and N-Py-Ag). 

Figure 3 shows the UV-vis absorption spectra of N, N-Ph, and N-Py and the Ag(I) 

complexes N-Ag, N-Ph-Ag, and N-Py-Ag. All of the absorption spectra changed after Ag(I) 

Figure 2. ORTEP drawings of (A) rac-N and (B) rac-N-Ag (50% probability for 

thermal ellipsoids). Hydrogen atoms and one of OTf groups are omitted to clarify. 
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coordination. The absorption spectra of Ag(I) complexes exhibited bathochromic shift 

compared with those of non-coordination compounds due to the increase of planarity (Figure 

2). Especially in the N-Py and N-Py-Ag, the vibration bands of pyrene from 350 nm to 400 nm 

disappeared, and absorption edge exhibited bathochromic shift drastically. This is because of 

intramolecular π-π interaction of the pyrene units by conformation change due to Ag(I) 

coordination in the ground state. Figure 4 shows the PL spectra of N, N-Ph, and N-Py and the 

Ag(I) complexes N-Ag, N-Ph-Ag, and N-Py-Ag. There were few changes before and after 

Ag(I) coordination of N because of the identical planarity of the structures in the excited state. 

N-Ph exhibited almost the same properties of N. N-Py exhibited the two peaks attributed to 

the same structure of N or pyrene emission (419 nm, τ = 1.18 ns) and pyrenes excimer emission 

(491 nm, τ = 7.79 ns). On the other hand, N-Py-Ag exhibited the only one peak top at 535 nm. 

According to the PL lifetime measurement, the long PL lifetime derived from the excimer was 

not observed. This indicates that the pyrene units of N-Py-Ag were interacted more strongly 

both in the ground state and in the excited state. 

 

 

 λabs
a/nm (ε / 105 M−1cm−1) λlum

a/nm τc/ns χ2 Φlum
d 

(Sp)-N 342 (0.63) 421 6.05 1.02 0.59 

(Sp)-N-Ag 378 (0.66) 427 2.42 1.07 0.24 

(Sp)-N-Ph 276 (1.05), 356 (0.91) 417 3.96 1.04 0.56 

(Sp)-N-Ph-Ag 285 (0.79), 393 (1.14) 424 1.27 1.06 0.35 

(Sp)-N-Py 361 (1.77), 379 (1.69)b 419, 491b 1.18 (76.2%)e 

7.79 (23.8%)e 

1.23 0.50 

(Sp)-N-Py-Ag 389 (1.34)b 538b 0.69 (51.5%) 

1.64 (48.5%) 

1.23 0.04 

 

 

 

Table 1. Optical properties: Spectroscopic data 

a In CH2Cl2 (1.0 × 10−5 M); excited at absorption maxima for PL. b In CH2Cl2 (5.0 × 10−6 

M). c Emission lifetime at λlum. d Absolute PL quantum efficiency. e Detected at 491 nm. 
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Chiroptical Properties 

The chiroptical properties of the ground and excited states of (Sp)- and (Rp)-N, N-Ph, and 

N-Py and the Ag(I) complexes (Sp)- and (Rp)-N-Ag, N-Ph-Ag, and N-Py-Ag were investigated 

by CD and CPL spectroscopy. The spectra were obtained in the dilute CH2Cl2 solutions (1.0 × 

10−5 M for N, N-Ph, N-Ag and N-Ph-Ag; 5.0 × 10−6 M for N-Py and N-Py-Ag). Chiroptical 

data, such as CD and CPL dissymmetry factor15 (gabs and glum, respectively) are summarized in 

Table 2. 

Figure 3. UV-vis absorption spectra of (A) N and N-Ag in the dilute CH2Cl2 (1.0 × 10−5 

M), (B) N-Ph and N-Ph-Ag in the dilute CH2Cl2 (1.0 × 10−5 M), (C) N-Py and N-Py-Ag in 

the dilute CH2Cl2 (5.0 × 10−6 M).  

Figure 4. PL spectra of (A) N and N-Ag in the dilute CH2Cl2 (1.0 × 10−5 M), (B) N-Ph and 

N-Ph-Ag in the dilute CH2Cl2 (1.0 × 10−5 M), (C) N-Py and N-Py-Ag in the dilute CH2Cl2 

(5.0 × 10−6 M). 
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 |gabs, max|a / 10−3 gabs
b / 10−3 glum / 10−3 at λlum, max

c 

(Sp)-N 4.1 −1.8 −2.8 

(Sp)-N-Ag 4.6 −2.8 −2.5 

(Sp)-N-Ph 2.5 −0.74 −1.2, +0.25 

(Sp)-N-Ph-Ag 7.0 +2.6 +0.29 

(Sp)-N-Py 1.2 +0.6 +6.7 

(Sp)-N-Py-Ag 3.1 +2.3 +1.5 

 

 

 

 

Figure 5 shows the CD and absorption spectra of (Sp)- and (Rp)-N, N-Ph, and N-Py and the 

Ag(I) complexes (Sp)- and (Rp)-N-Ag, N-Ph-Ag, and N-Py-Ag. In all cases, mirror image 

Cotton effects were observed in the CD spectra. The shape of the spectra of (Sp)- and (Rp)-N 

and N-Ag were similar, whereas the maximum gabs values of N-Ph and N-Py were enhanced 

after Ag(I) coordination. The maximum gabs values were estimated to be 4.1 × 10−3 for (Sp)-N, 

4.6 × 10−3 for (Sp)-N-Ag, 2.5 × 10−3 for (Sp)-N-Ph, 7.0 × 10−3 for (Sp)-N-Ph-Ag, 1.2 × 10−3 for 

(Sp)-N-Py, and 3.1 × 10−3 for (Sp)-N-Py-Ag, respectively, suggesting the major structural 

change between N-Ph and N-Ph-Ag or N-Py and N-Py-Ag. The higher-ordered structures of 

N-Ph-Ag and N-Py-Ag are discussed in the Ag(I) titration section. 

Figure 6 shows the CPL and PL spectra of (Sp)- and (Rp)-N, N-Ph, and N-Py and the Ag(I) 

complexes (Sp)- and (Rp)-N-Ag, N-Ph-Ag, and N-Py-Ag. Mirror image CPL spectra were 

observed for the enantiomers. The shape of the CPL spectra of (Sp)- and (Rp)-N and N-Ag were 

similar with the same reason as the CD spectra. On the other hand, the CPL signal of the N-

Ph-Ag was almost silent at the PL peak top, and the glum values of longer wavelength (around 

530 nm) were identical with those of N-Ph (glum = +0.25 × 10−3 for N-Ph and +0.29 × 10−3 for  

Table 2. Chiroptical properties: Spectroscopic data of (Sp)-isomers 

a gabs = 2Δε/ε, where Δε indicates differences of absorbance between left- and right-handed 

circularly polarized light, respectively. The maximum gabs value of the CD spectra was 

estimated. b The gabs value of the first peak top was estimated. c glum = 2(I left − Iright)/(I left + 

Iright), where I left and Iright indicate luminescence intensities of left- and right-handed CPL, 

respectively. 
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Figure 5. CD (top), gabs (middle), and UV-vis absorption (bottom) spectra of (A) N and N-
Ag in the dilute CH2Cl2 (1.0 × 10−5 M), (B) N-Ph and N-Ph-Ag in the dilute CH2Cl2 (1.0 × 

10−5 M), (C) N-Py and N-Py-Ag in the dilute CH2Cl2 (5.0 × 10−6 M). 

Figure 6. CPL (top), glum (middle), and PL (bottom) spectra of (A) N and N-Ag in the dilute 

CH2Cl2 (1.0 × 10−5 M), (B) N-Ph and N-Ph-Ag in the dilute CH2Cl2 (1.0 × 10−5 M), (C) N-
Py and N-Py-Ag in the dilute CH2Cl2 (5.0 × 10−6 M). Excitation wavelength was 300 nm 

(N, N-Ag, N-Ph, N-Ph-Ag and N-Py) and 350 nm (N-Py-Ag). 

Figure 7. Predicted structures of the Ag(I) complex (Sp)-N-Ph-Ag by the exciton coupling.  

0

1.2

2.4

−1.2

−2.4

−3.6

3.6

Δ
I/

 a
.u

.

g
lum

/ 10
−

3

N
or

m
al

iz
ed

 in
te

ns
ity

350 400 450 500 550

Wavelength / nm

600 650

0

0.6

1.2

−0.6

−1.2

−1.8

1.8

Δ
I/

 a
.u

.
g

lum
/ 10

−3

N
or

m
al

iz
ed

 in
te

ns
ity

0

3.0

6.0

−3.0

−6.0

−9.0

9.0
Δ

I/
 a

.u
.

g
lum

/ 10
−3

N
or

m
al

iz
ed

 in
te

ns
ity

350 400 450 500 550

Wavelength / nm

600 650 350 450 550 650

Wavelength / nm

750 850

(Sp)-N

(Rp)-N

(Sp)-N-Ag

(Rp)-N-Ag

(Sp)-N-Ph

(Rp)-N-Ph

(Sp)-N-Ph-Ag

(Rp)-N-Ph-Ag

(Sp)-N-Py-Ag

(Rp)-N-Py

(Sp)-N-Py

(Rp)-N-Py-Ag

(A) (B) (C)

0

100

200

300

−100

−200

−300

0

2.0

4.0

−2.0

−4.0

−6.0

6.0

Δ
ε

/ M
−1

cm
−1

g
abs

/ 10
−3

ε
/ 1

05
M

−
1 c

m
−

1

0

0.2

0.4

0.6

0.8

(Sp)-N

(Rp)-N

0

200

400

600

−200

−400

−600

0

3.0

6.0

−3.0

−6.0

−9.0

9.0

Δ
ε

/ M
−1

cm
−1

g
abs

/ 10
−3

ε
/ 1

05
M

−
1 c

m
−

1

Wavelength / nm

0

120

240

360

−120

−240

−360

0

1.5

3.0

−1.5

−3.0

−4.5

4.5

Δ
ε

/ M
−1

cm
−1

g
abs

/ 10
−3

ε
/ 1

05
M

−
1 c

m
−

1

0

0.4

1.2

2.0

(Sp)-N-Py-Ag

(Rp)-N-Py

0.8

1.6

0

0.2

0.6
0.8

1.0

250 300 400 450 500350

1.2

0.4

Wavelength / nm

250 300 400 450 500350

Wavelength / nm

250 300 400 450 500350

(Sp)-N-Ag

(Rp)-N-Ag

(Sp)-N-Ph

(Rp)-N-Ph

(Sp)-N-Ph-Ag

(Rp)-N-Ph-Ag

(Sp)-N-Py

(Rp)-N-Py-Ag

(A) (B) (C)



 

Chapter 9 

198 

 

N-Ph-Ag). It was considered that the PL at around 530 nm was derived from π-π interaction of 

terminal benzene rings. N-Py exhibited higher glum value (glum = +6.7 × 10−3) than gabs value 

(gabs = +0.6 × 10−3) because N-Py formed higher-ordered structure in the excited state with an 

excimer of the pyrene groups. On the other hand, N-Py-Ag did not exhibit such enhancement 

(glum = +1.5 × 10−3, gabs = +2.3 × 10−3), indicating that N-Py-Ag formed almost similar structure 

both in the ground and excited states. Figure 7 shows the predicted Ag(I)-coordination 

structures with the exciton coupling theory from the CD and CPL spectra.16 In the CD and CPL 

spectra, the first Cotton effect of (Sp)-N-Ph-Ag and (Sp)-N-Py-Ag exhibited positive signal. 

These results suggest the zig-zag dimer conformation. The excimer also formed the same 

structure in the excited state. 

Ag(I) Titration Measurement 

Titration of AgOTf to (Rp)-N, N-Ph and N-Py was carried out in the dilute mixed 

CH2Cl2/DMF = 95:5 v/v solution (1.0 × 10−5 M). DMF was used for the preparation of AgOTf 

solution because CH2Cl2 is not good solvent for AgOTf. Figures 8, 9 and 10 show the results 

of titration of (Rp)-N, N-Ph and N-Py monitored by the CD spectra, respectively. Black line 

exhibited the spectra of Ag(I) complexes (Rp)-N-Ag, N-Ph-Ag and N-Py-Ag in the dilute 

CH2Cl2 (1.0 × 10−5 M for (Rp)-N-Ag and N-Ph-Ag; 5.0 × 10−6 M for (Rp)-N-Py) discussed in 

the previous section. Figure 8A shows the total titration spectra of (Rp)-N, and Figure 8A is 

divided into Figures 8B and 8C to clarify. Spectral change was completed with 2.0 eq. of 

AgOTf, which is identified with the coordination number of (Rp)-N. On the other hand, as 

shown in Figure 9, the spectral change for (Rp)-N-Ph was not completed with 2.0 eq., and 4.0 

eq. of AgOTf was required. The spectral change was similar to (Rp)-N from 0.0 to 2.0 eq., 

whereas the chirality was drastically enhanced from 2.0 to 4.0 eq. The property of (Rp)-N-Ph-

Ag obtained from the reaction was similar to the result after the addition of 4.0 eq. of AgOTf. 

These results suggest that intramolecular Ag(I)-π interaction18 occurred from 2.0 to 4.0 eq. and 
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that the interaction made the structure more rigid. The resulting structure enhanced the chirality 

in the ground state. Titration of AgOTf to (Rp)-N-Py (Figure 10) exhibited the almost same 

results as those of (Rp)-N-Ph. Figure 11 shows the titration results of AgOTf to (Rp)-N or (Rp)-

N-Ph monitored by the CPL spectra. The glum value of (Rp)-N-Ph rapidly decreased at the 3.2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. gabs (top) and UV-vis absorption (bottom) spectra of AgOTf titration of (Rp)-N in 

the dilute CH2Cl2/DMF = 95/5 v/v solution (1.0 × 10−5 M). Black line shows the spectra of 

N-Ag in the dilute CH2Cl2 (1.0 × 10−5 M). (A) AgOTf titration from 0.0 eq. to 4.0 eq., (B) 

from 0.0 eq. to 1.0 eq., (C) from 1.0 eq. to 4.0 eq. 

Figure 9. gabs (top) and UV-vis absorption (bottom) spectra of AgOTf titration of (Rp)-N-
Ph in the dilute CH2Cl2/DMF = 95/5 v/v solution (1.0 × 10−5 M). Black line shows the 

spectra of N-Ph-Ag in the dilute CH2Cl2 (1.0 × 10−5 M). (A) AgOTf titration from 0.0 eq. 

to 4.4 eq., (B) from 0.0 eq. to 2.0 eq., (C) from 2.0 eq. to 4.4 eq. 

; excitation wavelength was 300 nm (N, N-Ag, N-Ph, N-Ph-Ag and N-Py) and 350 nm (N-
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eq. of AgOTf (Figure 11B) whereas the glum value of (Rp)-N did not change from 2.2 eq. to N-

Ag (and excess of AgOTf). Considering the fact that the gabs value of (Rp)-N-Ph rapidly 

increased at 3.2 eq. of AgOTf, the intramolecular Ag(I)-π interaction was clearly observed at 

3.2 eq. of AgOTf. The predicted conformational changes with various stimulation are 

summarized in Figure 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. gabs (top) and UV-vis absorption (bottom) spectra of AgOTf titration of (Rp)-N-
Py in the dilute CH2Cl2/DMF = 95/5 v/v solution (1.0 × 10−5 M). Black line shows the 

spectra of N-Ph-Ag in the dilute CH2Cl2 (5.0 × 10−6 M). (A) AgOTf titration from 0.0 eq. 

to 4.4 eq., (B) from 0.0 eq. to 2.0 eq., (C) from 2.0 eq. to 4.4 eq. 

; excitation wavelength was 300 nm (N, N-Ag, N-Ph, N-Ph-Ag and N-Py) and 350 nm (N-

Figure 11. glum (top) and PL (bottom) spectra of AgOTf titration of (A) (Rp)-N and (B) (Rp)-

N-Ph in the dilute CH2Cl2/DMF = 95/5 v/v solution (1.0 × 10−5 M). Black line shows the 

spectra of N-Ag and N-Ph-Ag in the dilute CH2Cl2 (1.0 × 10−5 M), respectively; excitation 

wavelength was 300 nm (N, N-Ag, N-Ph, N-Ph-Ag and N-Py) and 350 nm (N-Py-Ag). 
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Figure 12. Mechanism of Ag(I)-coordination behaviors and excimer form. 



 

Chapter 9 

202 

 

Conclusions 

Optically active m-phenylene-ethynylene dimers containing pyridine groups with a planar 

chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane were synthesized. Pyridine groups can 

form trans-coordination structure with Ag(I) ion. The optical and chiroptical properties before 

and after Ag(I) coordination were investigated by UV, PL, CD and CPL spectra. Before Ag(I) 

coordination, all compounds exhibited no specific interactions in the ground state. On the other 

hand, the pyrene of N-Py formed higher-ordered structure derived from the excimer. As a result, 

(Sp)-N-Py showed the enhanced glum values (glum = +6.7 × 10−3) in the excited state compared 

with the gabs values (gabs = +0.6 × 10−3) in the ground state. After Ag(I) coordination, UV-vis 

spectra of all compounds exhibited bathochromic shift due to increasing the planarity in the 

ground state. The intramolecular interaction of pyrene units of N-Py-Ag was observed in the 

ground state, and N-Py-Ag exhibited static excimer in the excited state. Titration of AgOTf 

revealed that two Ag(I) ions were coordinated to N, whereas four Ag(I) ions were coordinated 

to N-Ph and N-Py. The maximum gabs values were drastically enhanced from 2.0 to 4.0 eq. 

AgOTf. Titration results and chiroptical properties suggested that the existence of Ag(I)-π 

interaction in the N-Ph and N-Py system and that the resulting higher-ordered structure 

enhanced maximum gabs values. These metal coordination properties are unique and 

unprecedented, and the results are available for multi-mode (optical and chiroptical) metal 

sensing chemistry and stimuli-response CPL materials. 
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Experimental Section 

General. 1H and 13C NMR spectra were recorded on JEOL EX400 and AL400 instruments at 400 and 

100 MHz, respectively. Samples were analyzed in CDCl3 and CD2Cl2. The chemical shift values were 

expressed relative to Me4Si as an internal standard in CDCl3. Analytical thin layer chromatography 

(TLC) was performed with silica gel 60 Merck F254 plates. Column chromatography was performed 

with Wakogel C-300 silica gel and aluminium oxide 90 active basic (0.063-0.200 mm, pH = 8.5-10.5). 

High-resolution mass (HRMS) spectrometry was performed at the Technical Support Office 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto 

University), and the HRMS spectra were obtained on a Thermo Fisher Scientific EXACTIVE 

spectrometer for electrospray ionization (ESI), a Thermo Fisher Scientific EXACTIVE spectrometer 

for electron ionization (EI) and a Thermo Fisher Scientific EXACTIVE spectrometer for atmospheric 

pressure chemical ionization (APCI). Recyclable preparative high-performance liquid chromatography 

(HPLC) was carried out on a Japan Analytical Industry Co. Ltd., Model LC918R (JAIGEL-1H and 2H 

columns) and LC9204 (JAIGEL-2.5H and 3H columns) using CHCl3 as an eluent. UV-vis spectra were 

recorded on a SHIMADZU UV-3600 spectrophotometer, and samples were analyzed in CH2Cl2 at room 

temperature. Fluorescence emission spectra were recorded on a HORIBA JOBIN YVON Fluoromax-4 

spectrofluorometer, and samples were analyzed in CH2Cl2 at room temperature. The PL lifetime 

measurement was performed on a Horiba FluoroCube spectrofluorometer system; excitation was 

carried out using a UV diode laser (NanoLED 375 nm). Specific rotations ([α]t
D) were measured with 

a HORIBA SEPA-500 polarimeter. Circular dichroism (CD) spectra were recorded on a JASCO J-820 

spectropolarimeter with CH2Cl2 as a solvent at room temperature. Circularly polarized luminescence 

(CPL) spectra were recorded on a JASCO CPL-200S with CH2Cl2 as a solvent at room temperature. 

Elemental analyses were performed at the Microanalytical Center of Kyoto University. 

Materials. Commercially available compounds used without purification: (Tokyo Chemical Industry 

Co, Ltd.) 2-Iodo-pyridine (8), o-chloranil, trimethylsilylacetylene (TMS-acetylene), Pd2(dba)3 (dba = 

dibenzylideneacetone), 1,1'-bis(diphenylphosphino)ferrocene (dppf); (Wako Pure Chemical Industries, 

Ltd.) 1-bromobutane, CuI, K2CO3; (Kanto Chemical Co., Inc.) n-butyllithium (n-BuLi, 1.6 M in 

hexane); (Strem Chemicals Inc.) AgOTf (silver trifluoromethanesulfonate). Commercially available 

solvents: MeOH (Wako Pure Chemical Industries, Ltd.), toluene (deoxygenated grade, Wako Pure 

Chemical Industries, Ltd.) used without purification. THF (Wako Pure Chemical Industries, Ltd.) and 

Et3N (Kanto Chemical Co., Inc.), purified by passage through solvent purification columns under Ar 
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pressure.18 Compounds prepared as described in the literatures: 2,3-Dibromo-6,7-

bis(hexyloxy)naphthalene (1)19, 2,5-di-n-butylfuran (5)20, 1,2-bis(hexyloxy)-4-iodo-5-[2-

(trimethylsilyl)ethynyl]benzene (10)21, (Rp)- and (Sp)-4,7,12,15-tetraethynyl[2.2]paracyclophane ((Rp)- 

and (Sp)-Cp).10c 

Ag(I) Titration Measurement. Titration of AgOTf to (Rp)-N, N-Ph and N-Py was carried out in the 

dilute mixed CH2Cl2/DMF = 95:5 v/v solution (1.0 × 10−5 M). DMF was used for the preparation of 

AgOTf solution because CH2Cl2 is not good solvent for AgOTf. At first, (Rp)-N, N-Ph, N-Py and 

AgOTf in the dilute mixed CH2Cl2/DMF = 95:5 v/v solution (5.0 × 10−4 M) were prepared. Then, 

AgOTf solution (from 0 mL to 4.4 mL) was added to (Rp)-N, N-Ph, N-Py solution (0.10 mL) and adjust 

the total volume of 5.0 mL (1.0 × 10−5 M) by the CH2Cl2/DMF = 95:5 v/v mixed solvent. 

Synthesis of 2. A solution of n-BuLi (1.65 M in hexane, 6.67 mL, 11.0 mmol) was slowly added to a 

solution of 1 (3.66 g, 10.0 mmol) in THF (100 mL) at –78 °C under Ar atmosphere. After 1.5 h, 1-

bromobutane (2.25 mL, 21.0 mmol) was added, and the mixture was stirred for 12 h at –78 °C to room 

temperature. The reaction mixture was quenched by the addition of aqueous NH4Cl solution, and the 

organic layer was extracted three times with CHCl3. The combined organic layer was washed with brine 

and dried over Na2SO4. Na2SO4 was removed by filtration, and the solvent was evaporated. Compound 

2 was obtained and used for the next reaction without further purification. 

Synthesis of 3. A mixture of 2, o-chloranil (7.38 g, 30.0 mmol) and toluene (90 mL) was placed in a 

round-bottom flask equipped with a magnetic stirring bar. After degassing the reaction mixture several 

times, the reaction was carried out at reflux temperature for 12 h. The residue was semi-purified by 

flash column chromatography on neutral Al2O3 (toluene as an eluent). After removing the solvent, the 

residue was purified by column chromatography on SiO2 (CHCl3/hexane = 1/9 v/v as an eluent) to 

afford 3 (1.78 g, 5.28 mmol, 53%) as a colorless solid. Rf = 0.63 (CHCl3/hexane = 1/9 v/v). 1H NMR 

(CDCl3, 400 MHz) δ 1.03 (t, J = 7.3 Hz, 3H), 1.56 (sext, J = 7.6 Hz, 2H), 1.87-1.94 (m, 2H), 3.27 (t, J 

= 7.8 Hz, 2H), 7.93 (s, 1H), 8.01-8.08 (m, 2H), 8.11 (d, J = 7.1 Hz, 1H), 8.18 (d, J = 7.3 Hz, 1H), 8.39 

(d, J = 7.3 Hz, 1H), 8.42 (s, 1H), 8.53 (d, J = 7.1 Hz, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 14.0, 

23.0, 32.4, 33.2, 122.0, 122.3, 124.2, 124.3, 124.5, 124.6, 125.7, 126.1, 126.1, 126.5, 129.5, 130.7, 

130.9, 131.2, 131.8, 138.1 ppm. HRMS (EI) calcd. for C20H17Br [M] +: 336.0514, found: 336.0514. 

Elemental analysis calcd. for C20H17Br: C 71.23 H 5.08, found: C 71.47 H 5.25. 

Synthesis of 4. A mixture of 3 (1.63 g, 4.82 mmol), Pd2(dba)3 (95.7 mg, 0.105 mmol), dppf (116 mg, 

0.209 mmol), CuI (39.8 mg, 0.209 mmol), THF (25 mL) and Et3N (25 mL) was placed in a round-
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bottom flask equipped with a magnetic stirring bar. After degassing the reaction mixture several times, 

trimethylsilylacetylene (1.80 mL, 12.5 mmol) was added to the mixture via a syringe. The reaction was 

carried out at 50 °C for 12 h.  After the reaction mixture was cooled to room temperature, precipitates 

were removed by filtration, and the solvent was evaporated. The residue was purified by column 

chromatography on SiO2 (CHCl3/hexane = 1/9 v/v as an eluent) to afford 4. Compound 4 was used for 

the next reaction without further purification. 

Synthesis of 5. K2CO3 (744 mg, 5.38 mmol) was added to a suspension of 4 in MeOH (40 mL).  After 

the mixture was stirred for 20 h at room temperature, H2O was added to the reaction mixture. The 

organic layer was extracted with CHCl3 and washed with brine. The combined organic layer was dried 

over MgSO4. MgSO4 was removed by filtration, and the solvent was evaporated. The residue was 

purified by column chromatography on SiO2 (CHCl3/hexane = 1/4 v/v as an eluent) and recrystallization 

from CHCl3 and MeOH (good and poor solvent, respectively) to afford 5 (787 mg, 2.79 mmol, 58%) as 

a light yellow crystal. Rf = 0.58 (CHCl3/hexane = 1/4 v/v). 1H NMR (CDCl3, 400 MHz) δ 1.02 (t, J = 

7.3 Hz, 3H), 1.56 (sext, J = 7.6 Hz, 2H), 1.86-1.94 (m, 2H), 3.26 (t, J = 7.6 Hz, 2H), 3.54 (s, 1H), 7.91 

(s, 1H), 8.00-8.06 (m, 2H), 8.13-8.16 (m, 2H), 8.37-8.39 (m, 2H), 8.63 (d, J = 7.8 Hz, 1H) ppm; 13C 

NMR (CDCl3, 100 MHz) δ 14.0, 23.0, 32.4, 33.2, 81.6, 82.1, 119.0, 122.6, 123.0, 123.5, 124.9, 125.1, 

125.3, 125.9, 126.3, 126.3, 130.1, 130.5, 130.6, 131.2, 133.4, 137.8 ppm. HRMS (APCI) calcd. for 

C22H19 [M+H] +: 283.1481, found: 283.1474. Elemental analysis calcd. for C22H18: C 93.57 H 6.43, 

found: C 93.61 H 6.29. 

Synthesis of 7. A mixture of 5 (400 mg, 1.42 mmol), 2-bromo-6-iodopyridine (6) (402 mg, 1.42 mmol), 

Pd2(dba)3 (32.5 mg, 0.0355 mmol), PPh3 (37.2 mg, 0.142 mmol), CuI (13.5 mg, 0.071 mmol), THF (20 

mL) and Et3N (10 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at room temperature for 12 h. 

After the reaction, precipitates were removed by filtration, and the solvent was evaporated. The residue 

was purified by column chromatography on SiO2 (CHCl3/hexane = 1/9 v/v as an eluent) and 

recrystallization from CHCl3 and MeOH (good and poor solvent, respectively) to afford 7 (486 mg, 

1.10 mmol, 78%) as a colorless crystal. Rf = 0.54 (CH2Cl2/hexane = 1/1 v/v). 1H NMR (CDCl3, 400 

MHz) δ 1.03 (t, J = 7.3 Hz, 3H), 1.57 (sext, J = 7.4 Hz, 2H), 1.88-1.95 (m, 2H), 3.28 (t, J = 7.8 Hz, 2H), 

7.50 (dd, J = 0.92, 8.0 Hz, 1H), 7.61 (t, J = 7.8 Hz, 1H), 7.67 (dd, J = 0.84, 7.6 Hz, 1H), 7.94 (s, 1H), 

8.03-8.10 (m, 2H), 8.19 (dd, J = 2.3, 7.3 Hz, 2H), 8.41 (d, J = 7.8 Hz, 1H), 8.49 (s, 1H), 8.70 (d, J = 7.6 

Hz, 1H) ppm; 13C NMR (CDCl3, 100 MHz) δ 14.0, 23.0, 32.4, 33.2, 89.5, 91.8, 118.7, 122.9, 123.1, 
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123.5, 125.0, 125.4, 125.4, 126.0, 126.3, 126.3, 126.3, 127.5, 129.8, 130.5, 130.6, 131.3, 133.9, 137.8, 

138.3, 142.0, 144.1 ppm. HRMS (APCI) calcd. for C27H21BrN [M+H] +: 438.0852, found: 438.0843. 

Elemental analysis calcd. for C27H20BrN: C 73.98 H 4.60 N 3.20 Br 18.23, found: C 74.06 H 4.62 N 

3.01 Br 18.09. 

Synthesis of N. A mixture of (Sp)-Cp (20.0 mg, 0.0657 mmol), 2-iodopyridine (8) (59.3 mg, 0.289 

mmol), Pd2(dba)3 (6.0 mg, 0.00657 mmol), dppf (7.3 mg, 0.0131 mmol), CuI (2.5 mg, 0.0131 mmol), 

THF (2 mL) and Et3N (2 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. 

After degassing the reaction mixture several times, the reaction was carried out at room temperature for 

24 h. After the reaction, precipitates were removed by filtration, and the solvent was evaporated. The 

residue was semi-purified by flash column chromatography on basic (pH = 8.5-10.5) Al2O3 (EtOAc as 

an eluent) and recrystallization from CH2Cl2 and hexane (good and poor solvent, respectively) to afford 

(Sp)-N (25.7 mg, 0.0419 mmol, 64%) as a colorless crystal. Rf = 0.23 (EtOAc/CH2Cl2 = 1/1 v/v). 1H 

NMR (CD2Cl2, 400 MHz) δ 3.16-3.24 (m, 4H), 3.61-3.69 (m, 4H), 7.25 (s, 4H), 7.31 (ddd, J = 1.4, 4.8, 

7.6 Hz, 4H), 7.65 (td, J = 1.2, 7.8 Hz, 4H), 7.75 (dt, J = 1.8, 7.7 Hz, 4H), 8.67 (ddd, J = 0.96, 1.7, 4.8 

Hz, 4H) ppm; 13C NMR (CD2Cl2, 100 MHz) δ 33.2, 88.5, 94.9, 123.4, 125.3, 128.0, 135.5, 136.6, 143.2, 

143.9, 150.6 ppm. HRMS (ESI) calcd. for C44H29N4 [M+H] +: 613.2387, found: 613.2364. (Rp)-N was 

obtained by the same procedure in 86% isolated yield. (Sp)-N: [α]23
D = −96.4 (c 0.1, CH2Cl2). (Rp)-N: 

[α]23
D = +97.7 (c 0.1, CH2Cl2). 

Synthesis of N-Ph. A mixture of (Sp)-Cp (30.0 mg, 0.0986 mmol), 2-bromo-6-(phenylethynyl)pyridine 

(9) (127 mg, 0.493 mmol), Pd2(dba)3 (9.0 mg, 0.00986 mmol), dppf (10.9 mg, 0.0197 mmol), CuI (3.8 

mg, 0.0197 mmol), THF (3 mL) and Et3N (3 mL) was placed in a round-bottom flask equipped with a 

magnetic stirring bar. After degassing the reaction mixture several times, the reaction was carried out 

at 80 ˚C for 24 h. After the reaction, precipitates were removed by filtration, and the solvent was 

evaporated. The residue was semi-purified by flash column chromatography on SiO2 (CH2Cl2/EtOAc = 

9/1 v/v as an eluent). Further purification was carried out by HPLC with CHCl3 and flash column 

chromatography on basic (pH = 8.5-10.5) Al2O3 (CH2Cl2/EtOAc = 19/1 v/v as an eluent). The purified 

sample was collected by lyophilization with benzene to afford (Sp)-N-Ph (14.6 mg, 0.0144 mmol, 15%) 

as a colorless powder. Rf = 0.23 (CH2Cl2). 1H NMR (CD2Cl2, 400 MHz) δ 3.21-3.29 (m, 4H), 3.66-3.74 

(m, 4H), 7.32 (s, 4H), 7.39-7.44 (m, 12H), 7.51 (dd, J = 0.72, 7.6 Hz, 4H), 7.61-7.66 (m, 8H), 7.72 (dd, 

J = 0.72, 7.8 Hz, 4H), 7.78 (t, J = 7.8 Hz, 4H), ppm; 13C NMR (CD2Cl2, 100 MHz) δ 33.0, 88.9, 88.9, 

89.6, 94.6, 122.4, 125.4, 126.9, 127.4, 128.9, 129.6, 132.4, 135.8, 137.1, 143.2, 144.1, 144.2 ppm. 
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HRMS (ESI) calcd. for C76H45N4 [M+H] +: 1013.3639, found: 1013.3624. Elemental analysis calcd. for 

C76H44N4: C 90.09 H 4.38 N 5.53, found: C 89.51 H 4.51 N 5.47. (Rp)-N-Ph was obtained by the same 

procedure in 21% isolated yield. (Sp)-N-Ph: [α]23
D = +16.8 (c 0.1, CH2Cl2). (Rp)-N-Ph: [α]23

D = −16.5 

(c 0.1, CH2Cl2). 

Synthesis of N-Py. A mixture of (Sp)-Cp (20.0 mg, 0.0657 mmol), 7 (118 mg, 0.270 mmol), Pd2(dba)3 

(6.0 mg, 0.00657 mmol), dppf (7.2 mg, 0.00657 mmol), CuI (2.5 mg, 0.00657 mmol), THF (12 mL) 

and Et3N (12 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 80 ˚C for 24 h. After the 

reaction, precipitates were removed by filtration, and the solvent was evaporated. The residue was semi-

purified by flash column chromatography on SiO2 (CHCl3 as an eluent) and further purification was 

carried out by HPLC with CHCl3 to afford (Sp)-N-Py (70.7 mg, 0.0408 mmol, 62%) as a light yellow 

powder. Rf = 0.68 (CHCl3). 1H NMR (CDCl3, 400 MHz) δ 1.02 (t, J = 7.4 Hz, 12H), 1.56 (sext, J = 7.6 

Hz, 8H), 1.85-1.93 (m, 8H), 3.24 (t, J = 7.8 Hz, 8H), 3.24-3.33 (m, 4H), 3.73-3.81 (m, 4H), 7.40 (s, 

4H), 7.57 (dd, J = 2.4 6.5 Hz, 4H), 7.80-7.85 (m, 8H), 7.97 (t, J = 7.8 Hz, 4H), 8.02 (t, J = 7.7 Hz, 4H), 

8.12 (d, J = 7.6 Hz, 8H), 8.34 (d, J = 7.6 Hz, 4H), 8.43 (s, 4H), 8.70 (dd, J = 0.84, 7.8 Hz, 4H) ppm; 

13C NMR (CDCl3, 100 MHz) δ 14.0, 23.0, 32.4, 32.9, 33.2, 88.2, 89.3, 93.1, 94.3, 119.1, 122.7, 123.3, 

123.6, 125.0, 125.2, 125.3, 125.4, 125.9, 126.3, 126.4, 126.7, 127.2, 129.9, 130.6, 131.3, 133.7, 135.7, 

136.7, 137.7, 142.7, 144.1, 144.3 ppm. HRMS (APCI) calcd. for C132H93N4 [M+H] +: 1733.7395, found: 

1733.7371. (Rp)-N-Py was obtained by the same procedure in 58% isolated yield. 

Ag(I) Complexes. The preparation methods of the Ag(I)-coordinated compounds, (Sp)-N-Ag, (Sp)-N-

Ph-Ag and (Sp)-N-Py-Ag are as follows. Ag(I) coordination was confirmed by NMR spectra. The 

difference of solubility between starting compounds and the obtained compounds supported the Ag(I) 

coordination. Although Ag(I) coordination was also confirmed by MS spectra, trans-N-N-Ag(I) 

coordinate compounds having two coordination sites were usually detected as mono-coordinate 

compounds by the MS spectra. Yields of (Sp)-N-Ph-Ag and (Sp)-N-Py-Ag are not described because 

the coordination number of the obtained compounds are not clarified. 

Preparation of N-Ag. A mixture of (Sp)-N (10.0 mg, 0.0163 mmol) and AgOTf (16.8 mg, 0.0652 

mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the 

reaction mixture several times, CH2Cl2 (1.0 mL) was added to the mixture. The reaction was carried out 

at reflux temperature for 14 h. After the reaction, all CH2Cl2 was dried over in the same flask. The 

residue was dissolved in CH2Cl2 and filtered to remove excess AgOTf. After the solvent of filtrate was 
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evaporated, the residue was dissolved in CH3CN and filtered to remove unreacted (Sp)-N. After the 

solvent of filtrate was evaporated, repreticipation with CH2Cl2 and hexane (good and poor solvent 

respectively) was carried out to afford (Sp)-N-Ag (16.1 mg, 0.0143 mmol, 88%) as a light yellow solid. 

(Sp)-N was not dissolved in CH3CN, but (Sp)-N-Ag was dissolved in CH3CN. 1H NMR (CD2Cl2, 400 

MHz) δ 3.05-3.14 (m, 4H), 3.49-3.57 (m, 4H), 7.30 (s, 4H), 7.60 (ddd, J = 7.6 5.5, 1.3 Hz, 4H), 7.82 (d, 

J = 7.6 Hz, 4H), 8.00 (dt, J = 7.8, 1.6 Hz, 4H), 9.07 (d, J = 4.7 Hz, 4H) ppm; 13C NMR (CDCl3, 100 

MHz) δ 32.8, 91.9, 94.2, 119.5, 122.7, 125.1, 125.4. 129.2, 135.4, 139.7, 143.5. 143.8, 153.8 ppm (only 

two peaks of quartet CF3 peaks of trifluoromethanesulfonate are detected). HRMS (ESI) calcd. for 

C44H28N4Ag [M-Ag(OTf)2]+: 719.1359, found: 719.1346. (Sp)-N-Ag: [α]23
D = −33.4 (c 0.1, CH2Cl2). 

(Rp)-N-Ag: [α]23
D = +36.2 (c 0.1, CH2Cl2). 

Preparation of N-Ph-Ag. A mixture of (Sp)-N-Ph (10.0 mg, 0.00987 mmol) and AgOTf (25.4 mg, 

0.0987 mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, CH2Cl2 (1.0 mL) was added to the mixture. The reaction 

was carried out at reflux temperature for 20 h. After the reaction, all CH2Cl2 was removed in vacuo. 

The residue was dissolved in CH2Cl2 and filtered to remove excess AgOTf. After the solvent of filtrate 

was evaporated, the residue was dissolved in MeOH and filtered to remove unreacted (Sp)-N-Ph. After 

the solvent of filtrate was evaporated, repreticipation with CH2Cl2 and hexane (good and poor solvent 

respectively) was carried out to afford (Sp)-N-Ph-Ag (13.7 mg, 0.00897 mmol) as a light yellow solid. 

(Sp)-N-Ph was not dissolved in CH3OH, but (Sp)-N-Ph-Ag was dissolved in CH3OH. 1H NMR (CD2Cl2, 

400 MHz) δ 3.12-3.20 (m, 4H), 3.56-3.64 (m, 4H), 7.25-7.29 (m, 8H), 7.32-7.35 (m, 8H), 7.39-7.44 (m, 

4H), 7.45 (s, 4H), 7.80 (dd, J = 7.8, 0.96 Hz, 4H), 7.90 (dd, J = 7.8, 0.96 Hz, 4H), 8.13 (t, J = 7.8 Hz, 

4H) ppm; 13C NMR (CDCl3, 100 MHz) δ 33.0, 87.3, 93.0, 93.7, 95.6, 120.4, 124.9, 128.4, 128.5, 128.7, 

130.6, 132.6, 135.8, 140.7, 143.9, 144.3, 145.1 ppm (quartet CF3 peaks of trifluoromethanesulfonate 

are not detected). HRMS (ESI) calcd. for C76H44N4Ag [M-Ag(OTf)2]+: 1119.2611, found: 1119.2607. 

(Rp)-N-Ph-Ag was obtained by the same procedure. (Sp)-N-Ph-Ag: [α]23
D = +172.0 (c 0.1, CH2Cl2). 

(Rp)-N-Ph-Ag: [α]23
D = −195.2 (c 0.1, CH2Cl2). 

Preparation of N-Py-Ag. A mixture of (Sp)-N-Py (20.0 mg, 0.0115 mmol) and AgOTf (29.5 mg, 0.115 

mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the 

reaction mixture several times, CH2Cl2 (2.0 mL) was added to the mixture. The reaction was carried out 

at reflux temperature for 20 h. After the reaction, all CH2Cl2 was removed in vacuo. The residue was 

dissolved in CHCl3 and filtered to remove excess AgOTf. After the solvent of filtrate was evaporated, 
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repreticipation with CHCl3 and hexane (good and poor solvent respectively) was carried out to afford 

(Sp)-N-Py-Ag (19.9 mg, 0.00885 mmol) as a light yellow solid. (Sp)-N-Py was not dissolved in CH3CN, 

but (Sp)-N-Py-Ag was dissolved in CH3CN. However, when (Sp)-N-Py-Ag was dissolved in CH3CN, 

insoluble compounds (Sp)-N-Py precipitate because the Ag coordination of (Sp)-N-Py-Ag was weak. 

HRMS (ESI) calcd. for C132H92N4Ag [M-Ag(OTf)2]+: 1839.6367, found: 1839.6388. (Rp)-N-Py-Ag was 

obtained by the same procedure. 
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Chapter 10 

 

Synthesis of Optically Active X-Shaped Conjugated Compounds and 

Dendrimers Based on Planar Chiral [2.2]Paracyclophane, Leading to 

Highly Emissive Circularly Polarized Luminescence Materials 

 

 

Abstract 

The author synthesized optically active dendrimers with a planar chiral 4,7,12,15-

tetrasubstituted [2.2]paracyclophane as a core unit. Taking advantage of the rigid and stable 

chiral conformation of the [2.2]paracyclophane framework, each dendrimer exhibited the 

maximum circularly polarized luminescence property (CPL) derived form the core unit. In 

addition, light-harvesting effect and steric protection of dendritic structure enhanced the 

photoluminescence property both in the dilute solution and in the film state (dissymmetry 

factor: glum ≈ 0.002, and absolute fluorescence quantum efficiency: Φlum ≈ 0.60). 
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Introduction 

Circularly polarized light is widely studied as optically active light in biochemistry,1 photo-

induced enantioselective synthesis,2-6 and 3D display application. Optically active luminescent 

materials have a potential to exhibit circularly polarized luminescence (CPL). Recently, many 

studies were carried out to explore optically active compounds having good CPL property.7-12 

CPL property is usually evaluated with dissymmetry factor (glum) and photoluminescence (PL) 

intensity, in addition to molar absorption coefficient (ε) and photoluminescence quantum 

efficiency (Φlum). However, the molecule exhibiting good glum and PL intensity is still limited 

in number. One of the reasons is that the property of CPL depends on the inherent feature of 

molecules. If it is possible to enhance CPL property by suitable surroundings, various CPL 

compounds have the opportunity to be used as practical materials. 

Recently, our research group revealed that π-conjugated compounds based on a planar chiral 

[2.2]paracyclophane exhibited excellent CPL properties (glum = 10−3-10−2, ε = 105-106 M−1cm−1, 

Φlum = 0.40-0.90) in the dilute solution.7,8,12p Planar chiral [2.2]paracyclophanes provide CPL 

properties to emitters because of the rigid and stable chiral structure.13 However, PL intensity 

of their solids decreased drastically due to the aggregation-caused quenching. 

To design next generation CPL materials, the author focuses on the dendritic structure. 

Dendrimers are widely known as enhancing the core luminescence property by light-harvesting 

effect and isolating the core unit by steric protection.14,15 These effects bring out inherent 

properties of the core, such as the luminescence property, regardless of environment. Thus, 

dendrimers are expected to enhance the CPL property both in the dilute solution and the 

aggregation state. 

Chiral core dendrimer received much attention as the potential application for catalysts16 

and sensors.17 On the other hand, there are no reports focusing on the CPL material. One of the 

reasons is that there have not been a suitable dendrimer core showing conformationally stable 
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chirality and good luminescence property so far. If the core is flexible, the congested dendrimer 

structure sometimes reduces its chirality.18 Hence, planar chiral [2.2]paracyclophanes having 

the rigid and stable chirality are suitable for the luminescent chiral dendrimer core. In this 

chapter, the author designed dendrimers having a π-conjugated planar chiral tetrasubstituted 

[2.2]paracyclophane as a core unit and Fréchet-type phenyl ether dendron. The author 

synthesized G0-G4 dendrimers and investigated chiroptical properties. This is the first trial 

synthesizing CPL dendrimers using a luminescent π-conjugated [2.2]paracyclophane as a 

chiral core. 

 

Results and Discussion 

Synthesis 

The optical resolution of planar chiral 4,7,12,15-tetrasubstituted [2.2]paracyclophane was 

carried out using the diastereomer method developed in Chapter 3, and the obtained 

enantiopure compounds were converted to the corresponding (Rp)- and (Sp)-4,7,12,15-

tetraethynyl[2.2]paracyclophanes.7a The synthetic routes to the target optically active 

dendrimers are shown in Schemes 1 and 2. Firstly, the author synthesized iodinated dendrons 

D1-I-D4-I using Williamson ether synthesis (Scheme 1), and the synthetic methods of D1-I-

D3-I were already reported (see the experimental section). The author used Sonogashira-

Hagihara coupling19 method to obtain the target optically active dendrimers G1-G4 (Scheme 

2). In addition, as a model compound of these dendrimers, chiral core unit G0 was synthesized 

in the same way. 3,5-Disubstituted benzyl aryl ether dendrons (Fréchet-type dendrons) were 

prepared according to the literature.20,21 

A mixture of D4-Br, p-iodophenol, K2CO3, KI, and 18-crown-6 was refluxed to afford 

iodinated dendrons D4-I in 75% isolated yield (Scheme 1). In Scheme 2, only the reactions of 

the (Sp)-isomers are shown in these reactions; the (Rp)-isomers were prepared under the same 
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conditions for (Rp)-1. The treatment of (Sp)-4,7,12,15-tetraethynyl[2.2]paracyclophane (Sp)-1 

with iodinated dendrons Dn-I (n = 1-4) in the presence of the Pd2(dba)3/CuI catalytic system 

using 1,1'-bis(diphenylphosphino)ferrocene (dppf) as a phosphine ligand afforded chiral core 

dendrimers (Sp)-Gn (n = 1-4) in 88% (G1), 69% (G2), 47% (G3), and 55% (G4) isolated yields, 

respectively. In addition, the treatment of (Sp)-1 with p-iodoanisole in the presence of the same 

catalytic system afforded chiral core unit (Sp)-G0 in 68% isolated yield. Reaction solvent was 

selected depending on the solubility of dendrimers. Chiral dendrimer structures are shown in 

Scheme 3. All dendrimers and the core unit were pale light yellow solids. The structures of all 

new compounds in this study were confirmed by 1H and 13C NMR spectroscopy, high-

resolution mass spectrometry (HRMS), and elemental analysis; the detailed synthetic 

procedures and NMR spectra are shown in the experimental section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of dendrons D1-I-D4-I 

Scheme 2. Synthesis of chiral dendrimers (Sp)-G0-(Sp)-G4 
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Optical Properties 

The optical and chiroptical properties of both enantiomers of dendrimers G0-G4 were 

evaluated. The data are summarized in Table 1. Optical properties were investigated both in 

the dilute CHCl3 solution and in the film state (prepared from CHCl3 solution). The film of 

each dendrimer was prepared by a spin-coated method. 

Figures 1A and 1B show the UV-vis absorption spectra of dendrimers in the dilute CHCl3 

solution (1.0 × 10−5 M) and in the film state (prepared from CHCl3 solution, 2.0 × 10−3 M), 

respectively. In the region from 300 to 400 nm, each dendrimer showed a similar absorption 

band. They are assigned to the absorption band of π-π* transition derived from the 

[2.2]paracyclophane core unit. This result shows all dendrimers exhibit the identical core 

properties regardless of the generation and concentration (the dilute solution or the film state) 

because the dendrons inhibit aggregation of the core units, especially in the film state. In 

Scheme 3. Structure of chiral dendrimers (Sp)-G0-(Sp)-G4 
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addition, the absorption at 279 nm increased as the generation increased. This area was 

identified with the absorption band of π-π* transition derived from benzene rings in the 

Fréchet-type dendrons. 

 

 

 λabs
a/nm (ε / 105 M−1cm−1) λabs

b/nm λlum
c/nm λlum

d/nm Φlum
e Φlum

f 

(Sp)-G0 279 (0.30), 361 (0.68) − 416 − 0.66 − 

(Sp)-G1 279 (0.40), 363 (0.67) 368 415 425, 445 0.63 0.20 

(Sp)-G2 279 (0.61), 364 (0.69) 278, 367 416 423, 435 0.66 0.54 

(Sp)-G3 279 (1.00), 365 (0.68) 279, 369 417 421, 438 0.66 0.65 

(Sp)-G4 279 (1.76), 363 (0.68) 283, 368 416 420, 435 0.67 0.58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. UV-vis absorption spectra of (Sp)-G0, G1, G2, G3, and G4 (A) in the dilute 

CHCl3 (1.0 × 10−5 M) and (B) in film prepared by a spin-coated method from CHCl3 

solution (2.0 × 10−3 M). The spectra were normalized at each peak top in the range from 

360 to 370 nm. 

Table 1. Optical properties: Spectroscopic data of (Sp)-isomers 

a In CHCl3 (1.0 × 10−5 M). b In film prepared by a spin-coated method from CHCl3 (1.0 × 

10−3 M). c In CHCl3 (1.0 × 10−7 M), excited at 279 nm. d In CHCl3 (1.0 × 10−7 M), excited 

at 279 nm. e Absolute PL quantum efficiency in CHCl3 (1.0 × 10−6 M) excited at peak top 

of the core unit (365 nm). f Absolute PL quantum efficiency in film prepared by a spin-

coated method from CHCl3 (1.0 × 10−3 M), excited at peak top of the core unit (370 nm). 
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Figures 2A and 2B show the photoluminescence (PL) spectra of dendrimers in the dilute 

CHCl3 solution (1.0 × 10−7 M) and in the film state (prepared from CHCl3 solution, 1.0 × 10−3 

M), respectively. Dendrimers were excited at 279 nm, which is the absorption wavelength of 

benzene rings in the dendrons. Relative intensity was calculated by the excitation spectra, based 

on the intensity of [2.2]paracyclophane core unit (365 nm in the dilute solution and 325 nm in 

the film state) as a standard (Figure 3, see experimental section). The intensity of PL spectra 

increased clearly as the generation of dendrimers increased. This phenomenon was observed 

both in the dilute solution and in the film state. This clearly shows that dendron could 

transferred photo-excited energy to the [2.2]paracyclophane core unit and enhanced 

luminescence property. In the film state, the spectrum of G1 was more bathochromically 

shifted than the other dendrimers. This result indicates that intermolecular interaction occurs 

between cores. That is, G1 dendron is too small to inhibit intermolecular interaction, and G2 

dendrimer is necessary at least for inhibiting the aggregation-caused quenching. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. PL spectra of (Sp)-G0, G1, G2, G3, and G4 (A) in the dilute CHCl3 (1.0 × 10−7 

M) and (B) in film prepared by a spin-coated method from CHCl3 solution (1.0 × 10−3 M). 

Excitation wavelength: 279 nm. 
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Chiroptical Properties 

The chiroptical properties of the ground and excited states of dendrimers were investigated 

by circular dichroism (CD) and CPL spectroscopy, respectively. The chiroptical data, i.e. CD 

and CPL dissymmetry factors (gabs and glum) are summarized in Table 2. 

Figures 3A and 3B show the CD and absorption spectra of both enantiomers of dendrimers 

in the dilute CHCl3 (1.0 × 10−5 M) and in the film state (prepared from CHCl3 solution, 5.0 × 

10−3 M). In all cases, mirror image Cotton effects were observed in the CD spectra, and the gabs 

values of the first Cotton effect were estimated to be +1.3 × 10−3-+1.6 × 10−3 in the dilute 

solution and +1.5 × 10−3-+1.6 × 10−3 in the film state, respectively. The spectral shapes of 

dendrimers in the dilute solution and the film state were similar. This result shows that 

chiroptical properties depend on the [2.2]paracyclophane core unit instead of the dendrons. In 

addition, constant chiroptical properties derived from the core were observed regardless of the 

generations and concentration. This is because of the steric protection of dendrons and the rigid 

as well as conformationally stable chirality of the [2.2]paracyclophane framework. 

Figure 3. Excitation spectra of (Sp)-G0, G1, G2, G3, and G4 (A) in the dilute CHCl3 (1.0 

× 10−5 M) and (B) in film prepared by a spin-coated method from CHCl3 solution (1.0 × 

10−3 M). The spectra were normalized at each peak top in the range from 360 to 370 nm in 

the dilute CHCl3, and 325 nm in film. 
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 gabs
a,b / 10−3 gabs

b,c / 10−3 glum
a,d / 10−3 glum

b,d / 10−3 

(Sp)-G0 +1.3 − +1.4 − 

(Sp)-G1 +1.3 +1.6 +1.4 +2.1 

(Sp)-G2 +1.3 +1.6 +1.4 +2.0 

(Sp)-G3 +1.6 +1.6 +1.4 +1.8 

(Sp)-G4 +1.3 +1.5 +1.4 +2.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Chiroptical properties: Spectroscopic data of (Sp)-isomers 

a In CHCl3 (1.0 × 10−5 M). b gabs = 2Δε/ε, where Δε indicates differences of absorbance 

between left- and right-handed circularly polarized light, respectively. The gabs value of the 

first peak top was estimated. c In film prepared by a spin-coated method from CHCl3 (5.0 × 

10−3 M). d glum = 2(I left − Iright)/( Ileft + Iright), where I left and Iright indicate luminescence 

intensities of left- and right-handed CPL, respectively. 

Figure 3. CD (top), gabs (middle), and UV-vis (bottom) spectra of G0, G1, G2, G3, and G4 

(A) in the dilute CHCl3 (1.0 × 10−5 M) and (B) in film prepared by a spin-coated method 

from CHCl3 solution (5.0 × 10−3 M). 

250 300 350 400 450

Wavelength / nm

N
or

m
al

iz
ed

ab
so

rb
an

ce

300

200

100

0

−100

−200

−300

250 300 350 400 450
Wavelength / nm

0.002

−0.002

−0.004

0.004

0

Δ
ε

/ M
−1

cm
−1

g
abs

(Sp)-G4
(Sp)-G3
(Sp)-G2

(Sp)-G1

(Sp)-G0

(Rp)-G4
(Rp)-G3
(Rp)-G2

(Rp)-G1

(Rp)-G0

250 300 350 400 450

Wavelength / nm

N
or

m
al

iz
ed

ab
so

rb
an

ce

250 300 350 400 450
Wavelength / nm

(Sp)-G4
(Sp)-G3
(Sp)-G2

(Sp)-G1

(Rp)-G4
(Rp)-G3
(Rp)-G2

(Rp)-G1

N
or

m
al

iz
ed

 m
de

g

0.002

−0.002

−0.004

0.004

0

g
abs

(A) (B)



 

Chapter 10 

222 

 

Figures 4A and 4B show CPL spectra of dendrimers in the dilute CHCl3 solution (1.0 × 10−5 

M) and in the film state (prepared from CHCl3 solution, 5.0 × 10−3 M) excited at 279 nm. 

Intense and mirror image CPL signals were observed in the emission regions. All dendrimers 

exhibited very large and similar glum values of +1.4 × 10−3 in the dilute solution and +1.8 × 

10−3-+2.1 × 10−3 in the film state, regardless of the generation and concentration. This result 

shows that dendrimers can enhance PL intensity keeping large glum value higher. Dendritic 

structure has a potential to improve the chiroptical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Absolute PL Quantum Efficiency 

In order to clarify the effect of steric protection of dendrimers, absolute fluorescence 

quantum efficiency (Φlum) was estimated. The [2.2]paracyclophane core unit was directly 

excited (excitation wavelength: 365 nm in the dilute solution and 370 nm in the film state) to 

Figure 4. CPL (top), gabs (middle), and PL (bottom) spectra of G0, G1, G2, G3, and G4 

(A) in the dilute CHCl3 (1.0 × 10−5 M) and (B) in film prepared by a spin-coated method 

from CHCl3 solution (5.0 × 10−3 M). Excitation wavelength: 279 nm. 
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investigate whether the aggregation-caused quenching occurred or not. The data of Φlum were 

plotted, as shown in Figure 5. In the dilute solution, Φlum of all dendrimers, including core unit, 

was over 0.60, ((Sp)-G0, 0.66; (Sp)-G1, 0.63; (Sp)-G2, 0.66; (Sp)-G3, 0.66; (Sp)-G4, 0.67). On 

the other hand, in the film state, Φlum was changed by the generations. The values were 0.20 

((Sp)-G1), 0.54 ((Sp)-G2), 0.65 ((Sp)-G3), 0.58 ((Sp)-G4). By increasing the generations, Φlum 

reached the value of the dilute solution. This is because steric protection of dendrons inhibited 

the aggregation-caused quenching. This result corresponds to the result of bathochromic shift 

in the PL spectra. In the case of G4, Φlum decreased slightly compared with G3. G4 dendrons 

are congested, resulting in the conformational change of the π-conjugated [2.2]paracyclophane 

core. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Absolute fluorescence quantum efficiency (Φlum) of (Sp)-G0, G1, G2, G3, and 

G4. (A) Plot data of Φlum. (B) Photograph of (Sp)-G1, G2, G3, and G4 in CHCl3, (C) 

Photograph of (Sp)-G1, G2, G3, and G4 in film, excited by long wave of UV lamp (365 

nm). 



 

Chapter 10 

224 

 

Energy Transfer of Dendrons 

To investigate the effect of energy transfer of Fréchet-type dendrons, PL intensity of (Sp)-

G0 dispersed in polystyrene, (Sp)-G3, and (Sp)-G4 was investigated. Polystyrene (Mn = 80,000, 

PDI = 2.6) was used as a matrix to disperse G0. Polystyrene is commercially available polymer 

and can make benzene-rich environment in the same way as the Fréchet-type dendrons. Figures 

6A and 6B show PL and excitation spectra of 5 wt% G0 in polystyrene, 10 wt% G0 in 

polystyrene, G3, and G4, respectively. The film of 5 wt% G0 in polystyrene was the almost 

same composition of G3 dendrimer and the film of 10 wt% G0 in polystyrene was the almost 

same composition of G4 dendrimer. PL spectra were normalized by excitation spectra; the 

intensity of 325 nm as a standard. (Sp)-G0 dispersed in polystyrene was excited at 262 nm, 

which is the wavelength of polystyrene absorption. As shown in Figure 6A, PL intensity of 

dendrimers was apparently stronger than that of G0 in polystyrene. According to the excitation 

spectra, energy transfer did not occur in the case of the dispersing system. The result indicates 

that the dendritic structure is essential for energy transfer from dendron to the core unit, i.e. 

light-harvesting effect. 

 

 

 

 

 

 

 

 

 

 

Figure 6. (A) PL spectra of 5 wt%, 10 wt% (Sp)-G0 dispersed in polystyrene, G3, and G4 

in film prepared by a spin-coated method from CHCl3 solution (1.0 × 10−3 M). Excitation 

wavelength: 262 nm, (Sp)-G0 dispersed in polystyrene, 279 nm, G3, and G4. (B) Excitation 

spectra of 5 wt%, 10 wt% (Sp)-G0 dispersed in polystyrene, G3, and G4. The spectra were 

normalized at 328 nm. 
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Structures of Dendrimers 

Figure 7 shows the dendrimers structures optimized by PM322 with MOPAC2012.23 The 

structures are shown by a space-fill model. In the case of G1 and G2, the steric protection of 

dendrons was not sufficient to isolate the core. However, in the case of G3, dendrons partially 

covered core unit, and in G4 dendrons completely isolated the core. Practically, considering 

the intermolecular interaction and dendrimer mobility, G2 dendrimer was sufficient to inhibit 

the aggregation-caused quenching as judged from the experimental data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Space-fill model of dendrimers calculated by PM3. The π-conjugated 

[2.2]paracyclophane core unit is colored blue to clarify.  
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Conclusions 

The author synthesized optically active dendrimers with planar chiral [2.2]paracyclophane 

as a core unit. In each dendrimer, the chiral core exhibited the inherent properties derived from 

the planar chiral [2.2]paracyclophane. This is because the planar chiral [2.2]paracyclophane 

has rigid and conformationally stable chiral structure. In addition, PL intensity was enhanced 

by light-harvesting effect of the dendritic structure, and intense PL was observed both in the 

dilute solution and in the film state because of steric protection of the dendrons. To best of the 

author's knowledge, this the first example of enhancing CPL property with making suitable 

surroundings. This result definitely leads to next generation CPL materials. 

 

 



 

Chapter 10 

 

227 

Experimental Section 

General. 1H and 13C spectra were recorded on JEOL EX400 and AL400 instruments at 400 and 100 

MHz, respectively. Samples were analyzed in CDCl3, and the chemical shift values were expressed 

relative to Me4Si as an internal standard. Analytical thin layer chromatography (TLC) was performed 

with silica gel 60 Merck F254 plates. Column chromatography was performed with Wakogel C-300 

SiO2. High-resolution mass (HRMS) spectrometry was performed at the Technical Support Office 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto 

University), and the HRMS spectra were obtained on a Thermo Fisher Scientific EXACTIVE 

spectrometer for atmospheric pressure chemical ionization (APCI), and a Thermo Fisher Scientific 

orbitrapXL spectrometer for matrix assisted laser desorption/ionization (MALDI) using 1,8-dihydroxy-

9,10-dihydroanthracen-9-one (DIT), α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic 

acid (DHB), and 9-nitroanthracene (9-NA) as a matrix. Recyclable preparative high-performance liquid 

chromatography (HPLC) was carried out on a Japan Analytical Industry Model LC918R (JAIGEL-1H 

and 2H columns) using CHCl3 as an eluent. UV-vis spectra were recorded on a SHIMADZU UV-3600 

spectrophotometer, and samples were analyzed in CHCl3 at room temperature. Photoluminescence (PL) 

spectra were recorded on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer, and samples 

were analyzed in CHCl3 at room temperature. Specific rotations ([α]t
D) were measured with a HORIBA 

SEPA-500 polarimeter. Circular dichroism (CD) spectra were recorded on a JASCO J-820 

spectropolarimeter with CHCl3 as a solvent at room temperature. Circularly polarized luminescence 

(CPL) spectra were recorded on a JASCO CPL-200S with CHCl3 as a solvent at room temperature. 

Elemental analyses were performed at Organic Elemental Analysis Research Center, Kyoto University. 

Materials. Commercially available compounds used without purification: (Tokyo Chemical Industry 

Co, Ltd.) 4-Iodophenol, Pd2(dba)3 (dba = dibenzylideneacetone), 1,1'-bis(diphenylphosphino)ferrocene 

(dppf); (Wako Pure Chemical Industries, Ltd.) p-iodoanisole, K2CO3 KI, 18-crown-6, CuI. 

Commercially available solvents and polymers: Acetone (super dehydrated grade, Wako Pure Chemical 

Industries, Ltd.) and CH2Cl2 (deoxygenated grade, Wako Pure Chemical Industries, Ltd.) used without 

purification. THF (Wako Pure Chemical Industries, Ltd.) and Et3N (Kanto Chemical Co., Inc.), purified 

by passage through solvent purification columns under Ar pressure.24 Polystyrene (degree of 

polymerization, n = 3,000) was purchased from Wako Pure Chemical Industries, Ltd. and purified with 

reprecipitation method with CHCl3 and MeOH (good and poor solvent, respectively). The Mn (= 80,000) 

and PDI (= 2.6) were determined by gel permeation chromatography (GPC) with polystyrene standard. 
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Compounds prepared as described in the literatures: Br-D1, Br-D2, Br-D3, Br-D420 I-D1, I-D2, I-D321 

(Sp)-4,7,12,15-Tetraethynyl[2.2]paracyclophane ((Sp)-1).7a 

Modification Details about Excitation Spectra. PL intensity were normalized by excitation spectra. 

In the dilute solution, peak tops in the range from 360 to 370 nm was used as standard intensity because 

this area was derived from the π-conjugated [2.2]paracyclophane core. In the film state, the intensity at 

325 nm was used as standard because in the case of the film state, the first peak around 370 nm 

decreased by π-π interaction between intermolecular cores. This influence was observed in the low 

generation dendrimers, especially. 

Synthesis of D4-I. A mixture of D4-Br (1.68 g, 0.500 mmol), 4-iodophenol (110 mg, 0.500 mmol), 

K2CO3 (207 mg, 1.50 mmol), KI (83.0 mg, 0.500 mmol), and 18-crown-6 (6.6 mg, 0.025 mmol) was 

placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the reaction 

mixture several times, acetone (50 mL) was added via a syringe. The mixture was refluxed for 24 h. 

After the reaction, acetone was evaporated and the residue was washed with H2O. The organic layer 

was extracted with CH2Cl2 and dried with brine and MgSO4. After removing MgSO4 by filtration, the 

solvent was evaporated. The residue was purified by column chromatography on SiO2 (gradient; 

hexane/CH2Cl2 = 1:2-1:9 as an eluent) to afford D4-I (1.31 g, 0.375 mmol, 75%) as a colorless solid. 

Rf = 0.33 (hexane/CH2Cl2 = 1/3). 1H NMR (CDCl3, 400 MHz) δ 4.79-5.04 (m, 62H), 650-6.64 (m, 47H), 

7.19-7.37, (m, 80H), 7.44 (d, J = 8.8 Hz, 2H) ppm; 13C NMR (CDCl3, 100 MHz) δ 69.7,69.8, 69.9, 70.0, 

70.1, 83.1, 101.6, 101.6, 101.6, 101.6, 106.4, 106.4, 106.5, 106.5, 117.3, 127.5, 128.0, 128.5, 136.8, 

138.2, 139.2, 139.2, 139.2, 139.2, 158.5, 160.0, 160.1, 160.1, 160.1 ppm. HRMS (CHCA) calcd. for 

C223H191INaO31 [M+Na]+: 3514.2312, found: 3514.2326. Elemental analysis calcd. for C223H191IO31: C 

76.66 H 5.51, found: C 75.95 H 5.49. 

Synthesis of G1. A mixture of (Sp)-1 (20.0 mg, 0.0657 mmol), D1-I (151.0 mg, 0.289 mmol), Pd2(dba)3 

(6.0 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mmol), CuI (2.5 mg, 0.013 mmol), THF (2 mL) and Et3N 

(2 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing the 

reaction mixture several times, the reaction was carried out at 45 °C for 12 h with stirring. After the 

reaction mixture was cooled to room temperature, precipitates were removed by filtration, and the 

solvent was removed with a rotary evaporator. The residue was purified by flash column 

chromatography on SiO2 (CHCl3 as an eluent). Further purification was carried out by HPLC to afford 

(Sp)-G1 (123.4 mg, 0.0896 mmol, 88%) as a pale light yellow solid. 1H NMR (CDCl3, 400 MHz) δ 3.07, 

(m, 4H), 3.53 (m, 4H), 5.00 (br, 24H) 6.57 (t, J = 2.2 Hz, 4H) 6.67 (d, J = 2.2 Hz, 8H), 6.94 (d, J = 8.8 
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Hz, 8H), 7.13 (s, 4H), 7.27-7.39 (m, 40H), 7.50 (d, J = 8.8 Hz, 8H) ppm; 13C NMR (CDCl3, 100 MHz) 

δ 32.6, 69.9, 70.1, 88.2, 94.4, 101.6, 106.3, 115.0, 116.2, 125.1, 127.5, 128.0, 128.5, 132.9, 134.4, 136.7, 

139.0, 141.6, 158.7, 160.2 ppm. HRMS (MALDI, DHB) calcd. for C132H104O12 [M] +: 1880.7528, found: 

1880.7539. Elemental analysis calcd. for C132H104O12: C 84.23 H 5.57, found: C 84.41 H 5.61. (Rp)-G1 

was obtained by the same procedure in 83% isolated yield. (Sp)-G1: [α]23
D = −14.3 (c 0.1, CHCl3). (Rp)-

G1: [α]23
D = +13.9 (c 0.1, CHCl3). 

Synthesis of G2. A mixture of (Sp)-1 (10.0 mg, 0.0328 mmol), D2-I (155.3 mg, 0.164 mmol), Pd2(dba)3 

(3.0 mg, 0.0033 mmol), dppf (3.6 mg, 0.0066 mmol), CuI (1.3 mg, 0.0066 mmol), CH2Cl2 (2 mL) and 

Et3N (2 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing 

the reaction mixture several times, the reaction was carried out at 45 °C for 12 h with stirring. After the 

reaction mixture was cooled to room temperature, precipitates were removed by filtration, and the 

solvent was removed with a rotary evaporator. The residue was purified by flash column 

chromatography on SiO2 (CHCl3 as an eluent). Further purification was carried out by HPLC to afford 

(Sp)-G2 (80.5 mg, 0.0225 mmol, 69%) as a pale light yellow solid. 1H NMR (CDCl3, 400 MHz) δ 3.05, 

(m, 4H), 3.52 (m, 4H), 4.78-5.08 (m, 56H), 6.38-6.66 (m, 36H), 6.95 (d, J = 8.3 Hz, 8H), 7.12 (s, 4H), 

7.25-7.38 (m, 80H), 7.49 (d, J = 8.3 Hz, 8H) ppm; 13C NMR (CDCl3, 100 MHz) δ 32.6, 69.9, 70.0, 70.1, 

88.3, 94.4, 101.6, 101.6, 106.3, 106.4, 115.0, 116.2, 125.1, 127.5, 127.9, 128.5, 133.0, 134.4, 136.7, 

139.1, 139.2, 141.6, 158.7, 160.1, 160.1 ppm. HRMS (MALDI, DHB) calcd. for C244H200NaO28 

[M+Na]+: 3600.4124, found: 3600.5067. Elemental analysis calcd. for C244H200O28: C 81.86 H 5.63, 

found: C 81.65 H 5.55. (Rp)-G2 was obtained by the same procedure in 49% isolated yield. (Sp)-G2: 

[α]23
D = +2.9 (c 0.1, CHCl3). (Rp)-G2: [α]23

D = −2.7 (c 0.1, CHCl3). 

Synthesis of G3. A mixture of (Sp)-1 (10.0 mg, 0.0329 mmol), D3-I (295.4 mg, 0.166 mmol), Pd2(dba)3 

(3.0 mg, 0.0033 mmol), dppf (3.6 mg, 0.0066 mmol), CuI (1.3 mg, 0.0066 mmol), CH2Cl2 (3 mL) and 

Et3N (3 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After degassing 

the reaction mixture several times, the reaction was carried out at 45 °C for 12 h with stirring. After the 

reaction mixture was cooled to room temperature, precipitates were removed by filtration, and the 

solvent was removed with a rotary evaporator. The residue was purified by flash column 

chromatography on SiO2 (CHCl3 as an eluent). Further purification was carried out by HPLC to afford 

(Sp)-G3 (108.6 mg, 0.0156 mmol, 47%) as a pale light yellow solid. 1H NMR (CDCl3, 400 MHz) δ 3.02, 

(m, 4H), 3.49 (m, 4H), 4.72-5.04 (m, 120H), 6.45-6.69 (m, 84H), 6.91 (d, J = 8.5 Hz, 8H), 7.09 (s, 4H), 

7.20-7.36 (m, 160H), 7.46 (d, J = 8.5 Hz, 8H) ppm; 13C NMR (CDCl3, 100 MHz) δ 32.6, 69.9, 69.9, 
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70.0, 70.1, 88.3, 94.4, 101.6, 101.6, 101.7, 106.4, 106.5, 106.5, 115.1, 116.2, 125.1, 127.5, 127.9, 128.5, 

133.0, 134.4, 136.8, 139.1, 139.2, 139.2, 141.6, 158.7, 160.1, 160.1, 160.2 ppm. HRMS (MALDI, 

CHCA) calcd. for C468H392NaO60 [M+Na]+: 6993.7521, found: 6994.2092. Elemental analysis calcd. 

for C468H392O60: C 80.58 H 5.66, found: C 80.38 H 5.59. (Rp)-G3 was obtained by the same procedure 

in 86% isolated yield. (Sp)-G3: [α]23
D = +8.4 (c 0.1, CHCl3). (Rp)-G3: [α]23

D = −7.5 (c 0.1, CHCl3). 

Synthesis of G4. A mixture of (Sp)-1 (5.0 mg, 0.016 mmol), D4-I (252.3 mg, 0.0722 mmol), Pd2(dba)3 

(1.5 mg, 0.0016 mmol), dppf (1.8 mg, 0.0033 mmol), CuI (0.6 mg, 0.0033 mmol), CH2Cl2 (2.5 mL) 

and Et3N (2.5 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 45 °C for 12 h with stirring. 

After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, and 

the solvent was removed with a rotary evaporator. The residue was purified by flash column 

chromatography on SiO2 (CHCl3 as an eluent). Further purification was carried out by HPLC to afford 

(Sp)-G4 (123.4 mg, 0.00896 mmol, 55%) as a pale light yellow solid. 1H NMR (CDCl3, 400 MHz) δ 

2.99, (m, 4H), 3.47 (m, 4H), 4.67-4.98 (m, 248H), 6.35-6.60 (m, 180H), 6.87 (d, J = 8.3 Hz, 8H), 7.08 

(s, 4H), 7.16-7.32 (m, 320H), 7.43 (d, J = 8.5 Hz, 8H) ppm; 13C NMR (CDCl3, 100 MHz) δ 32.6, 69.8, 

69.8, 69.8, 69.8, 70.0, 88.3, 94.4, 101.5, 101.5, 101.6, 101.6, 106.3, 106.4, 106.4, 106.4, 114.9, 116.1, 

125.0, 127.4, 127.9, 128.5, 132.9, 134.4, 136.7, 139.2, 139.2, 139.3, 139.3, 141.5, 158.7, 160.0, 160.0, 

160.0, 160.1 ppm. HRMS (MALDI, Sample/9-NA/CH3COONa = 1/10/1) calcd. for C916H776NaO124 

[M+Na]+ (Average): 13790.9, found: 13791.7. Elemental analysis calcd. for C916H776O124: C 79.91 H 

5.68, found: C 78.70 H 5.48. (Rp)-G4 was obtained by the same procedure in 16% isolated yield. (Sp)-

G4: [α]23
D = +9.8 (c 0.1, CHCl3). (Rp)-G4: [α]23

D = −9.0 (c 0.1, CHCl3). 

Synthesis of G0. A mixture of (Sp)-1 (20.0 mg, 0.0657 mmol), p-iodoanisole (67.7 mg, 0.289 mmol), 

Pd2(dba)3 (6.0 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mmol), CuI (2.5 mg, 0.013 mmol), THF (2 mL) 

and Et3N (2 mL) was placed in a round-bottom flask equipped with a magnetic stirring bar. After 

degassing the reaction mixture several times, the reaction was carried out at 50 °C for 12 h with stirring. 

After the reaction mixture was cooled to room temperature, precipitates were removed by filtration, and 

the solvent was removed with a rotary evaporator. The residue was purified by column chromatography 

on SiO2 (CHCl3/hexane = 4/1 v/v as an eluent). Further purification was carried out by HPLC to afford 

(Sp)-G0 (32.8 mg, 0.0450 mmol, 68%) as a pale light yellow solid. Rf = 0.48 (CHCl3/hexane = 4/1 v/v). 

1H NMR (CDCl3, 400 MHz) δ 3.07, (m, 4H), 3.54 (m, 4H), 3.85 (s, 12H), 6.92 (d, J = 8.8 Hz, 8H),7.12 

(s, 4H), 7.52 (d, J = 8.8 Hz, 8H) ppm; 13C NMR (CDCl3, 100 MHz) δ 32.7, 55.4, 88.2, 94.4, 114.2, 
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111.6, 125.1, 133.0, 134.4, 141.6, 159.7 ppm. HRMS (APCI) calcd. for C52H41O4 [M+H] +: 729.2999, 

found: 729.2983. Elemental analysis calcd. for C52H40O4: C 85.69 H 5.53, found: C 85.45 H 5.48. (Rp)-

G0 was obtained by the same procedure in 69% isolated yield. (Sp)-G0: [α]23
D = −82.1 (c 0.1, CHCl3). 

(Sp)-G0: [α]23
D = +84.5 (c 0.1, CHCl3). 
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