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DFT density functional theory
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Chapter 1. General Introduction

1-1. Dehydroannulenes and Dehydrobenzoannulenes

An [n]annulene (e.g., [18]annulene,' Figurel-1a) is defined as a monocyclic hydrocarbon
comprised of alternating single and double bonds where the number in brackets denotes the
number of m-electrons associated with cyclic conjugation.? Replacement of one or more of
double bonds of an [n]annulene with triple bonds affords a dehydro[n]annulene ([#]DA, e.g.,
[18]DA,? Figure 1-1b). Benzannulation of annulene and DA leads to benzo[n]annulene (e.g.,
benzo[18]annulene,* Figure 1-1c) and dehydrobenzo[n]annulene ([#]DBA, e.g., [18]DBA,’

Figure 1-1d), respectively.

(a)

OaWad)

Figure 1-1. (a) [18]Annulene (cyclooctadecanonaene), (b) [18]DA
(cyclooctadecatriene-hexayne), (c) benzo[18]annulene (tribenzo[a,g,m]cyclooctadecanonaene),
and (d) [18]DBA (dodecadehydro-tribenzo[a,g,m|cyclooctadecatriene).

The concepts of aromaticity and antiaromaticity are of fundamental importance in
classifying physical and chemical properties of planar and cyclic =n-conjugated

compounds.®1°

Throughout the 1960s and 1970s, the above four classes of closely related
molecules were investigated extensively in connection with the study on the
aromaticity/antiaromaticity of cyclic m-conjugated system.!! The '"H NMR chemical shifts
have been one of the most widely employed measure as the elucidation of
aromaticity/antiaromaticity.  According to Hiickel’s rule, planar and cyclic conjugated

systems containing (4n+2)r electrons induce diamagnetic ring current (diatropicity) under an

external magnetic field. On the other hand, those containing 4nm electrons induce



paramagnetic ring current (paratropicity) under an external magnetic field. The research
groups of Sondheimer, Staab, and Nakagawa, the three pioneers of this area of chemistry,
prepared an impressive array of annulenic structures such as [14]DBA (Figure 1-2a),'?
[12]DBA (Figure 1-2b),'*'* and acetylene-cumulene [14]DBA containing acetylenic and
cumulenic linkages (Figure 1-2¢),'> respectively. The historical findings of the
aromaticity/antiaromaticity of [n]annulenes, [n]DAs, benzo[n]annulenes, and [#]DBAs will
not be dealt with in this Chapter; the reader is referred to the comprehensive reviews and

books. 617

Figure 1-2. Structures of representative classic DBAs. (a) [14]DBA, (b) [12]DBA, and (c)
acetylene—cumulene [14]DBA

The incorporation of triple bonds into an [#]annulene ring restricts the possible cis—trans
isomerization of C=C double bonds and the rotation around C—C single bonds, and thereby
the geometrical freedom of [#]DAs becomes lower than that of [#]annulenes. Therefore, the
assessment of tropicity is more straightforward in [#]DAs than [n]annulenes; however, the
incorporation of triple bonds lowers the extent of cyclic m-conjugation because the
localization of m-electrons in the triple bonds in [#]DAs is more pronounced than that in the
double bonds in [r]annulenes.?® Benzannulation to an annulene ring not only suppresses the
geometrical freedom but also dramatically increases the chemical stability,?! yet it generally
lowers the extent of cyclic m-conjugation because of the tendency of n-electron localization in

the fused benzene rings.?
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After the discovery® and isolation of bulk quantities’* of various fullerene including
buckminsterfullerene (Cso), their properties and covalent modification were extensively
investigated in subsequent years. In parallel, vigorous researches on carbon nanotubes for
their application into optoelectronic materials were carried out.>2” More recently, the
extraordinarily facile access to graphene, which is a single layer of graphite, has drawn
enormous interest among the physics and chemistry communities owing to its intriguing
electronic and magnetic properties.?®

In parallel with the developments on the study on carbon allotropes in the field of physics
mentioned above, organic chemists have been interested in the design and chemical synthesis
of carbon allotropes and carbon-rich materials. Cyclo[n]carbon was proposed as the first
carbon allotrope in 1966 (e.g., cyclo[18]carbon, Figure 1-3a),”’ and then various 2D and 3D
carbon networks were proposed one after another since the late 1980s, which was apparently

inspired by the discovery of fullerenes.*

Among the proposed 2D and 3D carbon networks,
the 2D carbon networks composed of benzene rings and acetylenic units, namely ethyne and
butadiyne units were named as graphyne’! (Figure 1-3b) and graphdiyne®** (Figure 1-3c),
respectively, and they have been hitherto unknown 2D networks and the representative targets
of synthetic and computational works. Thus, since [12]- and [18]DBAs are the smallest
substructure of graphyne and graphdiyne, respectively, a variety of larger congeners of
[12]->337 and [18]DBAs***" have been synthesized as model compounds of graphyne and
graphdiyne, respectively (Figure 1-4). The historical overview of carbon-rich materials is

summarized in a recent review,*! and the work on DBAs has been the subject of recent

review.*
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Figure 1-3. Structures of (a) cyclo[18]carbon, (b) graphyne, and (c) graphdiyne. The bold lines denote the
[12]DBA and [18]DBA units as the smallest substructure of graphyne and graphdiyne, respectively.

R = 3,5-(t-C4Hg),CeH3

Figure 1-4. Representative substructures of graphyne and graphdiyne.
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The reactivities of DAs and DBAs have attracted much interest from the viewpoint of their
potential precursor as novel all-carbon allotropes and carbon-rich materials. In fact, the
generation of cyclo[n]carbons by the [2 + 2] cycloreversion of [#]DA precursors containing
[4.3.2]propellatriene moieties was achieved (Scheme 1-1), however, their generation was only
successful in the gas phase and bulk quantities have not been isolated to date.** The
formation of carbon-rich materials by polymerization of DAs and DBAs in the solid state was
also reported. For instance, photoinduced topochemical polymerization of [14]DBA formed
poly(butadiyne)s (Scheme 1-2a)** and thermally induced polymerization of [20]DBA afforded

ordered onion- and tube-type carbon nanostructures (Scheme 1-2b).*

Scheme 1-1. Example of the generation of cyclo[n]carbons.

// | | A onion- and tube-type
| | nanostructures

Scheme 1-2. Examples of polymerization of (a) [14]- and (b) [20]DBAs in the solid state.

Recently, the reactivity of acetylenic linkages in DAs and DBAs has been exploited to
form polycyclic compounds by multiple bond formations via tandem reactions. Indeed,
[8]-,%48 [12]-,%-%% and [14]DBAs>*** were converted into unsaturated polycyclic compounds
containing five-membered rings via transannular cyclizations induced by either nucleophiles
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or electrophiles (Scheme 1-3a—c). More recently, the transformation of thiophene-> and
thiophene-S,S-dioxide-fused®® [12]DAs into polycyclic compounds containing biphenylene
skeleton has been reported, and it has been pointed out that the reactivity of the DAs increases

with decreasing aromaticity of the fused rings (Scheme 1-3d).

Br Br O

N oo -

R = Si(t-C4Hg)(CHs),

Scheme 1-3. Transannular cyclization of (a) [8]-, (b) [12]-, and (¢) [14]DBAs and (d) thiophene-fused
[12]DAs. Reagents and conditions: a) I,, CH;CH,CN, —78 °C to RT; b) Br,, Air, CH,Cl,, RT; ¢) 1) n-Buli,
THF, =78 °C to RT; 2) H,O, THF, RT; d) heat, CH,Cl..

From the viewpoint of photofunctional materials application, DAs and DBAs have attracted
a great deal of interest during the last two decades owing to their intriguing optical and
optoelectronic properties.”” The key to the conception of high-performance optoelectronic
materials is based on the insight of clear structure—property relationships, which can be used
to understand the properties of existing materials and predict the ideal materials.’® A large
number of DBAs have been synthesized and their properties were investigated to establish
their structure—property relationship; the congeners, to which aromatic rings are not annulated,
are less known owing to their instability (Figure 1-5).° The introduction of donor and/or
acceptor functional groups on the benzene rings of the DBA systems is nowadays regarded as
the effective way to control the electronic and optoelectronic properties of the resulting

) 60-63

compounds (Figure 1-6 [n]DBAs possessing large m-conjugated circuit (n > 20) have

) 64-70
b

been extensively synthesized (Figure 1-7 and their properties and tropicity
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(aromaticity/antiaromaticity) have been explored;’!"’> because of the nonplanar and flexible
structures, most of them show nonaromaticity and possess ineffective macrocyclic

T-conjugation.

R R
XX = FZ
FZ \C/ A

R R

R = TIPS, —@—N(CH3)2

Figure 1-5. Representative structures of functionalized DA derivatives.

R = N(n-C4Hg),, OCHg, OCgH,7, R =N(n-C4Hg), NO, R = CyoHz1, N(n-C4Hg)z, NO,
O(CH,CH,0),CHs, C1oHy;, OH, NO,

Figure 1-6.  Structures of donor- and/or acceptor-substituted DBAs.

Figure 1-7. Structures of higher [n]DBAs (n > 20) composed of benzene rings and ethyne and/or butadiyne
linkages.

Supramolecular chemistry is defined as “chemistry beyond the molecule”, which focuses
on the study on molecular assemblies formed by various noncovalent interactions.”

Self-assembly is one of the key concept of supramolecular chemistry. Planar and rigid
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n-conjugated compounds tend to form self-assemblies, such as liquid crystals, gels, and 1D
crystalline nanostructures, by m—m stacking interactions and/or other intermolecular
interactions (e.g., hydrogen bond, dipole—dipole interactions, and van der Waals

interactions).”

The self-assemblies have intriguing photophysical and electrical properties
reflecting not only the intrinsic electronic properties of the molecules but also the
macroscopic order of the molecules in the self-assemblies.” For example, since n-stacked
1D columns provide a pathway for charge and/or exciton migration to display functional
properties, the fabrication of well-defined 1D self-assembled clusters, such as nanometer- or
micrometer-sized fibers, belts, and rods, with n-stacked 1D columns are hot topics mainly due
to their potential applications for the next generation of organic electronic nanodevices. In

this context, the properties of DBAs in the solid state have been recently exploited, and some

well-defined supramolecular architectures based on functionalized DBAs have been reported

82,83 85,86

in single crystals,’s® liquid crystals,®! vesicles, gels,®* nanofibers, and 2D crystals on

surface®”®® (Figure 1-7).

(a) (b)

R'" R’ R'" R?

R" = H, R? = COOCHj,, N(CHj),
R'=R2=F

—

H,CO0C g‘ COOCH,

= =

H;CO0C COOCH;

Figure 1-8. Examples of DBAs to form (a) single crystals, (b) liquid crystals, and (c—d) gels with n-stacked 1D
arrangement.
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1-2. Research Strategy

Octadehydrodibenzo[12]annulene ([12]DBA) and dodecadehydrotribenzo[18]annulene
([18]DBA) have rigid and planar 4nmt and (4n + 2)r circuits, respectively, and become very
popular n-scaffolding in the DBA chemistry; a variety of their derivatives such as 1a and 2a
have so far been synthesized because the metal-mediated or metal-catalyzed homocoupling
reactions of readily accessible diethynyl benzene derivatives have been well established. In
view of the previous findings as summarized above, the author was stimulated to develop
higher analogues of 1a and 2a systematically by the replacement of fused aromatics from a
benzene ring to a condensed aromatic system and/or the extension of acetylenic linkages from
butadiyne to octatetrayne units. Thus, as shown in Figure 1-9, the author planned to
synthesize tetraalkoxyphenanthrene-fused DAs 3—5 possessing butadiyne linkages (Chapter 2),
DBAs 6-8 possessing octatetrayne linkages (Chapter 3), and tetraalkoxyphenanthrene-fused
DAs 9 and 10 possessing octatetrayne linkages (Chapter 4) and investigate their properties
and self-assembling behavior; their design principle is described at the beginning parts of
Chapters 2, 3, and 4. DAs 3-5, 9, and 10 and DBAs 6-8 were targeted to 1) enhance the
understanding of m-conjugation and tropicity (i.e., aromaticity/antiaromaticity) in DA and
DBA systems, 2) expand the knowledge about the rational design of self-assembling
acetylenic macrocycles, and 3) eventually generate new electronic, photophysical,
electrochemical, and self-assembling properties. In this thesis, the author will present the
synthesis, properties, and self-assembling behavior of 3—10, and these studies are described in

the following three chapters.

Chapter 2.  Tetraalkoxyphenanthrene-Fused Octadehydro[12]- and
Dodecadehydro[ 18]annulenes: Syntheses, Self-assembly, and Electronic, Optical,
and Electrochemical Properties

Chapter 3. Hexadecadehydrodibenzo[20]-, Tetracosadehydrotribenzo[30]-, and
17



Dotriacontadehydrotetrabenzo[40]annulenes: Syntheses, Characterizations,
Electronic Properties, and Self-associations

Chapter 4.  Tetraalkoxyphenanthrene-Fused Hexadecadehydro[20]- and
Tetracosadehydro[30]annulenes: Syntheses, Self-assembly, and Electronic,

Optical, and Electrochemical Properties

RO

RO

SRR

- o | -
=t

RO

RO OR

RO == OR -
Kj(jj _ 3ab,c:n=1,4abec:n=25a:n=3
RO = = OR n

1a:n=1,2a:n=2 a: R = n-C4H,, b:R=C10H21,c:R:~./(/v

R = n-C4Hq

I
Il

N\ 7

RO OR

RO

I\

OR

6:n=1,7.n=2,8n=3
R = n-C4Hq

Figure 1-9. Molecular designs of DAs fused with phenanthrene or DBAs.
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Chapter 2. Tetraalkoxyphenanthrene-Fused Octadehydro[12]- and
Dodecadehydro[18]annulenes: Syntheses, Self-assembly, and Electronic,

Optical, and Electrochemical Properties

2-1. Introduction

The appropriate annulation of aromatic and conjugated heterocyclic systems larger than
benzene to a dehydro[#n]annulene ([#]DA) ring would give rise to high thermal, light, and/or
air stability and fascinating electronic and aggregating properties in the resulting molecules
owing to the structural and electronic features of the annulated moiety. Indeed, [n]DAs

9

fused with phenanthrene,® dimethoxynaphthalene,”® quinoxaline,”! Ru(Il)-coordinated

92 93-95 97,98

dipyridophenazine,”” phthalocyanine, subphthalocyanine,”® tetrathiafulvalene, or
[4]helicene” have been synthesized (Figure 2-1). However, the elucidation of the
correlation of annulated moieties with physicochemical properties still remains to be carried
out; moreover, the studies on the formation of 1D superstructures have been quite limited.”””®
In this context, the author undertook the synthesis of [12]- and [18]DAs 3a,b and 4a,b
annulated at the 9,10-positions of 2,3,6,7-tetraalkoxyphenanthrene (Figure 2-2); although the
synthesis of unsubstituted phenanthrene-fused [12]DA was reported by Nakagawa and
co-workers in 1962 (Figure 2-1a), a detailed investigation on the structure and electronic

properties was not carried out. The following three major structural features are of

importance in this design.
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X

RN

R =H, CO,C4Hq, CO,CgH17, CaHyz, n=1,2

Figure 2-1. Structures

of (a) phenanthrene-,

(b)

(@
1 A
NAN =5 Ng
NN = = N
=

U]

H,CO

H,CO

n=1-4

(b) dimethoxynaphthalene-,

OCH;

OCH,

7 N\

(¢) quinoxaline-, (d)

Ru(II)-coordinated dipyridophenazine-, (e) phthalocyanine- (f) subphthalocyanine-, (g) tetrathiafulvalene-, and

(h) [4]helicene-fused DA derivatives.
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a: R=n-CyHy
b: R = CygHyy

3a,b

Figure 2-2. Structures of DBAs 1a and 2a and phenanthrene-fused DAs 3a,b, 4a,b, and Sa.

First, the bond order of the C9—C10 bond is higher than that of the C—C bond in benzene;
the Wiberg bond indexes were calculated to be 1.69 and 1.43 for phenanthrene and benzene,
respectively, by natural bond orbital (NBO) analyses at the
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) level (Figure 2-3).'°2  The annulation at the
9,10-positions of phenanthrene to a DA ring would enhance the extent of macrocyclic
conjugation relative to the benzannulation, and thereby phenanthrene-fused [12]- and
[18]DAs 3 and 4 should feature higher tropicity and smaller HOMO-LUMO gaps than the

corresponding DBAs 1 and 2.7%101:102

Second, the annulation with phenanthrene expands the
n-frameworks, which would bring about the self-association properties for planar 3 and 4 in
solution through effective m—mn stacking interactions derived from large m-surfaces. Third,
the alkoxy chains added to aromatic nuclei were expected to not only ensure the solubility of

the compounds in common organic solvents but also promote 1D self-assembly through

cooperative van der Waals interactions to provide self-assembled superstructures.
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169(1.35A)  1.43(1.39A)
Figure 2-3. Wiberg bond indexes calculated by NBO

analysis at the B3LYP/6-311G(d,p)//B3LYP/6-31G(d)
level. The values in parentheses are the bond lengths.

In Chapter 2, the author describes the syntheses of [12]-, [18]-, and [24]DAs 3a,b, 4a,b,
and Sa and their unique properties. Although Sa was not the targeted compound initially, its
synthesis and characterization made it possible to elucidate the relationship between the
topology of a DA ring and its properties. The electronic properties of 3a,b, 4a,b, and 5a
were exploited on the basis of UV—vis and fluorescence spectroscopies, cyclic and differential
pulse voltammetry (CV and DPV), and theoretical calculations and compared with those of
DBAs 1a and 2a from a viewpoint of the structure—property relationships. The tropicity of
3a,b, 4a,b, and 5a is discussed on the basis of the 'H NMR chemical shifts and
nucleus-independent chemical shift (NICS). The author also reports the self-association
behavior of 3a,b and 4a,b in solution and their formation of self-assembled superstructures,

such as micrometer- and nanometer-sized 1D clusters and liquid crystals.

2-2. Syntheses and Structures

The synthesis of 3a,b, 4a,b, and Sa was accomplished by using Cu-mediated or
Pd-catalyzed oxidative macrocyclization reactions as key steps (Scheme 2-1). The author
planned to introduce butoxy or decyloxy groups to phenanthrene-fused DAs because the
length of alkoxy groups was anticipated to affect the solubility and self-assembling properties
of the compounds. A Friedel-Crafts acylation of the readily available 11a,b with oxalyl
chloride in CH2Cl; in the presence of AICI3 and urea afforded 12a,b, which were converted
into diketones 13a,b by intramolecular oxidative cyclization with VOF3 in the presence of

BF;-Et;0.!%  The addition of the lithiated acetylide of trimethylsilylacetylene (TMSA) to

22



13a,b and subsequent removal of the TMS groups with K>CO3 gave diols 14a,b; this reaction
gave only one isomer but the stereochemistry was not determined. A reductive
aromatization of diols 14a,b with SnCl>-2H>O in tetrahydrofuran (THF) was carried out to
prepare the key intermediates 15a,b. Monitoring of the reaction mixture with thin-layer
chromatography (TLC) revealed the appearance of blue fluorescent spots along with
consumption of the diols; however, the desired diynes 15a,b were not isolated. Thus,
following the workup, the crude materials explosively decomposed in the solid state to
become black materials that were insoluble in any organic solvent, thus indicating that
polymerization of the formed 15a,b had taken place. Therefore, to avoid the decomposition
of these products, the author employed the following procedure: 1) The reaction mixture was
concentrated to a small volume, 2) the residue was subjected to column chromatography and
eluted with CH>Cl, to afford a colorless solution of the product, and 3) the solvent was
carefully replaced with the solvent used in the next macrocyclization reaction by evaporation

followed by dilution, and the resulting solution was used in the reaction immediately.

RO OR RO OR RO OR
o ROOR 0 ROOR 0 ROOR
or ¢ ) b W
11a,b O O O O /HO OH\
12a, 35% 13a, 87% 14a, 80%
12b, 69% 13b, 87% 14b, 70%
RO B OR
RO OR RO O O OR
P =
d) RO OQO OR e) ‘ = | ‘
= J
/4 \ RO OR
RO L OR n
15a
15b Condition A Condition B
3a(n=1),33% 4a (n=2),17%
o 4a(n=2), 7% 5a (n=3), 9%
a: R =n-C4Hy - 0 - 0
b R = Cpotiy, 3b(n=1),37% 4b (n=2),23%

based on 14a,b via 15a,b

Scheme 2-1. Synthesis of DAs 3a,b, 4a,b, and 5a. Reagents and conditions: a) (COCl),, AICl3, urea, CH,Cl,,
0 °C to RT; b) VOF;, BF3-EtO,, CH,Cl,, RT; ¢) 1) TMS—C=CLi, THF, —78 °C to RT; 2) H,O; 3) K,CO;,
THF/MeOH (1:1 v/v), RT; d) SnCl-2H,O, THF, 60 °C; e) conditions A: CuCl, TMEDA, 0-DCB, 50 °C,
conditions B: [PdCly(PPh;),], Cul, p-benzoquinone, THF/Et;:N (1:1 v/v), RT. 0-DCB = o-dichlorobenzene,
TMEDA = N,N,N’, N -tetramethylethylenediamine.
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The author first examined the oxidative Hay coupling reaction of 15a by using CuCl and
N,N,N’,N -tetramethylethylenediamine (TMEDA) in o-dichlorobenzene (0-DCB),1047105 which
furnished 3a as a red solid and 4a as a yellow solid in 33 and 7% yields, respectively, over
two steps from 14a. Likewise, 3b was obtained as a red solid by means of the Hay coupling
reaction of 15b.  Although the TLC analysis indicated the formation of a small amount of 4b,
its isolation was not attempted because the synthesis of 4b was achieved in a moderate yield
by the alternative Pd-catalyzed macrocyclization. Thus, when homocoupling reactions of
15a,b with [PdClxy(PPhs),], Cul, and p-benzoquinone were performed,'® 3a,b were not
detected by TLC and 'H NMR spectroscopic analysis of the reaction mixture; consequently,
4a,b were isolated in 17 and 23% yields, respectively, over two steps.!?” The Pd-catalyzed
reaction with 15a also afforded [24]DA 5a in 9% yield. Compounds 3a,b, 4a,b, and 5a were
undoubtedly identified by mass spectrometric (FAB or MALDI-TOF) analysis together with
their highly symmetric NMR spectra described below. The TMS-protected diyne 17a, as a
reference compound of the present DAs, was synthesized in two steps from 13a (Scheme 2-2).
Thus, the addition of the lithiated acetylide of TMSA to 13a gave diol 16a, which was
converted into 17a by the treatment with SnCl>-2H>0 in THF. Compound 17a was stable in
the solid state in sharp contrast to 15a,b. DBAs 1a and 2a as a reference compound of the
present DAs were also synthesized according to the literature procedures (Scheme 2-3).1%%
Todation of 11a with HsIO¢ and I» in EtOH afforded diiodide 18, which was converted into 19
by Sonogashira coupling reaction with TMSA using [PdCl>(PPhs):] and Cul. Desilylation of
19 with K>CO; afforded terminal alkyne 20, which was subjected to the Hay coupling

reaction to afford DBAs 1a and 2a in 41 and 13% yields, respectively.
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Scheme 2-2. Synthesis of reference compound 17a for DAs. Reagents and conditions: a) 1) TMS—C=CLi,
THEF, =78 °C to RT; 2) H,O; b) SnCl,-2H,0, THF, 60 °C.
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11a 18, 96% ™S

19, 97% 20 1a(n=1),41%
R = n-C4H, 2a(n=2),13%

based on 19 via 20

Scheme 2-3. Synthesis of DBAs 1a and 2a. Reagents and conditions: a) HsIOs, 1, EtOH, 50 °C; b)
[PAC1y(PPhs),], Cul, TMSA, THF/Et;N (3:1 v/v), 60 °C; ¢) K,COs, THF/MeOH (1:1 v/v); d) CuCl, TMEDA,
o-DCB, 50 °C. TMSA = trimethylsilylacetylene, o0-DCB = o-dichlorobenzene, TMEDA =
N,N,N’,N'-tetramethylethylenediamine.

Weakly diffracting crystals of 3a for X-ray diffraction analysis were obtained by very slow
evaporation of a solution in CHCl3 at room temperature (Figure 2-4). The crystals proved to
contain no solvent molecules. The deviation from the mean plane composed of carbon
atoms of the phenanthrene moieties and butadiyne linkages is at most 0.02 A, thus indicating
the remarkably planar structure. The oligoyne linkages are strained with bond angles 165.5,
167.3, 166.7, and 165.2 for C1-C2—-C3, C2—-C3-C4, C3—-C4-C5, and C4—C5-C6, respectively,
which are almost the same as the corresponding angles of [12]DBA 21, which has four butyl
substituents, as reported by Swager and co-workers (Figure 2-5).** Noticeably, the C6-C7
bond of 1.395 A is shorter than the C—C bond of 1.413 A shared by the benzene moieties and
the annulene ring in [12]DBA 21 as expected. The molecules arrange longitudinally in a
slipped m-stacked fashion, and thus the phenanthrene moieties overlap with the DA cores to
form a 1D column (Figure 2-4b,c). The intermolecular distance between the center of the
DA core and the plane of facing molecules is approximately 3.4 A, and the angle between the
plane of the DA core and the stacking axis is 43°.
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Figure 2-4. (a) ORTEP plot of 3a with displacement ellipsoid at 50% probability level. Hydrogen are
omitted for clarity. (b) Top and (c) side views of the packing diagram.

166.7° 167.4°

165.8° \ / 165.0°
R \/ \/ R
X
T413A 29 R=pCuH,

Figure 2-5. Structure of [12]DBA 21. Bond lengths and angles determined by X-ray crystallographic
analysis.
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2-3. 'H NMR Spectra and NICS Calculations

The author calculated the molecular structures of 1°’-5°, in which the butoxy groups in the
corresponding derivatives la—S5a were replaced with methoxy groups to decrease the
calculation time (Figure 2-6). The optimization of 1’4’ was performed by density
functional theory (DFT) calculations at the B3LYP/6-31G(d) level, whereas the PM7
calculation was conducted for 5°; the large molecular size of 5 prevented the use of DFT.
The optimized structures of [12]annulenes 1’ and 3’ have planar D>, symmetry, whereas the
structures of [18]annulenes 2’ and 4’ are also planar with D3n symmetry. The structure of
[24]annulene 5 was calculated to have a nonplanar, saddle-shaped Dy¢-symmetric structure
akin to that of cyclooctatetraene. The bond angles and lengths in the experimentally
determined structure of 3a mentioned above were virtually reproduced in the calculated
structure of 3’ (bond angles: +£1°; bond lengths: £0.02 A).

The partial '"H NMR spectra of DAs 3a—5a, and acyclic 17a in CDCl; at 20 °C are shown
in Figure 2-7. Planar and rigid DAs 3a,b and 4a,b exhibit very simple NMR signals, namely
a pair of two singlets in the aromatic region owing to their highly symmetrical structures.
Nonplanar DA Sa also exhibits simple and sharp NMR signals. The temperature-dependent
"H NMR spectra of 5a in CD>Cl displayed a broadening of some signals and no coalescence
was observed down to —60 °C, thus suggesting that the conformational change in 5a at room

temperature is rapid on the NMR timescale and that 5a is quite flexible.!”
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Figure 2-6. Optimized molecular structures of (a) 1°, (b) 2°, (c¢) 3°, and (d) 4°, where the butoxy groups in
la—4a are replaced with methoxy groups (B3LYP/6-31G(d)). (e) PM7-optimized structure of 5°, where the
butoxy groups in 5a are replaced with methoxy groups.
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Figure 2-7. Partial 'H NMR spectra of (a) 17a, (b) 3a (1.28 x 1073 mol dm3),
(c) 4a (1.45 x 1072 mol dm™3), and (d) 5a in CDCI; at 20 °C.

The '"H NMR chemical shifts are a good measure for the elucidation of tropicity, namely
diatropicity, paratropicity, or atropicity. Thus, the author compared the changes in the
chemical shifts of the aromatic protons in 3a—5a from those signals in 17a (Table 2-1). The
arene proton environments in 17a are used as a reference standard because of the structural
similarity, yet this simple DA subunit may lack the anisotropic effects attributable to

distortion of acetylenic linkages.!!°

The aromatic protons in 3a resonate at 0 = 7.50 and 6.99,
which are shifted upfield relative to those of 17a (6 = 7.80 and 7.72, Figure 2-7). In sharp
contrast, the resonances of the aromatic protons in 4a (6 = 8.07 and 7.82) are shifted
downfield. The aromatic protons in 3b and 4b show almost the same NMR chemical shifts
as those in 3a and 4a, respectively. For nonplanar Sa, almost no shift is observed (6 = 7.82
and 7.69) relative to 17a. Notably, the resonances of the -OCHz— protons in 3a and 4a are
also distinctively shifted upfield and downfield, respectively, relative to 17a, whereas those

signals in 5a have hardly shifted. Overall, these results imply paratropic, diatropic, and

atropic characters of 3, 4, and 5, respectively.
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Table 2-1. Observed '"H NMR Chemical Shifts and NICS Values for 1a—5a,
17a, 22, and 23

Chemical shifts for aromatic
NICS(0)b<l  NICS(1)bl
and —~OCHa— protons dops®

la 6.39, 3.87 +3.8 +3.7
2a 7.10, 3.87 -0.09 —0.08
3a 7.50, 6.99, 4.16, 4.08!4 +6.6 +6.0
4a 8.07,7.82, 4.38, 4.30 -0.7 -0.4
5a 7.82,7.69,4.22 N/A N/A
17a 7.80,7.72,4.23,4.18 N/A N/A
2211 N/A +9.1 +8.1
23 7.020 -3.6 -3.2
[a] In CDCl; at 20 °C [b] Calculated by using

GIAO/HF//6-31G(d)//B3LYP/6-31G(d) for 1’-4°, 22, and 23. [c] For 1’-4’, in
which the butoxy groups in 1a—4a replaced with methoxy groups. [d] [3a] =
1.28 x 1073 mol dm™>. [e] [4a] = 1.45 x 102 mol dm>. [f] Unknown
compound. [g] In CCly (reported in Ref. 3)

Figure 2-8. Structures of [12]DA 22 and [18]DA 23.

To obtain insight into the relationships between the aromatic nuclei annulated into a DA
ring, namely phenanthrene and benzene, and the tropicity, the author calculated the NICS(0)
(and NICS(1)) values (GIAO/HF/6-31(d)//B3LYP/6-31G(d)) of the planar compounds 1°—4’
together with the parent [12]DA 22 and [18]DA 23 (Figure 2-8).!'"!12" The NICS(0) (and
NICS(1)) values of 3’ are +6.6 (+6.0), respectively, which are considerably more positive than
those of DBA 1’ (+3.8 (+3.7)). The NICS(0) (and NICS(1)) values of 4’ (0.7 (—0.4)) are
not large, but distinctively more negative than those of 2’ (—0.09 (—0.08)). These results
suggest that 3a,b are more paratropic than 1a, whereas 4a,b are more diatropic than 2a.’

This outcome probably reflects the finding that the Wiberg bond indexes
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(B3LYP/6-311G(d,p)//B3LYP/6-31G(d)) of the C—C bonds (1.38 and 1.36 for 3’ and 4°,
respectively) shared by the phenanthrene moieties and the DA ring are larger than those (1.25
and 1.26 for 1’ and 2’, respectively) shared by the benzene moieties and the DA ring.
Noticeably, the NICS(0) (and NICS(1)) values of 3’ still remain about 70% of values of
antiaromatic 22 (+9.1 (+8.1)). This finding indicates substantially strong paratropicity,
namely, the antiaromaticity of 3a,b, which is further supported by UV—vis and fluorescence
spectroscopic and cyclic voltammetric analysis (see below). On the other hand, the NICS
values of 4’ are drastically less than those of aromatic 23 (—3.6 (—3.2)), and hence the

tropicity of 4a,b is very weak.

2-4. Electronic and Photophysical Properties

The author measured the UV—vis spectra of 1a—5a in CHCI3 (Figure 2-9), and the results
are summarized in Table 2-2. The absorption spectra of 3a and 3b are very similar to each
other, as are those spectra of 4a and 4b. The solutions of 3a,b in CHCI3 are orange, whereas
the solutions of 4a,b and 5a are yellow (Figure 2-10). The longest absorption maxima
(Amax™®) and absorption onsets (Aonset) of 3a and 4a are remarkably red-shifted relative to those
of the corresponding 1a and 2a (Figure 2-9). This finding should be attributable to the high
extent of macrocyclic conjugation in 3a and 4a relative to 1a and 2a, respectively, as judged
from the Wiberg bond indexes of the C—C bonds shared by the aromatic nuclei and the DA
rings in 1’4’ (see above). The larger m surface of phenanthrene than benzene may also
contribute to the observed bathochromic shifts in 3a and 4a relative to 1a and 2a, respectively.
Interestingly, the longest Amax*> and Aonset Values of 3a are clearly red-shifted relative to 4a and
Sa, despite the smallest ring size of 3a, thus probably reflecting the antiaromatic character and

3 The blue-shifted longest Amax® and Aonset Values of Sa

distortion of the m system of 3a.!!
relative to 4a are explained by the marked nonplanarity of 5a, which should make its

macrocyclic conjugation insufficient.
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Figure 2-9. UV-vis absorption spectra of (a) 1a and 3a and (b) 2a, 4a, and 5a in CHCl; at 25 °C.

Table 2-2. Photophysical Data of 1a—5al?!

Jmax™® [nm] Aonse™ [NM]  Amax [nm] D!
la 297,316, 352,409, 435,472 450 N.D. ~0
2a 275,292, 330, 353, 386, 396, 4154 425 430 0.36
3a 274,306,332, 347, 381, 402, 470, 559 575 N.D. ~0
4a 274,404, 424, 440, 457 510 509 0.20
S5a 284,390,427 480 481 0.07

[a] In CHCI; at 25 °C.  [b] The longest absorption wavelength with a molar absorptivity € = 1000 dm?

mol™' em™!.  [c¢] Fluorescence quantum yields. [d] A peak as a shoulder.

(a) (b) (c) (d)

Figure 2-10. Optical photographs of (a) 3a, (b) 4a, (c) 3a (under

irradiation at 365 nm), and (d) 4a (under irradiation at 365 nm).



Noticeably, [12]annulenes 1a and 3a,b feature characteristic broad and weak absorption
bands in the longer wavelength region. The spectrum of 3a has an intense absorption band
at 2 =470 nm (e = 25500 dm> mol! cm™") and weak absorption bands from A = 500 to 600 nm
with the distinctive longest absorption at Amax*® = 559 nm (g = 1480 dm> mol™ ! cm ™), whereas
the spectrum of 1a has weak absorption bands from 4 = 380 to 500 nm and a sharp absorption
band at Amax™ = 352 nm (Figure 2-9a). To elucidate the features of the absorption spectra of
planar 3 and 4 together with 1 and 2, the single-point calculations at the
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level for 14> were performed. The obtained
frontier molecular orbital (FMO) plots for 1’4’ are shown in Figure 2-11. Both the
HOMOs and LUMOs of [12]annulenes 1’ and 3’ are ungerade orbitals (Figure 2-11), and
hence the longest absorption bands (So—S; bands) of 1 and 3 are reasonably assigned as
symmetrically forbidden HOMO—LUMO transitions, which are typical of 4nm-electron
systems.?>%!14  This assignment is supported by time-dependent DFT (TD-DFT)
calculations at the B3LYP/6-31G(d) level for 1> and 3°,''5 which estimate the oscillator
strength of the HOMO—LUMO transition to be 0 (Amax"*°d = 589 and 716 nm for 1’ and 3,
respectively). The HOMOs and HOMO—1s of [18]annulenes 2’ and 4’ are degenerate, as
are the LUMOs and LUMO+1s (Figure 2-11). According to the TD-DFT calculations for 2’
and 4°, the HOMO-1-LUMO+1, HOMO-1-LUMO, HOMO—LUMO, and
HOMO—LUMO+1 transitions are allowed for 2 and 4, and thus the oscillator strengths are

0.94 at Amax“*? = 392 nm and 1.23 at Amax*d = 463 nm for 2° and 4°, respectively.
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Figure 2-11. (Black) energy diagrams and frontier molecular orbital (FMO) plots of (a) 1°, (b) 3°, (¢) 2°, and
(d) 4’ by using the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) method, and their transitions estimated by TD-DFT
calculations at B3LYP/6-31G(d)//B3LYP/6-31G(d). (Red) HOMO and LUMO levels of (a) 1a, (b) 3b, (c) 2a,

and (d) 4a deduced from the oxidation onset (Eonset®™) and reduction onset (Eonset™®) values according to the
following equation: HOMO = —(4.8 + Eonset™) €V, LUMO = —(4.8 + Eonset™™) €V.

Compounds 1a and 3a,b are nonfluorescent, whereas 2a, 4a,b, and 5a are fluorescent.
The author measured the fluorescence spectra of 2a, 4a,b, and 5a in CHCI; at the dilute
regime (107°-107° mol dm™>; Figure 2-12). Their fluorescence maxima (imax") follow the
trend of the corresponding Amax™® values (Table 2-2). The spectrum of 5a is substantially

broad relative to 2a and 4a, thus implying a somewhat large structural change between the
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ground and excited states in Sa. The author determined the absolute fluorescence quantum
yields (@r) by an integrating sphere system.!'® The ®r values of 4a,b are 0.20 and 0.19,
respectively, which are smaller than that of the corresponding DBA 2a with @r= 0.36. DA
5a displays the low @ value of 0.07. The nonfluorescent nature of 3a,b is remarkable in

view of the highly fluorescent nature of some phenanthrene-based oligomers and

117,118 119,120

polymers. The lack of fluorescence is usually the case with 4nn-electron systems,
and hence these results together with the UV-vis spectroscopic data support the

antiaromaticity of 3a,b.

Normalized intensity/a.u.

350 450 550 650
Anm

Figure 2-12. Fluorescence spectra of 2a, 4a, and
5a in CHCIz at 25 °C. The excitation
wavelengths Lex = 320, 360, and 360 nm for 2a, 4a,
and 5a, respectively.

2-5. Electrochemical Properties

The electrochemical properties of 3b, 4a,b, and 5a together with 1a and 2a were
examined by using CV in 0-DCB (0.1 mol dm > n-BusNPFe, standard ferrocene/ferrocenium
ion (Fc/Fc)); the results are summarized in Table 2-3. The electrochemical property of 3a
could not be investigated due to the low solubility in 0-DCB. All the compounds displayed

amphoteric behavior within the available potential window, and the redox processes for most

35



compounds are irreversible (Figures 2-13 and 2-14). The redox behavior of 4a and 4b are
very similar to each other, indicating that of the length of the alkoxy groups hardly affects
electrochemical properties. It is considered that the DA rings in 3b, 4a,b, and 5a behave as
redox centers due to no splitting of the redox processes and the large contribution of both
HOMOs and LUMOs from the DA rings. The oxidation potentials (Eps) and the oxidation
onsets (Eonset™) of 3b and 4a are more negative than those of 1a and 2a, respectively.
Moreover, the reduction potentials (Ep) and the reduction onsets (Eonset™™®) of 3b and 4a are
more positive than those of 1a and 2a, respectively. Thus, the annulation of phenanthrene to
the DA ring relative to the benzannulation clearly brings about the decrease in the
HOMO-LUMO gaps, as expected from the results obtained by the absorption spectra.
Indeed, the single-point calculations for 1’—4’ predict that the HOMO-LUMO gaps of 3’ and
4’ are smaller than those of the corresponding compounds 1’ and 2’°, respectively. The
Eonset™ values are negatively shifted from 5a and 4a to 3b, whereas the Eonset™ values are
positively shifted from 4a and 5a to 3b. It is worth stating that the Eonset™ and Eonset™® values
for 3b are negative and positive relative to 4a and Sa, respectively, although 3b has a smaller
DA ring than 4a and Sa. The observed readiness of 3b to release and gain electrons should
reflect an electronic structure characteristic of antiaromaticity. Accordingly, the
electrochemical HOMO-LUMO gaps decrease from 5a and 4a to 3b. A good correlation
exists between the optical HOMO-LUMO gaps (4Eo) and the electrochemical

HOMO-LUMO gaps (4E'edox) in 3b, 4a, and Sa.
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Table 2-3. Oxidation and Reduction Potentials of 1a, 2a, 3b, 4a,b, and 5a,/*! and Theoretically Calculated
HOMO and LUMO Levels, Electrochemical HOMO-LUMO Gaps, and Optical HOMO-LUMO Gaps

Eonse®™ (Epa)  Eonset® (Epe) HOMOD  LUMOP  AEwqon  AEeucd® — AEopld
[V] [V] [eV] [eV] [V] [eV] [eV]
1a  +0.63 ~1.99 -5.08 ~2.29 2.62 2.79 2.74
(+0.78)1  (-2.16)
(+tl2Df (2,51

2a +0.82 ~2.17 ~5.24 ~1.96 2.99 3.28 2.91
(+0.96)1  (~2.43)M
3b  +0.23 ~1.71 ~4.91 ~2.56 1.94 2.35 2.15

(+0.44)(c! (-1.92)10
(+0.98)1  (-2.16)¢

42 +0.43 -1.90 -5.13 -2.30 2.38 2.83 2.43
(+0.58)1  (~2.04)
(+0.79)  (=2.31)
(=2.55)t!

52 +0.52 -1.92 i i 2.44 i 2.58
(+0.65)t! (—2.04)10

(+1.00)t! (—2.42)t
[a] Measuring by using CV in 0-DCB (0.1 mol dm™> n-BusNPFs). All the potentials are given versus the

Fc/Fc®  couple as an  external  standard. Scan rate = 100 mV sl [b]
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) for 1°-4°, where the butoxy groups in la, 2a, and 4a and the
decyloxy groups in 3b were replaced by methoxy groups. [c] The electrochemical gap (4Eredox) is defined
as the potential difference between Eonse™ and Eonse™®.  [d] The optical gap (4Eop) is defined as the longest

1

energy absorption wavelength with a molar absorptivity ¢ = 1000 dm?® mol™! ¢cm™!. [e] Irreversible wave.

[f] Reversible wave. [g] Quasireversible wave. [h] Unresolved wave. [i] Not calculated.
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Figure 2-13. Cyclic voltammograms of (a) 3b, (b) 4a, (c) 4b, and (d) 5a measured in 0-DCB (0.1 mol dm™

n-BusNPF) at a scan rate of 100 mV s™!.  The peaks attributed to the decomposed species formed by reduction
are labeled with an asterisk.

(a)

Current/a.u.

(b)

Current/a.u.

-3.0

-2.0

-1.0

0 1.0 30 -20 -10 0 1.0
E vs. Fc/Fc*IV

E vs. Fc/Fc*/V

Figure 2-14. Cyclic voltammograms of (a) 1a and (b) 2a measured in 0-DCB (0.1 mol dm™ n-BusNPFy) at a
scan rate of 100 mV s7'.

an asterisk.
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The redox behaviors of 3b, 4a,b, and 5a were further investigated by DPV in o-DCB (0.1
mol dm™ n-BusNPFg, standard Fc/Fc'; Figure 2-15). DAs 3b, 4a,b, and 5a basically
experience multiple 1e™ redox steps. Interestingly, the current values of the second reduction

peaks at approximately —2.3 V for 4a,b are almost twice as large as those of the first reduction
and oxidation peaks (Figure 2-15b,c), thus suggesting that the simultaneous 2e~ reduction
occurs at approximately —2.3 V.  This observation may be interpreted as follows: dianions of

4a,b generated by the 2e” reduction are antiaromatic with 20m electrons, and accordingly the

following le™ reduction readily proceeds.
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Figure 2-15.

Differential pulse voltammograms of (a) 3b, (b) 4a, (c) 4b, and (c¢) Sa measured in o-DCB (0.1
mol dm™ n-BusNPFy) at a pulse width of 100 ms over a period of 200 ms.
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2-6. Self-association

During the '"H NMR spectroscopic measurements of 3a,b and 4a,b in CDCls, the subtle but
unequivocal upfield shifts of their aromatic protons were found upon increasing the
concentration (45 = 0.03—0.06 ppm for the range of 10°-1072 mol dm>; Figure 2-16), thus
suggesting the occurrence of self-association in solution by effective n—m stacking interactions
to form aggregates. On the other hand, the resonances for the aromatic protons in 1a and 2a
hardly change at any concentrations, and thus the self-association of 1a and 2a in CDCls is
almost negligible. These results confirm that the self-association behaviors of 3a,b and 4a.b
are reasonably attributed to the expanded contact areas for m—m stacking interactions as a
consequence of the annulation with phenanthrene. The chemical shifts of the aromatic
protons in 5a were concentration independent, thus indicating no self-association, as expected
from its nonplanarity. The diffusion coefficients (D) for 3a,b and 4a,b were almost
independent of the concentrations on the basis of the diffusion NMR experiments, thus
suggesting that a monomer—dimer equilibrium predominantly exists.!?! The plots of the
chemical shifts of the aromatic protons versus the concentrations of 3a,b and 4a,b were fitted
to a curve for the monomer—dimer model (Figure 2-16), which produced the self-association
constants (K) of 3a, 3b, 4a, and 4b to be 20 £ 9, 51 £ 10, 6 = 1, and < 5 dm?® mol !,
respectively; as for the determination of K values, the reader is referred to Chapter 6.2 The
chemical-shift changes for 4b were so small that an accurate K value was not obtained. The
K values of 3a,b are larger than those of 4a,b although the m framework of the former is
smaller than the latter. According to the PM7 calculations, there is steric hindrance from the
alkoxy groups in 4a,b in contrast to 3a,b (Figure 2-17). This finding may account for the
smaller K values of 4a,b than 3a,b; such steric hindrance in 4a,b may prevent the m surfaces
of the molecules from approaching each other to some extent. Noticeably, 3a,b and 4a,b
undergo self-association in CDCls, although the observed K values are small. The

aggregation in CDCIl; that results from arylene—ethynylene macrocycles (AEMs) and
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arylene—butadiynylene macrocycles (ABMs) with only apolar alkyl or alkoxy substituents is

Scarce.

Most AEMs and ABMs that exhibit the self-association behavior in CDCI3 reported

to date have ester or donor/acceptor functionalization, which can assist aggregation by

additional dipole—dipole or m donor—m acceptor interactions.
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Figure 2-16. Partial 'H NMR spectra of (a) 3a, (b) 3b, (¢) 4a, and (f) 4b in CDClI; in various concentrations at
20 °C (top) and the corresponding nonlinear curve-fitting plots of the concentration dependence of the chemical

shifts of the aromatic p

rotons (bottom).
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Figure 2-17. (a) X-ray crystal structure of 3a. PM7-optimized structures of (b) 3b, (c) 4a, and (d) 4b.

2-7. Self-assembled Superstructures

Because 3a,b and 4a,b show aggregation properties in solution, the author anticipated the
fabrication of large-sized superstructures through self-assembly from 3a,b and 4a,b. The
author investigated their self-assembly through a phase-transfer method, in which the
molecules in solution experience solubility change during a slow diffusion of a poor solvent
into the solution, thus initiating the formation of assembled clusters. To each solution of

3a,b and 4a,b in CHCI; (1.7 x 107 mol dm), 40-50 vol.% of EtOH was slowly added to
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maintain two phases. The resulting mixtures were allowed to stand at room temperature, and
orange fibrous materials for 3a,b and yellow jelly materials for 4a,b formed (Figure 2-18).
To investigate the morphology of the materials obtained, scanning electron microscopic
(SEM) experiments were conducted, which revealed that well-defined structures with high
aspect ratios were obtained from both 3a,b and 4a,b (Figure 2-19). [12]DAs 3a,b basically
formed significantly long 1D microbelts more than 300 mm in length. The widths and
thicknesses of the microbelts obtained from 3a are 1-1.5 um and 300-500 nm, respectively
(Figure 2-19a,b). A small number of prismatic structures with widths of 2—4 pum also
coexisted. In the case of 3b, only 1D microbelts with widths and thicknesses of 0.2—1 um
and 50-100 nm, respectively, were formed (Figure 2-19¢,f). The microbelts are generally
bundled with different widths.  Meanwhile, [18]DAs 4a,b produced more flexible
superstructures than [12]DAs 3a,b. Thus, 4a produced helically twisted nanofibers with
widths of 200-300 nm, thicknesses of 30—50 nm, and lengths of more than 50 um (Figure
2-19c,d). The extensively entangled nanofibers with widths of 50—-100 nm were formed
from 4b (Figure 2-19g,h). These flexible fibers further formed a 3D network reminiscent to

fiber networks typically seen in organogels.!?%1%

The author also prepared the assemblies of
3a,b and 4a,b from CHCls/hexane system (1.7 x 107> mol dm) (Figure 2-20); the SEM
measurements showed that the morphology of the assemblies were almost independent of the
solvents used. The reason why 3b and 4b with decyloxy side chains provided narrower

self-assembled clusters than 3a and 4a with butoxy chains, respectively, is in part the higher

solubility of the former in CHCl3, thus leading to slower aggregation. '3
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Figure 2-18. Optical photographs of the precipitate of (a)
3a, (b) 3b, (c) 4a, and (d) 4b formed in CHCI3/EtOH system.

Figure 2-19. SEM images of 1D clusters of (a,b) 3a, (c,d) 3b, (e,f) 4a, and (gh) 4b obtained from
CHCI3/EtOH system.

Figure 2-20. SEM images of 1D clusters of (a,b) 3a, (c,d) 3b, (e,f) 4a, and (g,h) 4b obtained from
CHCls/hexane system.
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The self-assembled clusters of 3a,b and 4a,b were further investigated by wide-angle
X-ray diffraction (WAXD) measurements (Figure 2-21). Among a number of peaks present
in the patterns, the peaks of interest are over approximately 20 = 23° (d spacing = 3.8 A),
which corresponds to the m—m stacking distance along the growth direction of the

clusters.!31:132

The author could not deduce the molecular-packing mode from the WAXD
patterns; however, the effects of the topology of the DA ring and the length of the alkoxy
chains on the crystallinity of the self-assembled clusters are noticeably visible, and the results
are consistent with those in the SEM measurements. The diffraction pattern of assembled 3a
showed sharp, intense peaks at 22.9, 24.8, and 27.6° (d spacing = 3.9, 3.6, and 3.3 A,
respectively), which is indicative of high crystallinity. The assembled 3b also exhibited well
defined peaks at 23.5, 25.0, and 26.18 (d spacing = 3.8, 3.6, and 3.4 A, respectively).
Relative to the assembled 3a,b, the WAXD patterns of the assembled 4a exhibited broad
peaks at 22.9, 23.5, 25.1, and 26.3° (d spacing = 3.9, 3.8, 3.6, and 3.4 A, respectively), thus
indicating the less crystalline character. The assembled 4b showed amorphous character,
and thus only one significantly broad peak was observed at 19-23° (d spacing = 4.5-3.8 A).

Overall, it is likely that the [12]DA ring is responsible for the high crystallinity of the clusters

relative to the [18]DA ring, and the elongation of the alkoxy chains decreases the crystallinity.
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Figure 2-21. WAXD npatterns of superstructures of (a) 3a, (b) 3b, (c) 4a, and (d) 4b obtained from
CHCI3/EtOH system at 25 °C.

Thermal behaviors of 3b and 4b were investigated by differential scanning calorimetry
(DSC) and polarizing optical microscopy (POM) measurements. The DSC investigation of
3b revealed two phase transitions at 111 and 165 °C on heating, thus indicating the formation
of a mesophase (Figure 2-22). In POM, 3b is an isotropic fluid above 165 °C, and the
material appears completely dark under crossed polarizers. On cooling, the material
becomes birefringent and a liquid-crystalline texture readily develops under crossed polarizers
(Figure 2-23). The DSC trace of 4b exhibited a single peak at 110 °C upon heating up to
170 °C. POM revealed that the material is birefringent over 110 °C, thus suggesting the

formation of a liquid-crystalline phase (Figure 2-23). Shearing converts the structured
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texture into an unspecific birefringent texture, which is indicative of the fluidlike nature of the
material. Below 90 °C, no clear textural change is observed, and the texture is hardly
damaged by shearing. In contrast to 3b and 4b, no phase transition was observed for 3a and
4a in the range 25-170 °C.

The formation of liquid crystals from 3b and 4b was confirmed by simultaneous
variable-temperature WAXD and DSC measurements. The WAXD patterns of 3b and 4b
recorded at approximately 130 and 25 °C, taken as representative examples, are shown in
Figure 2-23. In the WAXD patterns of 3b, most multiple peaks observed at 25 °C became
significantly broadened when the temperature reached approximately 110 °C, at which point a
clear endothermic peak was observed in the DSC trace. When the sample was cooled from
170 to 25 °C, the sharp peaks recovered at approximately 110 °C associated with the apparent
exothermic peak in the DSC trace. Compound 4b also showed similar WAXD profiles and
DSC trace. The diffraction patterns and thermal behaviors of 3b and 4b were reproducible
over multicycle measurements after the first heating. At approximately 130 °C, both 3b and
4b showed characteristic, amorphous halo peaks at approximately 19.5° (d spacing = 4.5 A)
for the liquid-crystalline phase, which could be attributed to the molten decyloxy chains with
a liquid like conformation. The observed peaks reached over 25° corresponding to d spacing
of approximately 3.5 A, thus indicating that the aggregates of 3b and 4b are stabilized by n—n
stacking interactions. On the basis of these observations, the liquid crystals from 3b and 4b
are assumed to form in the following way: the aggregation of the molecules of 3b and 4b is
driven by effective m—m stacking interactions of the phenanthrene-fused DA core. The
flexible decyloxy side chains contribute to facilitate phase separation and lead to a
liquid-crystalline mesophase. The butoxy chains in 3a and 4a are probably not long enough
to facilitate phase separation. Unfortunately, due to the unresolved broad peaks in the
small-angle region, the author cannot assign the liquid-crystalline organization of 3b and 4b

from the WAXD measurements.
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2-8. Conclusions

The author has synthesized tetraalkoxyphenanthrene-fused DAs 3a,b, 4a,b, and Sa by
using Cu-mediated or Pd-catalyzed oxidative cyclization reactions as key steps. By
investigating the properties of 3a,b, 4a,b, and 5a together with DBAs 1a and 2a, it was found
that the annulation at the 9,10-positions of phenanthrene into a DA ring enhances the
tropicities and decreases the HOMO-LUMO gaps of the molecules relative to the
benzannulation. A noticeable degree of antiaromaticity of 3a,b was demonstrated based on
spectroscopic, electrochemical, and computational data. In sharp contrast to DBAs 1a and
2a, the phenanthrene-fused DAs 3a,b and 4a,b showed self-association properties in solution
through effective m—m stacking interactions as a result of their extended m-surfaces. Both
3a,b and 4a,b produced 1D self-assembled clusters with high aspect ratios, which differed in
the morphology and crystallinity depending on the topology of the DA ring and the chain
length appended to the phenanthrene moieties. The formation of liquid crystals by
self-assembling 3b and 4b has been also demonstrated. To the best of our knowledge, there
has been no example of liquid crystals that have a [12]- or [18]DA derivatives possessing

butadiyne linkages.

2-9. Experimental Section

Preparation of 12a: To a suspension of 11a (1.00 g, 4.50 mmol), urea (257 mg, 4.28 mmol),
and AICI3 (900 mg, 6.75 mmol) in CH>Cl, (10 mL) was added dropwise oxalyl chloride (0.19
mL, 2.25 mmol) at 0 °C under argon atmosphere. After the mixture was stirred at room
temperature for 18 h, the resulting brown mixture was poured into HO. The organic phase
was separated, and the aqueous phase was extracted with CH>Clo. The combined organic
phase was washed with aqueous NaHCOs3, dried over anhydrous MgSQOa4, and evaporated
under reduced pressure. The residue was purified by washing with MeOH and subsequent

silica gel column chromatography (CH2Cl) to afford 12a (390 mg, 0.78 mmol, 35%) as white
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solids, which was fully characterized by the '"H NMR spectroscopy.!*> 'H NMR (CDCls,
300 MHz): 6 0.98 (t, 6H, J = 7.4 Hz), 0.99 (t, 6H, J = 7.4 Hz) 1.46-1.58 (m, 8H), 1.78-1.88
(m, 8H), 4.06 (t, 4H, J = 6.5 Hz), 4.07 (t, 4H, J = 6.5 Hz), 6.85 (d, 2H, J = 8.4 Hz), 7.43 (dd,
2H,J=1.9, 8.4 Hz), 7.57 (d, 2H, J= 1.9 Hz).

Preparation of 12b: Compound 11b (500 mg, 1.28 mmol) was allowed to react with oxalyl
chloride (0.055 mL, 0.64 mmol) in the presence of urea (73 mg, 1.21 mmol) and AICI3 (257
mg, 1.93 mmol) in CH>Cl» (2 mL) according to the synthetic procedure of 12a. The crude
material was purified by washing with MeOH and subsequent silica gel column
chromatography (CH2Cly) to afford 12b (370 mg, 0.44 mmol, 69%) as white solids, which
was fully characterized by the '"H NMR spectroscopy.'”” 'H NMR (CDCls, 300 MHz): ¢
0.88 (t, 12H, J= 6.0 Hz), 1.27-1.51 (m, 56H), 1.84 (qui, 8H, J = 6.9 Hz), 4.06 (t, 8H, J= 6.9
Hz), 6.84 (d, 2H, J= 8.3 Hz), 7.43 (dd, 2H, J= 1.9, 8.3 Hz), 7.57 (d, 2H, J = 1.9 Hz).
Preparation of 13a: To a solution of 12a (3.00 g, 6.00 mmol) and BF3-Et;O (1.68 mL, 13.5
mmol) in CH>Cl> (100 mL) was added VOF3 (2.57 g, 20.7 mmol) at room temperature under
argon atmosphere. After the mixture was stirred for 2 h, aqueous citric acid (3.5%, 100 mL)
was added to the mixture. The organic phase was separated, and the aqueous phase was
extracted with CH2Cl.. The combined organic phase was washed with H>O, dried over
anhydrous MgSOs4, and evaporated under reduced pressure. The residue was purified by
silica gel column chromatography (toluene/EtOAc, 10:1) to afford 13a (2.57 g, 5.23 mmol,
87%) as red solids. M.p. 123-127 °C; 'H NMR (CDCls, 300 MHz):  1.00 (t, 6H, J = 7.4
Hz), 1.03 (t, 6H, J= 7.4 Hz), 1.48-1.60 (m, 8H), 1.82-1.92 (m, 8H), 4.09 (t, 4H, J = 6.6 Hz),
4.20 (t, 4H, J = 6.5 Hz), 7.12 (s, 2H), 7.55 (s, 2H); *C NMR (CDCl3, 125 MHz): 6 13.94,
19.16, 19.25, 31.11, 31.13, 68.55, 68.92, 106.34, 112.37, 124.02, 130.77, 148.97, 155.29,
178.85 (14 signals out of 15 expected); UV—vis (CH2Cl): Amax™® (relative intensity) = 519
(0.01), 484 (0.01), 365 (0.65), 299 (1.0) nm; HR-FAB-MS (NBA, positive): m/z calcd for

C30H006" 496.2825, found 496.2805 [M]".
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Preparation of 13b: Compound 12b (3.00 g, 6.00 mmol) was oxidized with VOF; (2.57 g,
20.7 mmol) in the presence of BF3-EtO (1.68 mL, 13.5 mmol) in CH>Cl, (100 mL) according
to the synthetic procedure of 13a. The crude material was purified by silica gel column
chromatography (toluene/EtOAc, 10:1) to afford 13b (2.57 g, 5.23 mmol, 87%) as deeply red
solids, which was fully characterized by the '"H NMR spectroscopy.!®> 'H NMR (CDCls,
300 MHz): 0 0.88 (t, 12H, J = 6.8 Hz), 1.28-1.58 (m, 56H), 1.80—1.95 (m, 8H), 4.19 (t, 4H, J
=6.6 Hz), 4.19 (t,4H, J = 6.5 Hz), 7.10 (s, 2H), 7.54 (s, 2H).

Preparation of 14a: A solution of n-BuLi in hexane (2.64 mol dm >, 1.40 mL, 3.69 mmol)
was added dropwise to a solution of TMSA (0.58 mL, 4.00 mmol) in THF (10 mL) at =78 °C
under argon atmosphere. After stirring at =78 °C for 30 min, a solution of 13a (500 mg,
1.00 mmol) in THF (5 mL) was added dropwise to the reaction mixture. After the mixture
was stirred at room temperature for 18 h, the resulting mixture was diluted with saturated
aqueous NH4CIl. The organic phase was separated, and the aqueous phase was extracted
with CHCl;. The combined organic phase was washed with aqueous NH4Cl, dried over
anhydrous MgSQOs, and evaporated under reduced pressure. The residue was purified by
column chromatography on silica gel (toluene/EtOAc, 10:1 to 5:1) to give the crude diol (439
mg).

A mixture of the crude diol and K>CO3 (300 mg, 2.17 mmol) in THF/MeOH (1:1, 10 mL) was
stirred at room temperature for 2 h. The resulting mixture was diluted with THF, and the
insoluble material was removed by filtration. The filtrate was diluted with CH>Cl,, washed
with H20, dried over anhydrous MgSOs4, and evaporated under reduced pressure. The
residue was purified by column chromatography on silica gel (toluene/EtOAc, 20:3) to afford
14a (443 mg, 0.80 mmol, 80%) as a yellow oil. 'H NMR (CDCls, 300 MHz): 6 = 1.00 (t,
12H, J = 7.3 Hz), 1.47-1.60 (m, 8H), 1.79-1.89 (m, 8H), 2.51 (s, 2H), 3.02 (s, 2H), 4.10 (t,
8H, J = 6.5 Hz), 7.15 (s, 2H), 7.39 s, 2H); *C NMR (CDCls, 75 MHz): 6 = 14.06, 19.41,

31.48, 31.56, 69.06, 69.64, 74.94, 75.67, 82.30, 110.15, 111.47, 124.72, 127.71, 149.32,
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149.93 (15 signals out of 17 expected); UV—vis (CH2Cl2): Amax®® = 318 nm; HR-FAB-MS
(NBA, positive): m/z calcd for C34H4406": 548.3138; found: 548.3136 [M] *.

Preparation of 14b: A solution of #n-BuLi in hexane (2.64 mol dm™, 0.85 mL, 2.22 mmol)
was added dropwise to a solution of TMSA (0.35 mL, 2.40 mmol) in THF (20 mL) at =78 °C
under argon atmosphere.  After the mixture had been stirred at —78 °C for 30 min, a solution
of 13b (500 mg, 0.60 mmol) in THF (5 mL) was added dropwise. The mixture was then
stirred at room temperature for 18 h, and subsequently the resulting mixture was diluted with
saturated aqueous NH4Cl. The organic phase was separated, and the aqueous phase was
extracted with CHCI3. The combined organic phase was washed with aqueous NH4Cl, dried
over anhydrous MgSQ4, and evaporated under reduced pressure. The residue was purified
by column chromatography on silica gel (toluene/EtOAc, 10:1 to 5:1) to give the crude diol
(439 mg).

A mixture of the crude diol and K>COs (102 mg, 0.74 mmol) in THF/MeOH (1:1, 10 mL) was
stirred at room temperature for 2 h, the resulting mixture was diluted with THF, and the
insoluble material was removed by filtration. The filtrate was diluted with CH2Clz, washed
with H2O, dried over anhydrous MgSO4, and evaporated under reduced pressure. The
residue was purified by column chromatography on silica gel (toluene/EtOAc, 10:1) to afford
14b (369 mg, 0.41 mmol, 70%) as a yellow solid. M.p. 57-59 °C; '"H NMR (CDCls, 300
MHz): 6 = 0.89 (t, 12H, J = 6.6 Hz), 1.23-1.58 (m, 56H), 1.85 (qui, 8H, J = 6.8 Hz), 2.51 (s,
2H), 2.97 (s, 2H), 4.08 (t, 8H, J = 6.8 Hz), 7.14 (s, 2H), 7.38 (s, 2H); '*C NMR (CDCls, 125
MHz): ¢ = 14.15, 22.73, 26.11, 26.13, 29.33, 29.42, 29.44, 29.50, 29.53, 29.57, 29.66, 29.71,
31.94, 31.96, 69.16, 69.83, 74.64, 75.52, 82.50, 110.03, 111.24, 124.59, 127.82, 149.12,
149.63 (25 signals out of 29 expected); UV-vis (CH2Cly): Amax™ = 318 nm; HR-FAB-MS
(NBA, positive): m/z calcd for CseHo2O6": 884.6894; found: 884.6885 [M]".

Preparation of 3a and 4a (Cu-mediated method): A suspension of 14a (100 mg, 0.18

mmol) and SnCl2-2H20 (205 mg, 0.91 mmol) in THF (10 mL) was stirred at 60 °C for 13 h
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under argon atmosphere. After the reaction mixture was concentrated under reduced
pressure to approximately 1 mL, the resulting mixture was purified by column
chromatography on silica gel (CH2Cl,) to give a colorless solution of aromatized diyne 15a.
The solvent was replaced with o-DCB by evaporation followed by immediate dilution, and
the solution was used in the next reaction immediately.

CuCl (29 mg, 0.29 mmol) and TMEDA (0.7 mL, 4.9 mmol) were added to a solution of 15a
in 0-DCB (130 mL). The resulting mixture was stirred at 50 °C for 11 h under supply of air.
After the solvent was removed under reduced pressure, the residue was suspended in CHCl3,
and the resulting solution was washed with H>O. The organic phase was dried over
anhydrous MgSO4 and evaporated under reduced pressure. The residue was suspended in
CH:Cl,, and insoluble material was collected by filtration, which was purified by column
chromatography on silica gel (CHCIs) to afford 3a (32 mg, 0.031 mmol, 33%) as a red solid.
The filtrate was concentrated under reduced pressure, and the residue was purified by column
chromatography on silica gel (hexane/CHCI3, 1:2) and reprecipitation from CH>Cly/hexane to
afford 4a (7 mg, 0.0046 mmol, 7%) as a yellow solid. 3a: M.p. > 250 °C; 'H NMR (CDCl;,
500 MHz, 1.28 x 107 mol dm™): 6 = 1.03 (t, 24H, J = 7.3 Hz), 1.52-1.58 (m, 16H),
1.86-1.92 (m, 16H), 4.08 (t, 8H, J = 6.4 Hz), 4.16 (t, 8H, J = 6.4 Hz), 6.99 (s, 4H), 7.50 (s,
4H); '3C NMR was not available due to the low solubility of 3a; UV—vis (CHCl3): Amax™ (¢) =
559 (1480), 470 (25500), 402 (14200), 381 (13400), 347 (85400), 332 (60500), 306 (80000),
274 nm (86600 dm? mol! cm™'); HR-FAB-MS (NBA, positive): m/z calcd for CesHsoOs':
1024.5853; found: 1024.5859 [M]*. 4a: M.p. > 250 °C; '"H NMR (CDCls, 500 MHz, 1.45 x
1072 mol dm™): 6 = 1.08 (t, 36H, J = 7.5 Hz), 1.62—1.71 (m, 24H), 1.95-2.01 (m, 24H), 4.30
(t, 12H, J = 6.4 Hz), 4.38 (t, 12H, J = 6.4 Hz), 7.82 (s, 6H), 8.07 (s, 6H); '3*C NMR (CDCl;,
125 MHz): 6 = 14.14, 14.23, 19.52, 19.79, 31.46, 31.66, 68.79, 69.22, 82.47, 83.21, 105.18,
109.45, 120.81, 124.66, 126.07, 149.78, 150.84; UV—vis (CHCL3): Amax*™ (¢) = 457 (67100),

440 (53200), 423 (62500), 404 (60100), 274 nm (84500 dm> mol! cm!); HR-FAB-MS
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(NBA, positive): m/z calcd for C102H120012": 1536.8780; found: 1536.8777 [M]".

Preparation of 4a and Sa (Pd-catalyzed method): A suspension of 14a (443 mg, 0.81
mmol) and SnCl>-2H>0 (909 mg, 4.03 mmol) in THF (10 mL) was stirred at 60 °C for 13 h
under argon atmosphere. After the reaction mixture was concentrated under reduced
pressure to approximately 1 mL, the resulting mixture was purified by column
chromatography on silica gel (CH2Cly) to give a colorless solution of aromatized diyne 15a.
The solvent was replaced with THF by evaporation followed by immediate dilution, and the
solution was used in the next reaction immediately.

Et3N (40 mL) was added to a solution of 15a in THF (120 mL), and the resulting solution was
bubbled with argon with stirring for 30 min. [PdCl2(PPhs)2] (56 mg, 0.081 mmol), Cul (30
mg, 0.16 mmol), and p-benzoquinone (88 mg, 0.81 mmol) were added to the solution. After
the reaction mixture had been stirred at room temperature for 18 h, the suspension was filtered
through a bed of silica gel, and the filtrate was evaporated under reduced pressure. The
residue was diluted with CH2Cl,, washed with aqueous NH4Cl, dried over anhydrous MgSQOs,
and evaporated under reduced pressure. The residue was purified by column
chromatography on silica gel (CHCI3) and recycling GPC (CHCIs) to afford 4a (71 mg, 0.046
mmol, 17%) and 5a (38 mg, 0.019 mmol, 9%) as yellow solids. 5a: M.p. > 250 °C; 'H
NMR (CDCI3, 600 MHz): 6 = 0.98 (t, 24H, J = 7.4 Hz), 1.04 (t, 24H, J = 7.4 Hz), 1.52-1.63
(m, 32H), 1.88—1.96 (m, 32H), 4.23 (t, 32H, J = 6.7 Hz), 7.70 (s, 8H), 7.82 (s, 8H); *C NMR
(CDCl3, 150 MHz): 0 = 14.11, 19.49, 31.27, 31.41, 68.97, 69.23, 81.78, 82.86, 105.07, 108.90,
121.44, 124.65, 126.11, 149.81, 150.63 (15 signals out of 17 expected); UV—vis (CHCL):
Amax™ (£) = 427 (84600), 390 (87600), 284 nm (246000 dm> mol! cm™'); MALDI-TOF-MS
(dith, positive): m/z 2050.2 [M+H]"; elemental analysis calcd (%) for Ci36Hi60016°0.3CHCls:
C 78.45, H 7.74; found: C 78.46, H 8.01.

Preparation of 3b (Cu-mediated method): A suspension of 14b (157 mg, 0.18 mmol) and

SnClz-2H20 (193 mg, 0.82 mmol) in THF (10 mL) was stirred at 60 °C for 13 h under argon.
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After the reaction mixture was concentrated under reduced pressure to approximately 1 mL,
the resulting mixture was purified by column chromatography on silica gel (CH2CL) to give a
colorless solution of aromatized diyne 15b. The solvent was replaced with o-DCB by
evaporation followed by immediate dilution, and the solution was used immediately.

CuCl (48 mg, 0.36 mmol) and TMEDA (0.43 mL, 3.0 mmol) were added to a solution of 15b
in 0-DCB (40 mL), and the resulting mixture was stirred at 50 °C for 11 h under supply of air.
After the solvent was removed under reduced pressure, the residue was suspended in CHCls,
and the resulting mixture was washed with H>O. The organic phase was dried over
anhydrous MgSO4 and evaporated under reduced pressure. The residue was suspended in
CH>Cly, and the insoluble material was collected by filtration, which was subjected to column
chromatography on silica gel (CHCI3) to afford 3b (56 mg, 0.032 mmol, 37%) as a red solid.
M.p. 167-168 °C; 'H NMR (CDCls;, 500 MHz, 1.51 x 10~ mol dm™): § = 0.87-0.89 (m,
24H), 1.29-1.40 (m, 96H), 1.52—1.56 (m, 16H), 1.87-1.94 (m, 16H), 4.06 (t, 8H, J = 6.4 Hz),
4.15 (t, 8H, J = 6.4 Hz), 6.98 (s, 4H), 7.50 (s, 4H); 3*C NMR (CDCls, 125 MHz, 40 °C): § =
14.22, 14.23, 22.86, 26.40, 29.53, 29.57, 29.62, 29.77, 29.83, 29.88, 29.90, 32.12, 32.13,68.93,
69.52, 88.65, 93.96, 105.00, 108.32, 124.59, 124.69, 127.04, 149.72, 150.57 (24 signals out of
29 expected); UV—vis (CHCL3): Amax™® (g) = 559 (1600), 470 (27100), 403 (14800), 381
(13700), 347 (89400), 332 (63000), 306 (82900), 274 nm (89500 dm’ mol' cm™);
MALDI-TOF-MS (dith, positive): 1698.0 [M+H]"; elemental analysis caled (%) for
C116H17605-1.7 CHCI3: C 74.34, H 9.41; found: C 74.37, H 9.67. The author could not
obtain satisfactory elemental analysis for this compound because this compound probably
contains solvent molecules in the solid state. The author believe that the compound is
undoubtedly pure on the basis of the 'H NMR spectrum.

Preparation of 4b (Pd-catalyzed method): A suspension of 14b (326 mg, 0.37 mmol) and
SnCl2-2H>0 (415 mg, 1.84 mmol) in THF (10 mL) was stirred at 60 °C for 13 h under argon

atmosphere.  After the reaction mixture was concentrated under reduced pressure to
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approximately 1 mL, the resulting mixture was purified by column chromatography on silica
gel (CH2Cl) to give a colorless solution of aromatized diyne 15b. The solvent was replaced
with THF by evaporation followed by dilution, and the solution was used in the next reaction.
EtsN (30 mL) was added to a solution of 15b in THF (30 mL), and the resulting solution was
bubbled with an argon with stirring for 30 min. [PdCl(PPh3)2] (26 mg, 0.037 mmol), Cul
(14 mg, 0.074 mmol), and p-benzoquinone (36 mg, 0.33 mmol) were added to the solution.
After the mixture had been stirred at room temperature for two days, the suspension was
filtered through a bed of silica gel, and the filtrate was evaporated under reduced pressure.
The residue was diluted with CHCIl3;, washed with aqueous NH4Cl, dried over anhydrous
MgSOs, and evaporated under reduced pressure. The residue was purified by column
chromatography on silica gel (hexane/CHCls, 1:2), reprecipitation from CHCls/hexane, and
recycling GPC (CHCL) to afford 4b (72 mg, 0.028 mmol, 23%) as a yellow solid. M.p. >
250 °C; '"H NMR (CDCl3, 500 MHz, 6.05 x 107 mol dm™): § = 0.85 (t, 18H, J = 6.8 Hz),
0.89 (t, 18H, J = 6.8 Hz), 1.24-1.45 (m, 144H), 1.58-1.68 (m, 24H), 1.95-2.02 (m, 24H),
429 (t, 12H, J = 6.1 Hz), 4.38 (t, 12H, J = 6.1 Hz), 7.83 (s, 6H), 8.08 (s, 6H); *C NMR
(CDCIl3, 125 MHz, 40 °C): 6 = 14.20, 14.22, 22.84, 22.86, 26.43, 26.76, 29.56, 29.58, 29.66,
29.76, 29.83, 29.89, 29.91, 29.93, 29.99, 32.12, 69.16, 69.80, 82.55, 83.36, 105.75, 109.74,
120.96, 124.77, 126.26, 150.01, 151.00 (27 signals out of 29 expected); UV—vis (CHCl3):
Imax™> (g) = 457 (115000), 440 (90000), 424 (105200), 404 (101200), 273 nm (140600 dm?
mol ! cm™!); MALDI-TOF-MS (dith, positive): m/z 2547.1 [M+H]"; elemental analysis calcd
(%) for C174H264012-0.25 CHCI3: C 81.18, H 10.33; found: C 81.18, 10.44.

Preparation of 16a: To a solution of TMSA (0.11 mL, 0.77 mmol) in THF (20 mL) was
added dropwise a n-BuLi hexane solution (2.64 mol dm—, 0.28 mL, 0.73 mmol) at =78 °C
under argon atmosphere.  After stirring at —78 °C for 30 min, a solution of 13a (50 mg, 0.10
mmol) in THF (5 mL) was added dropwise to the mixture. After the mixture was stirred at

room temperature for 10 min, the resulting mixture was diluted with saturated aqueous NH4Cl.
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The organic phase was separated, and the aqueous phase was extracted with CH,Clo. The
combined organic phase was washed with aqueous NH4Cl, dried over anhydrous MgSQO4, and
evaporated under reduced pressure. The residue was purified by silica gel column
chromatography (hexane/CH2Cl,, 1:1 to 0:1) to afford 16a (45 mg, 0.06 mmol, 65%) as
yellow solids. M.p. 105-107 °C; '"H NMR (CDCls, 300 MHz): 6 0.21 (s, 18H), 0.99 (t, 12H,
J=17.4Hz), 1.48-1.56 (m, 8H), 1.80-1.87 (m, 8H), 2.82 (s, 2H), 4.09 (t, 8H, J=5.9 Hz), 7.15
(s, 2H), 7.48 (s, 2H); *C NMR (CDCls, 75 MHz): 6 —0.04, 13.99, 14.02, 19.37, 31.42, 31.52,
68.91, 69.76, 75.88, 93.30, 104.22, 110.32, 113.95, 124.93, 126.33, 148.96, 149.97 (17 signals
out of 18 expected); UV—vis (CH2Cly): Amax™ = 318 nm; HR-FAB-MS (NBA, positive): m/z
caled for C40He0O6S12" 692.3928, found 692.3923 [M]".

Preparation of 17a: A suspension of 16 (12 mg, 0.018 mmol) and SnCl>-2H>O (25 mg, 0.11
mmol) in THF (1 0 mL) was stirred at 60 °C for 13 h under argon atmosphere. After brine
was added into the mixture, the organic phase was separated, and the aqueous phase was
extracted with CH2Cl,. The combined organic phase was dried over anhydrous MgSO4 and
evaporated under reduced pressure. The residue was purified by silica gel column
chromatography (CH2Cl) to afford 17a (6 mg, 0.009 mmol, 51%) as yellow solids. M.p.
123-127 °C; 'H NMR (CDCls, 300 MHz): 6 0.37 (s, 18H), 1.03 (t, 6H, J = 7.4 Hz), 1.04 (t,
6H, J=17.3 Hz), 1.53-1.63 (m, 8H), 1.90-1.95 (m, 8H), 4.19 (t, 4H, J= 6.6 Hz), 4.23 (t, 4H, J
= 6.6 Hz), 7.73 (s, 2H), 7.80 (s, 2H); '3C NMR (CDCls, 150 MHz): § 0.38, 14.08, 14.12,
19.47, 31.25, 31.43, 68.57, 69.34, 103.17, 103.38, 105.22, 109.04, 120.82, 124.23, 125.68,
149.37, 150.06 (17 signals out of 18 expected); UV—vis (CH2Cl2): Amax™® (relative intensity) =
396 (0.10), 359 (0.37), 344 (0.30), 302 (0.64), 296 (0.63), 266 (1.00) nm; HR-FAB-MS (NBA,
positive) m/z caled for C40Hs304Si>" 658.3874, found 658.3881 [M]".

Preparation of 1a and 2a: To a solution of 19 (350 mg, 0.845 mmol) in THF/MeOH (1:1, 10
mL) was added KoCO; (467 mg, 3.38 mmol). After the mixture was stirred at room

temperature for 30 min, HoO was added into the mixture. The organic phase was separated,
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and the aqueous phase was extracted with Et;O. The combined organic phase was washed
with aqueous NH4Cl, dried over anhydrous MgSQOs, and evaporated under reduced pressure.
The residue was purified by silica gel column chromatography (CHCI3) to give desilylated
diyne 20, which was used in the next cyclization reaction without further purification due to
the instability.

A mixture of 20, CuCl (100 mg, 1.01 mmol), and TMEDA (3.0 mL, 20.2 mmol) in o-DCB
(170 mL) was stirred at 50 °C for 11 h under air supply. After the solvent was removed
under reduced pressure, the residue was dissolved in CHCl3;. The resulting solution was
washed with H>O, dried over anhydrous MgSO4, and evaporated under reduced pressure.
The residue was chromatographed over silica gel (hexane/CHCl3, 1:1) to afford 1a°° (93 mg,
0.173 mmol, 41%) as yellow solids and crude 2a, which was further purified by
reprecipitation from CHCIl3/MeOH to afford pure 2a (30 mg, 0.04 mmol, 13%) as yellow
solids. 2a: M.p. 283 °C (decomp.); '"H NMR (CDCls, 500 MHz): 6 0.99 (t, 18H, J = 7.3 Hz),
1.47-1.54 (m, 12H), 1.83 (tt, 12H, J = 6.8 Hz), 4.03 (t, 12H, J = 6.8 Hz), 7.10 (s, 6H); 1°C
NMR (CDCls, 125 MHz): 6 13.97, 19.30, 31.10, 69.00, 77.05, 81.05, 115.89, 118.38, 149.78;
UV-vis (CHCl3): Amax™ () = 396 (37100), 386 (34500), 353 (178300), 330 (76900), 292
(56300), 275 nm (35500 dm® mol! ecm™'); MALDI-TOF-MS (dith, positive): m/z 805.36
[M+H]"; Elemental analysis calcd (%) for CssHe0Os0.18CHCl3: C 78.73, H, 7.33, found: C

78.76, H 7.03.

X-ray crystal structure analysis of 3a: Crystal data at —180 °C for CsgHgoOs, M; = 1025.38,
Triclinic, space group P-1, Deaica = 1.211 gem ™, Z=1,a=5.063(3) A, b = 15.140(11) A, c =
18.661(16) A, a = 92.93(4)°, B = 96.93(5)°, y = 97.28(4)°, V = 1405.3(18) A3; Mo-Ko,
radiation, 4 = 0.71075, u = 0.776 cm™!. A red crystal (linear dimensions ca. 0.38 x 0.02 x
0.01 mm) was obtained from CHCI; at 25 °C.  Numbers of measured and unique reflections

were 13672 and 4784, respectively (Rint = 0.152). Final R(F) = 0.121, wR(F?) = 0.206 for
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343 parameters and 4784 reflections with / > 20(/) (corresponding R values are 0.344 for all

data). CCDC-892383 contains the supplementary crystallographic data.
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Chapter 3. Hexadecadehydrodibenzo[20]-, Tetracosadehydrotribenzo[30]-,
and Dotriacontadehydrotetrabenzo[40]annulenes: Syntheses,

Characterizations, Electronic Properties, and Self-associations

3-1. Introduction

Acetylenic macrocycles, particularly  dehydro[n]annulenes ([n]DAs) and
dehydrobenzo[r]annulenes ([#]DBAs), have received long-lasting attention in not only the
basic aspect of aromaticity/antiaromaticity but also materials science because of their
particularly interesting optoelectronic and self-assembling properties as described in Chapter
1. Because the Cu-mediated homocoupling reactions of ene-diynes or diethynylbenzenes,
which are available with relative ease, have been well established, a variety of [#]DAs and
[n]DBAs that consist of alkene or benzene moieties, respectively, and butadiyne linkages at
the unsaturated bond were synthesized, including [12]DBA 1b,!3*3[18]DBA 2b,*'and their
derivatives (Figure 3-1). Moreover, advances in the field of Pd-catalyzed alkyne
cross-coupling reactions have brought about the synthesis of related DBAs with more
sophisticated functionality and the construction of larger and more complex DBA

systems,21:40:62
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1a, 2a, 6-8: R = On-C4Hg
1b,2b: R=H

Figure 3-1. Structures of [12]- and [18]DBAs 1a,b and 2a,b possessing butadiyne linkages and [20]-, [30]-,
and [40]DBAs 6-8 possessing octatetrayne linkages.

The incorporation of oligoyne linkages that are longer than butadiyne linkages into DA
and DBA systems would allow us to obtain valuable insight into relevant structure—property
relationships, namely, the effects of the ring expansion on the stability, tropicity, and
electronic properties. However, examples of [#]DAs and [#]DBAs possessing oligoyne
linkages are quite limited to date, and a summary of those in particular resulting from the
groups of Haley,’!3"138 Tobe,!1%13% and Diederich®® is included in Figure 3-2. One of the
reasons for the lack of [#]DAs and [#n]DBAs possessing oligoyne linkages may be that
acetylenic compounds become unstable with an increasing number of conjugated C=C—C
bonds. 21140144 In Chapter 3, the author describes the syntheses, characterizations, and
properties of hitherto unknown [20]-, [30]-, and [40]DBAs 6-8 possessing octatetrayne
linkages. By comparing the properties of 6-8 with those of [12]DBA 1a and [18]DBA 2a,
the elucidation of the relationship between the ring size and the properties in the present DBA

systems was focused on.
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(i-C3H7)oN

(-C3H7)N N(-C3Hy),

Figure 3-2. Examples of DAs and DBAs possessing hexatriyne or octatetrayne linkages.

3-2. Syntheses and Structures

The synthesis of DBAs 68 is outlined in Scheme 3-1. Compound 19 was converted into
bromoalkyne 24 via desilylation with K,COs followed by silver catalyzed bromination. The
Cadiot-Chodkiewicz coupling of 24 with trimethylsilylacetylene (TMSA) provided
silyl-protected bisbutadiynyl arene 25. Desilylation of 25 with K2COs3 afforded the terminal
alkyne 26 that showed only limited stability in its neat form, which was rapidly placed under
the Hay coupling condition in acetone. The careful separation of the crude mixture obtained
in the macrocyclization afforded [20]DBA 6 and [30]DBA 7 in 5% yield, over two steps.
The yield of 6 could not be determined because 6 could be handled only in solution; a neat
sample rapidly decomposed to furnish black, intractable materials. The Pd-catalyzed
coupling reaction was also investigated, and 8 and 7 were isolated in 6 and 7% yields,
respectively.  The low yields from the macrocyclization are probably due to the

decomposition of the terminal alkyne during the reactions and/or the formation of oligomeric
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or polymeric products. DBAs 6-8 were undoubtedly identified by mass spectrometric (FAB
or MALDI-TOF) analysis together with their highly symmetric NMR spectra as described
below. DBAs 7 and 8 showed higher stability than 6 and could be stored in the solid state at
—15 °C for over a year; however, at room temperature, the solid sample of 7 gradually
decomposed within a few months. [40]DBA 8 did not show any sign of decomposition
when kept in the solid state at room temperature for over a year.

TMS Br

RO a) RO b) RO c)

RO RO
™S Br
20 24, 52%

RO

|
|
|

TMS

& = r
RO Z a) RO 7z d) RO Z TS OR
RO T RO N RO = _|_ = OR

X A Il n

T™MS
25 28% 26 Condition A Condition B
' 6(n=1),ND.  6(n=1),N.D.
7(n=2),5% 7(n=2),7%

R = n-C,Ho 8(n=3),0% 8 (n=3),6%

Scheme 3-1. Synthesis of DBAs 6-8. Reagents and conditions: a) K,CO3;, THF/MeOH (1:1 v/v), RT; b)
AgNO3, N-bromosuccinimide, THF/MeOH (1:1 v/v), RT; ¢) CuCl, NH,OH-HCI, n-BuNH,, TMSA, CH,CIl»/H,O
(7:5 v/v), 0 °C; d) conditions A: CuCl, TMEDA, acetone, =5 °C to RT, conditions B: [PdCl»(PPhs),], Cul,
p-benzoquinone, THF/Et:N (1:2 v/v), RT. TMSA = trimethylsilylacetylene. 0-DCB = o-dichlorobenzene,
TMEDA = N,N,N’,N -tetramethylethylenediamine.

The author calculated the molecular structures of 6’—8’, in which the butoxy groups in 68
were replaced with methoxy groups, at the B3LYP/6-31G(d) level of theory (Figure 3-3).!%
The optimized structures 1°, 2°, 6’, and 7’ are planar (D>n symmetry for 1’ and 6°, Dsp
symmetry for 2’ and 7°). The structure of 8 was calculated to be a nonplanar
Drg-symmetric structure. Unlike 2°, 7°, and 8°, the C=C—C bonds in 1’ and 6’ are apparently
deformed from linearity. The bending angles of the C=C—C bonds in 6’ are 170.3—175.2°,
whereas those in 1’ are 164.1-167.5°; thus, the strain in C=C—C bonds in 6’ is predicted to be

released in comparison to that of 1°. The evidence for the moderate strain in the C=C-C

bonds of 6 is manifested by the downfield shifts of the 3*C NMR peaks of the sp carbons by
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ca. 4-5 ppm for 6 compared to 7. Nevertheless, 6 shows drastically reduced stability as
compared to 1a. Although the reason for this finding is unclear at present, a similar severe

instability in cyclic alkyl octatetraynes was reported by Tykwinski and co-workers.'*
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Figure 3-3. Optimized molecular structures of (a) 6°, (b) 7°, and (c) 8°, where the butoxy groups in 6-8 are
replaced with methoxy groups (B3LYP/6-31G(d)).

Single crystals of 7 suitable for X-ray diffraction analysis were obtained by
recrystallization from a p-xylene solution as a clathrate, with p-xylene having a 2:5
stoichiometry (Figure 3-4a,b). The C=C-C bond angles are 176.5-179.8°, and the deviation
from the mean plane composed of the benzene moieties and octatetrayne linkages is at most
0.21 A. Interestingly, the molecules of 7 and p-xylene form a 2D sheetlike structure in
which the [30]DBA cores roughly align within the plane (Figure 3-4c). The butoxy groups
and p-xylene molecules occupy the spaces between the m-core within the plane suggesting
that CH—n and van der Waals interactions play an important role for the formation of the
2D-sheet. Thus, each benzene moiety of 7 adopts typical parallel displaced packing, where
one corner of benzene hexagon locates above the center of the adjacent benzene ring, to form
the triple-layered structure (Figure 3-4d,e). Consequently, the octatetrayne linkages are

highly overlapped with close distances of ca. 3.45-3.50 A.
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Figure 3-4. ORTEP plots of (a) DBA 7 and (b) (DBA 7),'(p-xylene)s with displacement ellipsoid at 50%
probability level. Hydrogen atoms and p-xylene molecules are omitted for clarity. Packing structures of
(DBA 7)::(p-xylene)s of (c) 2D sheetlike structure and 1D column structure from (d) bird-eye view and (e) top

View.

3-3. 'H NMR Spectra and NICS Calculations

DBAs 68 displayed very simple '"H NMR spectra; thus, one singlet signal for aromatic
protons was observed (Figures 3-5). Planar [20]- and [30]DBAs 6 and 7 are formally
antiaromatic and aromatic, respectively. The change in resonance (40) of aromatic protons
1s a good indicator of the elucidation of tropicity. The signal of the aromatic protons for 6 is
upfield shifted by 40 = 0.28 ppm with respect to the signal for acyclic 25. The signal for 7 is
only slightly downfield shifted by 46 = 0.05 ppm, which is almost comparable to the shift (40
= 0.02 ppm) for nonplanar, apparently nonaromatic 8. The observed chemical shift changes
from acyclic 25 to 6 and 7 are apparently small as compared to those from 19 to 1a and 2a,

respectively; the 46 values are 0.51 ppm for 1a and 0.20 ppm for 2a with respect to 19. This
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finding indicates that the tropicity of 6 and 7 substantially decreases as compared to the
corresponding 1a and 2a owing to the expansion of the DA ring. Vollhardt and Matzger first
reported the attenuating effect of the increase in the size of DBA rings on the
nucleus-independent chemical shift (NICS) values.!'''!'2135  Indeed, the NICS(0) (and
NICS(1)) values of 6’ calculated at the GIAO/HF/6-31G(d)//B3LYP/6-31G(d) level are +1.1
(+1.1), which are only ca. 30% of those of 1’ (+3.8 (+3.7)); the NICS(0) (and NICS(1))
values for parent [12]DA 22 are calculated to be +9.2 (+8.1). The NICS(0) (and NICS(1)) of
7’ are calculated to be +0.1 (+0.1), which are obviously paradoxical values for compounds
with macrocyclic diatropicity. Thus, it is considered that the paratropicity of 6 is

significantly weak and the diatropicity of 7 is negligible.
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Figure 3-5. Partial '"H NMR spectra of (a) 25, (b) 6, (c) 7, and (d) 8 in CDClI; at 20 °C.
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3-4. Electronic and Electrochemical Properties

In the UV—vis spectra (Figure 3-6, Table 3-1), the red shifts of the longest absorption
maxima (Imax™>®) are observed in 6 and 7 compared with 1a and 2a, respectively, which are
attributed to the extension of m conjugation as a result of the extension of the oligoyne
linkages; the longest Amax of 1a, 2a, 6, and 7 are 472, 396, 490, and 451 nm, respectively.
Notably, the Amax*® and absorption onsets (onset) are red shifted from 8 and 7 to 6 in spite of 6
having the smallest ring size. Considering that the paratropicity of 6 is significantly weak
and the conjugation pathway of 6 is shorter than that of 7 and 8, the smaller HOMO-LUMO
gap of 6 compared to 7 and 8 may derive from the strained oligoyne linkages in 6.!'* The
blue-shifted longest Amax™ (418 nm) and Aonset in 8 relative to 6 and 7 are readily explained by
the considerable nonplanarity of 8, which should suppress the © conjugation to some extent in
the macrocyclic framework composed of the benzene moieties and octatetrayne linkages.
DBAs 1a and 68 are nonfluorescent, whereas 2a is fluorescent with an absolute fluorescence

quantum yield (@5) of 0.36 in CHCI3 as described in Chapter 2.
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Figure 3-6. UV-vis absorption spectra of (a) 1a and 6 and (b) 2a, 7, and 8 in CHCl; at 25 °C.
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Table 3-1. The Longest Amax*® of 1a, 2a, and 6-8 and Calculated Lowest Excitation Wavelengths of 1°, 2°,
6’,and 7’
A0S caled[b]
[m]  [am] (/)
1a 472 589 (0.000) H—L,91%
2a 4159 450 (0.000) H-1— L, 43%; H-1 — L+1, 8%; H — L, 8%; H-1 — L+1, 43%
396 392(0.948) H-1—>L,5%;H-1—L+1,33%;H—L, 33%, H-1 - L+1, 5%
392(0.948) H-1—L,33%; H-1 - L+1,5%; H— L, 5%; H-1 — L+1, 33%
6 490 676 (0.000) H— L, 98%
7 475! 523 (0.000) H-1— L, 13%; H-1 — L+1, 32%; H — L, 32%; H-1 — L+1, 13%
H-5 — L+2, 4%; H-2 — L+3, 4%; H-1 — L, 12%; H-1 — L+1,
31%; H— L, 30%; H — L+1, 13%
H4 — L+2, 4%; H-2 — L+4, 4%; H-1 — L, 31%; H-1 — L+1,
12%; H— L, 12%; H — L+1, 30%

8 418 L] 1]
[a] In CDCIs at 25 °C. [b] TD-DFT (TD/B3LYP/6-31(d)) calculations were carried out with uses of
optimized structures at the B3LYP/6-31G(d) level of theory; f'= oscillator strength; H = HOMO, L = LUMO.
[c] Shoulder peak. [d] Not calculated.

Composition of band

451 493 (0.869)

493 (0.869)

The author carried out the density functional theory (DFT) calculations for 6’-8’. The
frontier molecular orbital (FMO) plots for 6’-8 were obtained by the single-point
calculations at the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level (Figure 3-7). Similar to 2°,
the HOMO and HOMO-1 of 7° are degenerate, as are the LUMO and LUMO+I.
Time-dependent DFT (TD-DFT) calculations at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level
for 6° and 7’ revealed that the molecular orbitals associated with the absorptions in the longer
wavelength region for 6 and 7 are the same as those for the corresponding 1a and 2a (Table
3-1). Thus, as is the case with 1a, the absorption of 6 is assigned to be symmetrically
forbidden HOMO-LUMO transition and the absorption of 7 is related to the mixed transitions

from HOMO and HOMO-1 to LUMO and LUMO+1.
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Figure 3-7. (Black) energy diagrams and frontier molecular orbital (FMO) plots of (a) 1°, (b) 6, (c) 2°, (d) 7°,
and (e) 8 by using the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) method, and their transitions estimated by
TD-DFT calculations at B3LYP/6-31G(d)//B3LYP/6-31G(d). (Red) HOMO and LUMO levels of (a) 1a, (b) 6,
(c) 2a, (d) 7, and () 8 deduced from the oxidation onset (Eonset®) and reduction onset (Eonset) values according
to the following equation: HOMO = —(4.8 + Eonset™) €V, LUMO = —(4.8 + Eonset™?) €V.
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To gain insight into the frontier orbital energy of DBAs 6-8 as well as 1a and 2a in
experiment, cyclic voltammetry (CV) analysis in o-dichlorobenzene (0-DCB) was conducted
(0.1 mol dm™> n-BusNPFs, standard ferrocene/ferrocenium ion (Fc/Fc')); the results are
summarized in Table 3-2. All of the DBAs displayed amphoteric behavior within the
available potential window (Figure 3-8). Both the oxidation onsets (Eonset”) and reduction
onsets (Eonset™) for 6 and 7 are positively shifted as compared to those for 1a and 2a,
respectively, reflecting the stronger electron-withdrawing ability of an octatetrayne unit

t.1% The Eonse™ values are more positively shifted than

compared to that of a butadiyne uni
the Eonset™ values; hence, 6 and 7 have smaller potential differences between the Eonset”™ and
Eonset™ values, namely, the smaller electrochemical HOMO-LUMO gaps (4Eredox) compared
to those of 1a and 2a, respectively. The AErdox become apparently small from 8 and 7 to 6,
as expected from the absorption spectra. These trends are well reproduced by the

calculations; the 4Er.dox values for 1a, 2a, and 6—8 match the calculated HOMO-LUMO gaps

(4Ecalcq) for corresponding 1°, 2°, and 6°-8°.
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Figure 3-8. Cyclic voltammograms of (a) 6, (b) 7, and (c) 8 measured in 0-DCB (0.1 mol dm™ n-BusNPFy) at

a scan rate of 100 mV s™!.  The peak attributed to the decomposed species formed by reduction are labeled with

an asterisk.
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Table 3-2. Oxidation and Reduction Potentials of 1a, 2a, and 6-8 by CV in o-DCB[,
Electrochemical HOMO-LUMO Gaps,®! and Theoretically Calculated HOMO and LUMO

Levels
Eonse™ (Epa)  Eonset™ (Epe)  AEraod™ HOMO ~ LUMO AEcaicd
[V] [V] [V] [eV] [eV] [eV]
la +0.63 -1.99 2.62 =5.08 -2.29 2.79
(+0.78)1d! (—2.16)1
(+1.21)d (—2.51)0
2a +0.82 -2.17 2.99 =5.24 -1.96 3.28
(+0.96)!1 (—2.43)M0
6 +0.82 -1.70 2.52 —5.28 -2.84 2.44
(+0.92)4 (—1.81)t
(+1.14) (—1.99)!1
7 +0.92 —1.76 2.68 —5.40 —2.66 2.74
(+1.03)!1 (—1.99)
8 +0.95 —-1.811! 2.76 =5.73 —2.80 2.93
(+1.05)0
[a] Measuring by using CV in 0-DCB (0.1 mol dm™ n-BusNPFs). All the potentials are
given versus the Fc/Fc¢™ couple as an external standard. Scan rate = 100 mV s™!. [b]

B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) for 1°, 2°, and 6’-8’, where the butoxy groups in 1la,

2a, and 6-8 are replaced with methoxy groups. [c] The electrochemical gap (4Eredox) 1S

d

defined as the potential difference between Eonset™ and Eonse™. [d] Reversible wave. [e]

Quasireversible wave. [f] Irreversible wave. [g] Unresolved wave.

3-5. Self-association

The "H NMR spectra of 7 in CDCl; showed subtle but distinctive upfield shifts of the
aromatic protons upon increasing the concentration unexpectedly (Figure 3-9a). This
indicates the occurrence of self-association in solution by n—n stacking interactions. The
diffusion coefficients (D) for 7 were almost independent of the concentrations on the basis of
the diffusion NMR experiments, suggesting that a monomer—dimer equilibrium

predominantly exists.'?!

The plots of the chemical shifts of the aromatic protons as a
function of concentration was fitted to a curve for the monomer—dimer model (Figure 3-9a)'??

and yielded the self-association constant (K) of 4 £ 1 dm® mol™!. In contrast to 7, the

resonance for the aromatic protons in 2a was independent of the concentrations in CDCls.
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These results demonstrate that the extension of the oligoyne linkages from 2a to 7 enhances
the self-association ability.  To investigate the effect of solvent polarity on the
self-association of 7, the author performed the NMR experiments in CDCl3/CD3;CN solvent
system. The K values in CDCl3/CD3CN ratios of 2:1 and 1:1 were 56 + 5 and 112 + 45 dm?
mol !, respectively (Figure 3-9b,c), which indicate that the self-association is enhanced by the

solvophobic effects in the mixed-solvent system.
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Figure 3-9. Partial '"H NMR spectra of 7 in various concentrations at 20 °C in (a) CHCl;, (b) CDCl3/CD;CN =

2:1, and (c¢) CDCI3/CD3;CN = 1:1 (top) and the corresponding nonlinear curve-fitting plots of the concentration
dependence of the chemical shifts of the aromatic protons (bottom).
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To examine the electronic effect of the oligoyne linkages on the self-association, the author
calculated the electrostatic-potential surfaces (ESPs) and molecular electrostatic potentials
(MEPs) of 1’ and 7’ at the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level (Figure 3-10). The
MEPs at 2 A above the center of the benzene rings are —8.8 and —4.0 kcal mol ! for 1’ and 7,
respectively, which clearly indicates a less-negative character for the benzene rings of 7 than
la. The polar/nm model predicts that electron-withdrawing aromatic rings favor effective n—n

147.198 In addition, it was pointed out by Tobe and co-workers that

stacking interactions.
arylene—butadiynylene macrocycles (ABMs) possess a higher self-association ability than
arylene—ethynylene macrocycles (AEMs) because of the strong electron-withdrawing effect of

> Therefore, it is reasonable to conclude that the

the butadiyne units in the former.'?
octatetrayne linkages in 7 promote n—7 stacking interactions effectively owing to their strong

electron-withdrawing effect.

(a) (b)

-4.0
kcal mol~?

-8.8
kcal mol™!

Figure 3-10. EPSs and values of the MEPs; the calculated position of the MEPs are 2 A above the center of the
benzene rings of (a) 2” and (b) 7 at the level of B3LYP/6-31+G(d,p)//B3LYP/6-31G(d). The Potentials are
drawn in the same color scale, with red indicating more-negative electrostatic potentials and blue, more-positive
potentials.
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3-6. Conclusions

The author has synthesized hitherto unknown [20]-, [30]-, and [40]DBAs 6—8 possessing
octatetrayne linkages. The unique 2D sheetlike network of (DBA 7)-(p-xylene)s in the solid
state was revealed. The expansion of the DBA cores by extension of the oligoyne linkages
from butadiyne to octatetrayne units significantly decreases tropicity; thus, the paratropicity
of 6 should be extremely weak, and the diatropicity of 7 should be negligible. The
octatetrayne linkages are responsible for small HOMO-LUMO gaps compared to the
butadiyne linkages. The effective self-association properties of 7 in solution suggest that

octatetrayne linkages facilitate m—m stacking interactions.

3-7. Experimental Section

Preparation of 24: To a solution of 19 (800 mg, 1.93 mmol) in THF/MeOH (1:1, 10 mL) was
added K>COs3 (528 mg, 3.82 mmol). After the mixture was stirred at room temperature for
50 min, the suspension was evaporated under reduced pressure. The residue was purified by
silica gel column chromatography (acetone) to give desilylated diyne 20, which was used in
the next reaction without further purification because of the instability.

To a solution of 20 in acetone (10 mL) were added N-bromosuccinimide (784 mg, 4.40 mmol)
and AgNOs3 (96 mg, 0.57 mmol). After the mixture was stirred at room temperature for 6 h,
the suspension was evaporated under reduced pressure. The residue was suspended with
hexane and filtered, and the filtrate was evaporated under reduced pressure. The residue was
purified by silica gel column chromatography (hexane/CH>Cl», 10:1) to afford 24 (430 mg,
1.00 mmol, 52%) as a red solid. M.p. 64—66 °C; 'H NMR (CDCls, 300 MHz): 6 0.97 (t, 6H,
J=174Hz), 1.48 (tq, 4H, J=7.4, 7.2 Hz), 1.78 (tt, 4H, J= 7.2, 6.8 Hz), 3.95 (t, 4H, J = 6.8
Hz), 6.86 (s, 2H); '*C NMR (CDCls, 75 MHz): § 13.8, 19.2, 31.1, 51.9, 68.8, 78.6, 116.1,
118.4, 149.2; UV—vis (CH2ClL): Amax®® = 290 nm; MALD-TOF-MS (dith, positive): m/z

451.00 [M+Na]"; elemental analysis caled (%) for C1gH20Br202: C, 50.49, H, 4.71; Found: C,
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50.03; H, 4.71.

Preparation of 25: To a suspension of CuCl (50 mg, 0.50 mmol) and »-BuNH: (3.6 mL, 35
mmol) in H>O (5 mL) and CH>Cl, (5 mL) was added NH,OH-HCI (5 mg, 0.1 mmol) at 0 °C.
A solution of 24 (430 mg, 1.00 mmol) and TMSA (0.42 mL, 3.0 mmol) in CH>Cl, (2 mL) was
added dropwise to the mixture at 0 °C. After the resulting mixture was stirred at 0 °C for 40
min, aqueous NH4Cl was added. The organic phase was successively washed with aqueous
NH4ClI and H>O, dried over anhydrous MgSO4, and evaporated under reduced pressure. The
residue was purified by silica gel column chromatography (hexane/CH>Cl,, 5:1) and recycling
GPC (CHCI;) to afford 25 (130 mg, 0.28 mmol, 28%) as yellow oil. 'H NMR (CDCl3, 300
MHz): 0 0.24 (s, 18H), 0.97 (t, 6H, J = 7.4 Hz), 1.43—1.51 (m, 4H), 1.79 (qui, 4H, J = 6.8 Hz),
3.96 (t, 4H, J = 6.8 Hz), 6.90 (s, 2H); *C NMR (CDCl3, 125 MHz): § —0.2, 13.9, 19.2, 31.0,
68.9,75.2,76.8, 88.2,91.8, 116.9, 117.9, 149.9; UV—vis (CHCI3): Amax" (relative intensity) =
255 (0.31), 270 (0.60), 286 (1.00), 329 (0.35), 352 (0.36) nm; MALDI-TOF-MS (dith,
positive): m/z 462.58 [M]*; elemental analysis calcd (%) for CagH3302Si2-0.04CHCls: C,
72.03, H, 8.20; Found: C, 71.78, H, 7.85.

Preparation of DBAs 6 and 7 (Cu-mediated method): A mixture of 25 (656 mg, 1.42
mmol) and K>CO3 (392 mg, 2.84 mmol) in THF/MeOH (1:1, 10 mL) was stirred at room
temperature for 1 h. After the mixture was diluted with acetone (20 mL), the insoluble
material was removed by filtration, and the filtrate was evaporated under reduced pressure.
The residue was purified by silica gel column chromatography (acetone) to give desilylated
alkyne 26, which was used in the next coupling reaction without further purification because
of the instability.

To a mixture of 26 and TMEDA (1.0 mL, 7.1 mmol) in acetone (250 mL) was added CuCl
(700 mg, 7.10 mmol) at —5 °C, and the resulting mixture was stirred at room temperature for
22 h. The mixture was filtered through a bed of silica gel, and the filtrate was evaporated

under reduced pressure to ca. 1 mL. The mixture was purified by silica gel column
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chromatography (hexane/toluene, 1:1) to afford unstable 6 and 7 (22 mg, 0.023 mmol, 5%) as
yellow solids. [20]DBA 6 decomposed upon concentration to give an insoluble black
material. A dilute solution of 6 can be stored for over a year at —15 °C. 6: 'H NMR
(CDCls, 600 MHz) 6 0.96 (t, 12H, J= 7.3 Hz), 1.45 (sex, 8H, J=7.3 Hz), 1.76 (tt, 8H, J = 7.3,
6.9 Hz), 3.91 (t, 8H, 6.9 Hz), 6.62 (s, 4H); *C NMR (CDCls, 150 MHz): § 13.9, 19.2, 31.0,
67.7,69.0, 70.8, 80.3, 82.2, 114.0, 122.0, 150.5; UV—vis (CHCI3): Amax" (relative intensity) =
490 (0.02), 447 (0.03), 383 (0.27), 356 (0.24), 332 (0.16), 309 (0.22), 282 (1.00) nm;
HR-FAB-MS (NBA, positive) m/z caled for CasHa0O4": 632.2927; found, 632.2927 [M]". 7:
M.p. 155 °C (decomp.); 'H NMR (CDCls, 500 MHz, 2.53 x 10> mol dm™) 6 0.98 (t, 18H, J
=17.5Hz), 1.50 (tq, 12H, J=17.5, 7.3 Hz), 1.81 (tt, 12H, J= 7.3, 6.8 Hz), 4.00 (t, 12H, J= 6.8
Hz), 6.95 (s, 6H); 1°C NMR (CDCls, 125 MHz): § 13.9, 19.2, 31.0, 64.4, 68.93, 69.04, 75.7,
77.6, 116.5, 118.3, 150.4; UV—vis (CHCl3) Amax™ () = 451 (62200), 411 (98100), 380
(62600), 347 (41200), 284 nm (277300 dm> mol' cm™!'); HR-FAB-MS (NBA, positive) m/z
calcd for CeeHo0O6": 948.4390; found, 948.4380 [M]".

Preparation of DBAs 7 and 8 (Pd-catalyzed method): Compound 25 (322 mg, 0.88 mmol)
was desilylated according to the same procedure used for the preparation of DBAs 6 and 7.
A solution of 26 in EtsN/THF (1:2, 90 mL) was bubbled with argon with stirring for 30 min.
[PACl2(PPh3)2] (62 mg, 0.088 mmol), Cul (34 mg, 0.176 mmol), and p-benzoquinone (85 mg,
0.79 mmol) were added to the solution, and the resulting mixture was stirred at room
temperature for 16 h under argon atmosphere. The mixture was filtered through a bed of
silica gel, and the filtrate was evaporated under reduced pressure. The residue was subjected
to silica gel column chromatography (CHCI3). The collected material was suspended with
CH:Cl,, and the insoluble material was collected by filtration, which was further washed with
CH>Cl; to afford 8 (16 mg, 0.013 mmol, 6%) as a yellow solid. An analytical sample was
obtained by reprecipitation from CHCls/hexane. The filtrate was concentrated under

reduced pressure. The residue was further purified by recycling GPC (CHCIl3) to afford 7
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(18 mg, 0.019 mmol, 7%). 8: M.p. 148 °C (decomp.); 'H NMR (CDCls, 600 MHz) § 0.97 (t,
24H, J=17.3 Hz), 1.41-1.52 (m, 16H), 1.80 (qui, 16H, J = 6.4 Hz), 3.99 (t, 16H, J= 6.4 Hz),
6.92 (s, 8H); *C NMR (CDCls, 125 MHz) § 13.9, 19.2, 31.0, 64.5, 68.9, 69.1, 76.0, 77.7,
116.8, 118.3, 150.5; UV—vis (CHCI3): Amax™ (¢) = 418 (48400), 397 (68200), 364 (99700),
343 (128300), 298 nm (259100 dm® mol™' ecm™'); MALDI-TOF-MS (SA, positive) m/z
1273.87 [M+H]"; elemental analysis calcd (%) for CssHgoOs:0.29 CHCls: C, 81.55, H, 6.22;
Found: C, 81.55, H, 6.39. the author was unable to obtain satisfactory elemental analysis for
this compound. This compound may tend to contain solvent molecules in the solid state.

The author believe that the compound is pure on the basis of the 'H NMR spectrum.

X-ray crystal structure analysis of 7: Crystal data at —120 °C for CscHgsOs, M; = 1214.54,
triclinic, space group P-1, Deaca = 1.132 gem ™=, Z=4, a = 15.0672(3) A, b =1601877(3) A, ¢
= 33.1869(6) A, a = 89.496(6)°, B = 77.803(5)°, y = 64.751(5)°, V = 7125.5(2) A%; Mo-Ka
radiation, A = 0.71070, x = 0.539 mm!. A colorless crystal (linear dimensions ca. 0.10 x
0.08 x 0.06 mm) was obtained from p-xylene solution at 20 °C. Numbers of measured and
unique reflections were 85594 and 25568, respectively (Rine = 0.061). Final R(F) = 0.084,
wR(F?) = 0.243 for 1670 parameters and 25568 reflections with 1 > 2¢(/) and 3.03 < 6 <
68.20° (corresponding R values are 0.132 and 0.277 respectively, for all data). A high wR’
value and a high maximum peak in the residual electron density plot derive from the dynamic
disorder of the butoxy group and p-xylene molecules. CCDC-926926 contains the

supplementary crystallographic data.
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Chapter 4. Tetraalkoxyphenanthrene-Fused Hexadecadehydro[20]- and
Tetracosadehydro[30]annulenes: Syntheses, Self-assembly, and Electronic,

Optical, and Electrochemical Properties

4-1. Introduction

While a plethora of dehydro[n]annulenes ([#]DAs)** and dehydrobenzo[n]annulenes
([n]DBAs)®0-7276-88 nossessing ethyne and/or butadiyne linkages have been synthesized and
their tropicity, electronic properties, and self-assembling behavior were extensively
investigated to establish the structure—property relationships as described in Chapters 1 and 2,
only a limited number of DAs and DBAs possessing oligoyne linkages longer than butadiyne
linkages have been synthesized until now. The author succeeded in the syntheses and
characterization of hitherto unknown DBAs possessing tetrayne linkages and the clarification
of their properties as described in Chapter 3. The important finding obtained from this study
is that the extension of acetylenic linkages potentially not only extends the cyclic
n-conjugation, which affects tropicity and photophysical and electrochemical properties, but
also enhances the self-association ability. Following the study described in Chapters 2 and 3,
the author was motivated to extend acetylenic linkages of phenanthrene-fused DAs 3 and 4
from butadiyne to octatetrayne units and thus designed phenanthrene-fused [20]- and [30]DAs
9 and 10 possessing octatetrayne linkages to expand a family of conjugated macrocycles
possessing oligoyne linkages (Figure 4-1). In Chapter 4, the author describes the syntheses
of 9 and 10 and their unique properties. Their tropicity and physicochemical properties were
assessed by various spectroscopies, cyclic and differential-pulse voltammetry (CV and DPV),
and quantum chemical calculations and compared with those of 3 and 4 possessing butadiyne
linkages. Concentration- and temperature-dependent 'H NMR and UV-vis spectroscopies
were applied for the quantitative analysis for the self-association of 3¢, 4¢, 9¢, and 10c; this is

the first example of thermodynamic study on the self-association processes of conjugated
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macrocycles possessing octatetrayne linkages. Moreover, the formation of self-assembled
clusters from 3¢, 4¢, 9¢, and 10c were investigated by scanning electron microscopy (SEM),
atomic force microscopy (AFM), and wide-angle X-ray diffraction (WAXD). Overall, the
author focused on the elucidation of the effect of extending acetylenic linkages on tropicity,
physicochemical and self-assembling properties, which should give valuable insight into the
structure—property relationships in acetylenic macrocycles, and thus herein the significance of
the incorporation of oligoyne linkages into the annulenic systems for the creation of

n-functional systems is highlighted.

b:R=CyoHyy, c:R = /(/v

Figure 4-1. Structures of phenanthrene-fused DAs 3b,c¢, 4b,c, 9b,¢, and 10b,c.

10b,c
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4-2. Syntheses

The synthetic route to [20]- and [30]DAs 9b,c and 10c¢ is outlined in Scheme 4-1. The
author planned to introduce decyloxy or 2-ethylhexyloxy groups to phenanthrene-fused DAs
because the bulkiness of alkoxy groups was anticipated to affect the solubility and
self-assembling behavior of the compounds. Intramolecular oxidative cyclization of benzils
12b,c¢ with MoCls/TiCls mixture in CH,Cl, afforded diketones 13b,c. The addition of the
lithiated acetylide of trimethylsilylacetylene (TMSA) to 13b,¢, followed by the treatment with
(MeO)2SO, gave methyl ethers 27b,c.  Desilylation of the TMS groups of 27b,¢ with KoCOs
afforded 28b,c, which were then placed on the Cadiot—Chodkiewicz coupling reaction
condition with (2-bromoethynyl)triisopropylsilane to give 29b,c. Reductive aromatization
of 29b,c with SnCl>:2H>0O in THF in the presence of H2SO4 smoothly proceeded to afford
30b,c. Removal of the triisopropylsilyl (TIPS) groups of 30b,c with tetrabutylammonium
fluoride (TBAF) gave the key intermediates 31b,c, which were immediately subjected to

macrocyclization reaction; terminal alkynes 31b,c were unstable in contrast to 30b,c.
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Scheme 4-1. Synthesis of DAs 9¢ and 10c. Reagents and conditions: a) TiCls, MoCls, CH>Cl,, 0 °C to RT; b)
1) TMS—C=CLi, THF, —78 °C to RT; 2) (Mc0),SO,, THF, —78 °C to RT; ¢) K,COs, THF/MeOH (1:1 v/v), RT;
d) TIPS—C=CBr, NH,OH-HCIl, n-BuNH,, CuCl, CH,Cl,/H,O (1:1 v/v), 30 °C; e¢) SnCl,-2H,0, H,SO4, THEF,
reflux; f) TBAF, THF, 0 °C; g) Condition A: CuCl, TMEDA, CH>Cl,, RT; Condition B: [PdCly(PPhs),], Cul,
Et;N, THF, RT. TBAF = tetrabutylammonium fluoride. TMEDA = N,N,N’,N’-tetramethylethylenediamine.

based on 30c via 31c

First, the Hay coupling reaction of 31b by using CuCl and
N,N,N’,N -tetramethylethylenediamine (TMEDA) in CH,Cl, was examined. 'H NMR and
mass spectrometric analyses of the resulting material indicated the formation of 9b, however,
its isolation and characterization could not be accomplished due to the severe insolubility in
organic solvents. Next, the author performed the Hay coupling reaction of 31e¢, and
gratifyingly isolated 9¢ in 56% yield together with 10¢ in 5% yield, over two steps from 30c.
DAs 9c¢ and 10c¢ are red solids that are readily soluble in common organic solvents, such as
hexane, toluene, and CHCls, in sharp contrast to 9b due to the bulky 2-ethylhexyloxy groups
appended to the phenanthrene moieties in 9¢ and 10c. The Pd-mediated oxidative coupling

reaction of 31c¢ with [PdCIx(PPh3):] and Cul under air was also performed, and 10c was
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obtained in 16% yield. The formation of 9¢ was not detected by the thin-layer
chromatography (TLC) and the 'H NMR spectroscopic analysis of the reaction mixture. The
preferential formation of 10¢ by the Pd-mediated homocoupling reaction of 31¢ should reflect
the difference of mechanism between the Cu- and Pd-mediated diyne-formation
reactions.'*1%® DAs 9¢ and 10¢ were undoubtedly identified by MALDI-TOF-MS analyses
together with their highly symmetric '"H NMR spectra as described below. DAs 9¢ and 10c¢
did not show any sign of decomposition when kept in the solid state for over a year. The
solid-state stability of 9¢ and 10c¢ is noteworthy, because macrocycles possessing octatetrayne
units are known to be generally unstable in neat form; for instance, [20]- and [30]DBAs 6 and
7 decompose in the solid state as described in Chapter 3. The phenanthrene moieties and the
bulky 2-ethylhexyloxy groups in 9¢ and 10c may contribute to their exceptional solid-state
stability electronically and kinetically, respectively. Thermal gravimetric analyses (TGA)
under nitrogen atmosphere showed that the 5% weight loss occurred at 328 °C and 273 °C for
9¢ and 10c¢, respectively, indicative of their high thermal stability (Figure 4-2). As reference
compounds of 9¢ and 10c, [12]- and [18]DAs 3¢ and 4c¢ possessing 2-ethylhexyloxy groups,
were also prepared in similar manners for the synthesis of 3a,b and 4a.,b, respectively,

described in Chapter 2 (Scheme 4-2).
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Figure 4-2. DTA (solid line) and TG (dashed line) curves of (a) 9¢ and (b) 10c.
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Scheme 4-2. Synthesis of DAs 3¢ and 4¢c. Reagents and conditions: a) SnCl,-2H,0, H>SOs4, THF, reflux; b)
K,COs, THF/MeOH (1:1 v/v), RT; ¢) Condition A: CuCl, TMEDA, CH,Cl,, reflux; Condition B: [PdCI>(PPhs),],
Cul, p-benzoquinone, Et;N, THF, 70 °C. TMEDA = N,N,N’,N’-tetramethylethylenediamine.

4-3. 'H NMR Spectra and NICS Calculations

To gain insight into the structures of the DAs, the author optimized the ground-state
structures of DAs 3°, 4°, 9°, and 10°, in which the 2-ethylhexyloxy groups in 3¢, 4¢, 9¢, and
10¢ were replaced with methoxy groups, at the B3LYP/6-31G(d) level of theory. ' The
optimized structures of 3’ and 9’ have planar D>, symmetry, whereas 4* and 10’ are also
planar with D3, symmetry (Figure 4-3). The partial 'H NMR spectra of 9¢, 10¢, and 30c in
CDCl; are shown in Figure 4-4. DAs 9¢ and 10c exhibit very simple NMR signals, namely
a pair of two singlets in the aromatic region owing to their highly symmetrical structures.

For the assignment of the "H NMR signals of the aromatic protons in 3¢, 4¢, 9¢, and 10c, the
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density functional theory (DFT) calculations for 3°, 4°, 9° and 10> at the
GIAO/B3LYP/6-311++(2d,2p)//B3LYP/6-31G(d) level were conducted. The experimental
and theoretical '"H NMR chemical shifts are listed in Table 4-1. The theoretical chemical
shifts of 3°, 4°, 9° and 10’ show reasonable agreement with those of the corresponding 3c, 4c,

9¢, and 10c¢ observed experimentally.
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Figure 4-3. Optimized molecular structures of (a) 9’ and (b) 10°, where the 2-ethylhexyloxy groups in 9¢ and
10c are replaced with methoxy groups (B3LYP/6-31G(d)).
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Figure 4-4. Partial 'H NMR spectra of (a) 30c¢, (b)
9¢ (3.56 x 10* mol dm™), and (c) 10¢ (1.68 x 107*
mol dm™) in CDCl; at 20 °C.  Peaks attributed to the
impurity by solvent are labeled with asterisks.

86



Table 4-1. Observed and Calculated '"H NMR Chemical Shifts and NICS Values for 3¢, 4¢, 9¢, 10c,

17¢, and 30c¢
H. Hy
Fobs™) Ocaled® Fobs™! caled™ NICS(0)!  NICS(1)!
3c 7.52 7.55 7.00 6.94 +10.8 +9.5
4c 7.83 8.19 8.06 8.84 -23 2.1
9cldl 7.56 7.49 7.19 7.00 +6.0 +5.4
10c!® 7.68 8.01 7.71 8.37 —-0.8 —-0.8
17¢ 7.70 7.84 7.79 8.10 N/A N/A
30c 7.68 7.89 7.68 7.97 N/A N/A

[a] In CDCls at 25 °C.  [b] Calculated by using GIAO/B3LYP/6-311++G(2d,2p)//B3LYP/6-31G(d)
for 3°,4°,9°,10°, 17°, and 30°, where the 2-ethylhexyloxy and TIPS groups in 3¢, 4c¢, 9¢, 10c, 17c,
and 30c were replaced with methoxy and the TMS groups, respectively. [c] Calculated by using
GIAO/B3LYP/6-311++G(2d,2p)//B3LYP/6-31G(d) for 3°, 4, 9°, and 10°. [d] [9¢c] = 3.56 x 10°*
mol dm>. [e] [10¢] =8.43 x 10™* mol dm.

Planar [20]- and [30]DAs 9¢ and 10¢ are formally antiaromatic and aromatic, respectively.
The 'H NMR chemical shifts are a good measure for the elucidation of tropicity, namely
paratropicity or diatropicity. Thus, the author compared the changes in the resonances (40)
of the aromatic protons Ha and Hp in 9¢ and 10¢ from those signals in 30c. The resonances
of the aromatic protons for 9¢ are upfield shifted relative to 30c by 46 = 0.12 and 0.49 ppm
for Ha and Hy, respectively. The larger 40 value of Hp than Ha implies the ring current of
[20]DA moiety, that is, the paratropicity of 9¢c. The resonances of the aromatic protons for
10c are almost unchanged relative to 30c by 46 = 0 and 0.03 ppm for Ha and Hp, respectively,
suggesting the atropicity of 10c. The observed chemical shift changes from 30c to 9¢ and
10c are apparently small as compared to those from 17¢ to 3¢ and 4¢; the 46 values are 0.18
and 0.79 ppm for 3¢ and 0.13 and 0.27 ppm for 4¢ with respect to the signals of 17¢. These
results clearly indicate the decrease of the tropicity of 9¢ and 10c relative to 3¢ and 4c,
respectively. Indeed, the nucleus-independent chemical shift (NICS) (0) (and NICS(1))
values of 9’ calculated at the GIAO/B3LYP//6-311++G(2d,2p)//B3LYP/6-31G(d) level are

calculated to be +6.0 (+5.4), which are less positive than those of 3* (+10.8 (+9.5)) (Table

87



4-1).1'12 The moderate NICS values of 9’ imply borderline character of 9¢ between
antiaromaticity and nonaromaticity. The NICS(0) (and NICS(1)) values of 10’ (—0.8 (—0.8))
are less negative than those of 4> (—2.3 (—2.1)) and close to zero, indicating the lack of

aromaticity of 10c.

4-4. Electronic and Photophysical Properties

Figure 4-5 shows the absorption and emission spectra of 3¢, 4¢, 9¢, 10¢, 17¢, and 30c.
The longest wavelength absorption maxima (Amax™™) and the molar absorption coefficients (¢)
of these compounds are listed in Table 4-2. The absorption bands of 3¢, 4¢, 9¢, and 10c¢ are
located in the longer wavelength region than those of the corresponding 17¢ and 30c,
reflecting the formation of the DA moieties. These observations indicate the extended
n-conjugation of 3¢, 4¢, 9¢, and 10¢ compared with 17¢ and 30c. The longest Amax™® value
of 3¢ (560 nm) is closely located to that of 9¢ (552 nm), although the number of the tethering

S

C=C-C bonds differs from two to four. This similarity in the longest Amax values is

originated from the combination of the extension of m-electron systems and the weakened

antiaromaticity from 3¢ to 9¢, which was recognized by the NMR spectroscopic

abs

investigations. In contrast, the longest Amax™® value of 10¢ (504 nm) is red-shifted compared

to that of 4¢ (456 nm) apparently due to the extension of m-conjugation. Interestingly, the

longest Amax™ value of 9¢ is red-shifted relative to that of 10c although the conjugation

S

pathway of 9¢ is shorter than that of 10c. The difference in the longest Amax™® values

between 9¢ and 10c may be derived from the distortion of the octatetrayne unit and/or the

antiaromaticity in 9¢.!'?
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Figure 4-5. UV-vis and fluorescence spectra of (a) 3¢, (b) 4c, (c) 9¢, (d) 10c, (e) 17¢, and (f) 30c in CHCI; at
25 °C, and phosphorescence spectra of 17¢ in MTHF at —196 °C. Fluorescence from 3¢ and 9¢ in CHCl; at
25 °C, and phosphorescence from 3¢, 4¢, 9¢, 10¢, and 30c in MTHF at —196 °C were absent.
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Table 4-2. Photophysical Data of 3¢, 4¢, 9¢, 10¢, 17¢, and 30c

Amax? 052! [nm] Amaxc 2 e riladl kel ko211 AmaxPPolel

(¢ [dm®mol ' cm™])  [nm] [ns] [107s71] [107s™1] [nm]
3¢ 560 (1600) N.D. ~0 N/A N/A N/A  ND.
4c 456 (101000) 509 0.20 7.7 2.6 10.4 N.D.
9¢c 552 (7400) N.D. ~0 N/A N/A N/A N.D.
10c 504 (102200) 535 0.005 <0.2 N/A N/A N.D.
17c 397 (6900) 419 0.54 7.8 6.9 59 566
30c 426 (11400) 454 0.77 7.9 9.7 2.9 N.D.

[a] In CHClz at 25 °C. [c] Fluorescence quantum yields. [d] Lifetime of fluorescence. [e]
Fluorescence rate constant estimated by kr = @wr!.  [f] Non-radiative rate constant estimated by kn =
(1-®prr ! [g] In MTHF at —196 °C.

Fluorescence from 3¢ and 9¢ in CHCI3 at 25 °C was absent, which is rationalized by
considering the forbidden HOMO-LUMO transition characteristic of 4nmn-electron systems as
revealed by quantum chemical calculations (vide infra). Fluorescence quantum yields (@)
and lifetimes (zr) for 4¢, 10¢, 17¢, and 30¢ were determined, and based on these values, the
fluorescence rates (k) and nonradiative rates (knr) were evaluated; these photophysical data
are listed in Table 4-2. The @r values of 4¢ and 10c¢ are lower than that of 17¢ and 30c.
The kr values of 4¢ and 10c are relatively smaller than those of 17¢ and 30c, and the ki of 4¢
is greater than that of 17¢ and 30c. Thus, the slower radiative and faster nonradiative
processes in 4¢ and 10¢ than 17¢ and 30c result in lower @ values of the former than the latter.
Noticeably, 30c possessing butadiyne units provides high @r value of 0.77; aromatic

.16 Very weak

compounds having butadiyne units are generally less fluorescen
phosphorescence from 17¢ was observed in 2-methyltetrahydrofuran (MTHF) at —198 °C,
while that from 3¢, 4c, 9¢, 10c, and 30c was absent. The wavelength of the 0—0 origin of the
phosphorescence spectrum (Amax"™°) is listed in Table 4-2. Observation of phosphorescence
from 17¢ indicates that intersystem crossing from the lowest excited singlet (S1) state to the

triplet (T) state is operative. Conversely, there would be two possibilities for the absence of

phosphorescence in 3¢, 4¢, 9¢, 10¢, and 30c. One is that the deactivation of the S; state is
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governed by internal conversion to the ground state. The other is that the triplet state is
nonphosphorescent in nature. Laser flash photolysis experiments of 3¢, 4¢, 9¢, 10¢, and 30c¢
using a 266 nm laser pulse were carried out to understand the photophysical and
photochemical features of the triplet states.

Figure 4-6 shows a transient absorption spectrum obtained upon 266 nm laser pulsing in
CHCI3 solution of 9¢. The absorption spectrum is located from UV—vis to NIR region.
The intensities of the absorption at 535 and 700 nm decreased with a rate of 2.1 x 10°s™!. In
the presence of the amount of oxygen, the decay was accelerated, indicating that the obtained
transient signal is due to the triplet state. The transient signal data for 3¢, 4¢, 10c, 17¢, and
30c are deposited in Chapter 6. These transient signals for 3¢, 4¢, 10¢, and 30c¢ were also
assigned to the triplet states. The transient signal for 17¢ was not affected by the presence of
the dissolved oxygen, and hence the transient species observed for 17¢ may be formed by the
chemical reaction from the S state, though it is not identified yet. From the results of
transient absorption measurements, it is inferred that the nonradiative process of the S; states
involves the intersystem crossing to the triplet state for 3¢, 4¢, 9¢, 10¢, and 30c and a

chemical reaction for 17¢ under the experimental conditions applied.
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Figure 4-6. A transient absorption spectrum at 100 ns upon 266 nm laser pulsing in Ar—purged CHCI3
solution of 9¢ at 25 °C. Inset; traces at 535 nm (upper) and at 700 nm (lower).

Quantum chemical calculations for 9° and 10’ were performed to investigate the electronic
properties. The calculated surfaces of the molecular orbitals are depicted in Figure 4-7.
The energy levels of HOMO and HOMO-1 for 4’ and 10’ are similar to each other, as are
those of LUMO and LUMO+1. It can be seen for 3°, 4°, 9°, and 10’ that the calculated
electronic distribution is delocalized on the DA moieties. These results indicate that the
extension of the oligoyne linkage does not inherently affect the delocalization of the
electronic distribution on the studied molecular orbitals. The HOMOs and LUMOs of 3’
and 9’ are found to be of ungerade. From this result, it is inferred that the transition between
HOMO and LUMO for 3’ and 9’ is symmetrically forbidden as seen for 4nm-electron
systems.*>%!14 By contrast, as for 4’ and 10°, the HOMO—-1s and HOMOs are of gerade,
and the LUMOs and LUMO+1s are of ungerade. The transitions between HOMO or
HOMO-1 and LUMO or LUMO+1 are symmetrically allowed. These considerations for the
transition probability are supported from the viewpoint of the oscillator strength (f). The f

values of the HOMO—LUMO transitions for 3’ and 9’ were calculated to be 0 with the
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calculated longest absorption maxima (Amax"**?) of 716 and 783 nm for 3> and 9’, respectively,
as listed in the Table 4-3. By contrast, the f values of HOMO-1—-LUMO+I,
HOMO-1-LUMO, HOMO—LUMO, and HOMO—LUMO-+1 for 4’ and 10’ were
calculated to be 1.23 (Amax*d = 463 nm) and 1.36 (Amax**= 552 nm), respectively (Table

4-3); these f values are for allowed transitions.
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Figure 4-7. (Black) energy diagrams and frontier molecular orbital (FMO) plots of (a) 3°, (b) 9°, (c) 4°, and (d)
10’ by using the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) method, and their transitions estimated by TD-DFT
calculations at B3LYP/6-31G(d)//B3LYP/6-31G(d). (Red) HOMO and LUMO levels of (a) 3¢, (b) 9c¢, (c) 4c,
and (d) 10¢ deduced from the oxidation onset (Eonset®) and reduction onset (Eonse™) values according to the
following equation: HOMO = —(4.8 + Eonset™) €V, LUMO = —(4.8 + Eonset™™) €V.
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Table 4-3. Calculated Lowest Excitation Energies of 3°, 4%, 9%, and 10°[

A’ [nm] £ Configuration
3 716 0 H—-L, 98%
4 463 1.23 H—L, 0.45%; H-1-L+1, 45%
463 1.23 H—-L+1, 45%, H-1-L, 45%
9 783 0 H—L, 98%
10° 552 1.36 H—L, 44%; H-1—-L+1, 44%
552 1.36 H—L+1, 44%; H-1-L, 44%

[a] TD-DFT (TD/B3LYP/6-31G(d)) calculations were carried out with the
use of optimized structures at B3LYP/6-31G(d). [b] f = oscillator
strength; H=HOMO; L = LUMO.

4-5. Electrochemical Properties

The electrochemical properties of 3¢, 4¢, 9¢, 10¢, 17¢, and 30¢c were examined by using
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in o-dichlorobenzene
(0-DCB). Their oxidation onset (Eonset®™) and reduction onset (Eonset™®) are summarized in
Table 4-4. Acyclic 17¢ displayed one irreversible oxidation step, and 30c¢ displayed two
reversible oxidation waves (Figure 4-8). DAs 3¢, 4¢, 9¢, and 10c displayed amphoteric
multiredox behavior within the available potential window (Figure 4-8). The redox
processes for 3¢, 4¢, 9¢, and 10¢ were reversible except for the reduction processes for 4c,
whereas the redox processes for 3b and 4b were irreversible, as described in Chapter 2.  This
indicates that the cationic and anionic species of phenanthrene-fused DAs become kinetically
stable by replacement of the linear decyloxy groups with the branched 2-ethylhexyloxy
groups. The oxidation potentials (Ep:) and reduction potentials (£,c) measured by CV

matched the corresponding Epa and Ej,c measured by DPV; the reader is referred to Chapter 6.
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Figure 4-8. Cyclic voltammograms of (a) 3¢, (b) 4c¢, (c) 9b, (d) 10, (¢) 17b, and (f) 30b measured in 0-DCB
(0.1 mol dm™ n-BusNPFg) at scan rate of 100 mV s™'. The peaks attributed to the decomposed species formed
by reduction are labelled with an asterisk.
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Table 4-4. Oxidation and Reduction Potentials of 3¢, 4¢, 9¢, 10c, 17¢, and 30¢ ! Theoretically Calculated
HOMO and LUMO Levels, Electrochemical HOMO-LUMO Gaps, and Optical HOMO-LUMO Gaps

Eonse®™ (Epa)  Eonset™ (Epe)  HOMO®  LUMOM  AEeiod®  AEeuied®  AEopl®

[V] [V] [eV] [eV] [V] [eV] [eV]

3¢ +0.39 ~1.74 ~4.91 ~2.56 2.13 2.35 221
(+0.51)  (~1.90)
(077 (=2.15)

4c +0.55 ~1.92 -5.13 ~2.30 2.47 2.83 2.72
(+0.68)! (-2.10)
(+0.93)1  (=2.33)

(+1.15)

9¢ +0.59 -1.51 =5.12 —2.98 2.10 2.14 2.25
(+0.72)l! (—1.72)t
(+0.87)t!

10c +0.62 -1.59 —5.24 —2.81 2.21 2.43 2.46

(+0.79) (~1.76)
(+0.95)!1 (~1.95)

(=2.19)
17¢ +0.63 N.D. —5.40 -1.75 N.A. 3.65 3.12
30c +0.44 N.D. -543 -2.21 N.A. 3.22 291
(+0.78)0
(+1.33)1
[a] Measuring by using CV in 0-DCB (0.1 mol dm™ n-BwNPFs). All the potentials are given versus the
Fc'/Fc couple as an external standard. Scan rate = 100 mV s'. [b] Calculated by using

B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) for 3°, 4°, 9°, 10°, 17°, and 30°, where the 2-ethylhexyloxy and TIPS
groups in 3¢, 4c, 9¢, 10¢, 17¢, and 30¢ were replaced with methoxy and TMS groups, respectively. [c] The
electrochemical gap (A4E.dox) is defined as the potential difference between Eonse®™ and Eonset®. [d] The
optical gap (4E.y) is defined as the longest maximal absorption wavelength. [e] Reversible wave. [f]

Quasireversible wave. [g] Irreversible wave.

The Eonset™ values for both 3¢ and 4¢ are more negative than that for 17¢, while the Eonset™
values for both 9¢ and 10¢ are more positive than that for 30c. Both the Eonset™ and Eonset™
values for 9¢ and 10c¢ are positively shifted as compared to those for 3¢ and 4¢. The
observed potential shifts should reflect the stronger electron-withdrawing ability of an

octatetrayne unit than a butadiyne unit.'*® From 3¢ to 9¢, the positive shift of the Eonset™
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values is almost the same as that of the Eonset™ values, and thus the potential difference
(AEredox) between the Eonset™ and Eonset™™ values of 3¢ and 9¢ are similar to each other. On
the other hand, from 4¢ to 10c¢, the positive shift of the Eonset™® value is pronounced relative to
that of the Eonset®™ value, and hence the AEredox of 10c¢ is smaller than that of 4c. A good
correlation exists between the optical gaps (4Eqp) and the AEredox in 3¢, 4¢, 9¢, and 10c,
suggesting that the same orbitals, namely HOMO and LUMO, are involved in both optical
and electrochemical gaps for 3¢, 4¢, 9¢, and 10c. Thus, the oxidation and reduction of 3¢, 4c,
9¢, and 10c occurred on their DA moieties, which is supported by the finding that their
HOMOs and LUMOs have large contribution from the DA rings (vide supra). The AEredox
values for 3¢, 4¢, 9¢, and 10c match the calculated gaps (4Ecaica) for the corresponding 3°, 4°,
9°, and 10°.

An analysis of the influence of electron donating 2-ethylhexyloxy groups on the Ey, values
of 3¢, 4¢, 9¢, and 10c gives a deeper insight into the antiaromatic characteristic of 3¢ and 9c.
Going form 3¢ and 9c¢ to 4¢ and 10c¢, the number of 2-ethylhexyloxy groups increases from
eight to twelve, however, both the first and second Ep. values of 3¢ and 9¢ are more negative
than those of 4¢ and 10¢, respectively. Thus, it seems that the antiaromatic character of 3¢
and 9c¢ provides an explanation for the observed readiness to release electrons as compared to
the corresponding 4¢ and 10c; it is easier to withdraw two electrons from antiaromatic 4nn
systems. The difference of the first Epa values between 9¢ and 10¢ (0.07 V) is smaller than
that between 3¢ and 4¢ (0.17 V), suggesting the weaker antiaromaticity of 9¢ than 3c; this is
in good agreement with the finding that the NICS values of 9’ are less positive than that of 3’

as described above.
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4-6. Self-association

The author has described that 3b and 4b aggregate in CDCl3 by effective m—m interactions
in Chapter 2. In order to elucidate the effects of the bulkiness of alkoxy groups on the
phenanthrene moieties and the length of oligoyne linkages on the self-association behavior of
DAs, the 'TH NMR spectral measurements of 3¢, 4¢, 9¢, and 10c in CDCI; were carried out at
the concentration of 1072-10> mol dm™>. Unlike 3b and 4b, the resonances of the aromatic
protons in 3¢ and 4¢ were almost independent of concentrations, indicating that 3¢ and 4c¢ are
mainly present as a monomer under these conditions, which should be attributed to the bulky
2-ethylhexyloxy groups.'®»1%  Noticeably, in contrast to 3¢ and 4¢, the 'H NMR signals of
9¢ and 10c are concentration-dependent with aromatic proton signals moving upfield upon
increasing concentrations as shown in Figure 4-9. This demonstrates that 9¢ and 10c¢ form
stacked aggregates by n—x interactions and the extension of the oligoyne linkages apparently
enhances the self-association ability. The diffusion coefficients (D) for 9¢ and 10¢ were
almost independent of the concentrations on the basis of the diffusion NMR experiments,
suggesting that a monomer—dimer equilibrium predominantly exists. The plots of the
chemical shifts of the aromatic protons vs the concentrations of 9¢ and 10c were fitted to a
curve for the monomer—dimer model (Figure 4-9), which produced the self-association
constants (K) of 9¢ and 10¢ to be 9 and 62 dm® mol ', respectively (Table 4-5). The larger K
value of 10¢ than 9¢ should reflect the larger number of phenanthrene moieties of the former

than the latter.
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Figure 4-9. Partial 'H NMR spectra of (a) 9¢ and (b) 10¢ in CDCl; in various concentrations at 20 °C (top) and
the corresponding nonlinear curve-fitting plots of the concentration dependence of the chemical shifts of the

aromatic protons (bottom).

Table 4-5. Association Constants and Thermodynamic Parameters of 3¢, 4¢, 9¢, and 10¢

CDCI™ MCH®
K AH a8 K AH a8
[dm® mol™']  [kImol'] [JK!'mol™] [dm’ mol '] [k mol™'] [JK'mol™]
3c ~0 N.D. N.D. 400t —23[d —264
4c ~0 N.D. N.D. 1604 —25[d —60
9¢ 9 —8.8 -12 14001 (1600)! —68] ~170(!
10c 62 -19 -32 4300011 (33000(T) —75 —-167
[a] Monomer—dimer model. '"H NMR experiments (concentration dependence).

At 20 °C.
dependence).

[d] '"H NMR experiments (concentration dependence).
[f] UV—vis experiments (concentration dependence) at 25 °C.

[b] Isodesmic model. [c]
[e] UV—vis experiments (temperature
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It is well known that the self-association behavior of m-conjugated compounds is highly
solvent-dependent.'®” The author analyzed the self-association behavior of 3¢, 4¢, 9b, and
10c in non-polar methylcyclohexane (MCH) by 'H NMR spectroscopy at the concentration of
102-10° mol dm™>.  Unlike in the case in CDCls, the 'H NMR signals of 3¢ and 4¢ in MCH
were concentration-dependent; their aromatic proton signals shifted upfield with increasing
the concentrations. This indicates the occurrence of self-association of 3¢ and 4¢, which
hints a solvophobic contribution of MCH to their self-association. The K value of 4¢ (16
dm? mol ™), which were determined on the basis of the isodesmic model, is smaller than that
of 3¢ (400 dm® mol 1), although the n framework of the former is larger than the latter; as for
the determination of the K values, the reader is referred to Chapter 6. According to the PM7
calculations for 3¢’ and 4¢’, in which the 2-ethylhexyloxy groups in 3¢ and 4¢ were replaced
with the hexyloxy groups, there is steric hindrance from the alkoxy groups in 4¢’ in contrast
to 3¢’ (Figure 4-10), which should result in the smaller K value of 4¢ than 3¢. Pronounced
concentration-dependent 'H NMR chemical shift changes were observed for 9¢; the K value
of 9¢ in MCH was estimated to be 2200 dm® mol”!. DA 10¢ showed considerably broad
proton signals even at the dilute concentration of 2.19 x 107® mol dm>, representing a high
degree of self-association of 10c as compared to 3¢, 4¢, and 9¢, however, the determination of

the K value of 10¢ in MCH was not possible.
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Figure 4-10. PM7-optimized structures of (a) 3¢’ and (b) 4¢’, where the 2-ethylhexyloxy groups in 3¢ and 4c¢
are replaced with hexyloxy groups.

Therefore, the author investigated the self-association behavior of 3¢, 4¢, 9¢, and 10c¢ in
MCH by UV-vis spectroscopy in the concentration region of ca. 10°~10"" mol dm™>; broad
concentration ranges are accessible by UV—vis spectroscopy relative to NMR spectroscopy.
The UV-vis spectra of 3¢ and 4¢ were almost concentration-independent, indicating that 3¢
and 4¢ mainly exist as monomeric species under the dilute conditions measured. In stark
contrast, the absorption bands of 9¢ and 10¢ became red-shifted through several isosbestic
points upon increasing concentrations as shown in Figure 4-11a,b. These results indicate
that 9¢ and 10c¢ produce J-type assemblies by self-associations and equilibrate with their
stacked assemblies. The K values of 9¢ and 10¢ were estimated to be 1600 and 33000 dm?
mol ™!, respectively, according to the isodesmic model, and found to be hundreds of times as
high as the K values in CDCl;. The UV—vis spectra of 9¢ and 10c were also sensitive to
temperature, and thus the Ama™ values were blue-shifted upon warming the solution from
5 °C to 60 °C (Figure 4-11c,d). The K values of 9¢ and 10¢ were estimated to be 1400 and
43000 dm’ mol !, respectively, which are reasonably comparable to the values obtained by

concentration-dependent UV—vis spectroscopic measurements.
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Figure 4-11. UV-vis spectra at various concentration of (a) 9¢ ([9¢] = 5.48 x 107°-3.87 x 1073 mol dm™) and
(b) 10¢ ([10c] = 4.85 x 10%-2.21 x 1077 mol dm3) in MCH. Arrows indicate the spectral changes with
increasing concentration. Inset; Fitting of the change in the molar absorptivity at (a) 484 and (b) 494 nm to the
isodesmic model. UV-vis spectra of (c) 9¢ (2.04 x 10~* mol dm™>) and (d) 10¢ (1.21 x 107 mol dm3) in MCH
at various temperatures. Arrows indicate the spectral changes with decreasing temperature. Inset; Fitting of
the change in the molar absorptivity at (c) 543 and (d) 494 nm to the isodesmic model.

The author investigated the thermodynamics of the self-association behavior of 3¢, 4c, 9c,
and 10c. The van’t Hoff plots gave the thermodynamic parameters, namely enthalpic term
(4H) and entropic term (4S), for the self-association as summarized in Table 4-5. In any
cases, both the 4H and A4S values are negative, illustrating that their self-association processes

are enthalpy-driven and entropy-opposed.
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The self-association of 9¢ and 10c¢ is enthalpically more favored than that of 3¢ and 4c,
respectively; the 4H values of 3¢, 4¢, 9¢, and 10c are —23, —25, —68, and —75 kJ mol ',
respectively. This suggests that the extension of oligoyne linkages from butadiyne to
octatetrayne units enhances the m—m stacking interactions. The well-known polar/mr model
predicts that the introduction of electron-withdrawing substituents reduces the electron
density of the m-system and thus decreases the electrostatic repulsion between m-electrons and

3.18  To examine the

promotes m-stacking interactions as briefly described in Chapter
electronic effect of the oligoyne linkages on the self-association of DAs, the
electrostatic-potential surface (ESPs) and molecular electrostatic potentials (MEPs) of 3 and
9’ at the B3LYP//6-31+G(d,p)//B3LYP/6-31G(d) level were calculated (Figure 4-12). The
MEPs at 2 A above the center of the benzene rings of phenanthrene moieties are —10.7 and
—11.3 kcal mol™! for 3° and —8.1 and —8.0 kcal mol™! for 9°. These results indicate a
less-negative character for the phenanthrene moieties of 9¢ than 3c. Accordingly, it is likely
that the self-association of 9¢ and 10c are greatly facilitated relative to 3¢ and 4¢, respectively,
due to the strong electron-withdrawing effect of octatetrayne linkages in 9¢ and 10c¢, which is
in good agreement with the polar/r model. DAs 9¢ and 10c¢ show large negative A4S values
compared to 3¢ and 4e, respectively; the A4S values are —26, =60, —170, and =167 J K™! mol™!
for 3¢, 4¢, 9¢, and 10¢, respectively. Interestingly, the trend of the A4S values for 3¢, 4c, 9c,
and 10c follows that of their 4H values, and thus the enthalpy—entropy compensation seems to
apply. This finding supports that the molecular motion of 9¢ and 10c¢ in the aggregates are
restricted relative to that of 3¢ and 4c, respectively, reflecting the more effective n—mn stacking
interactions in the former than the latter. The more negative 4H values of 4c and 10c¢ than
3¢ and 9c, respectively, suggest that strong n—mn stacking interactions are operative in 4¢ and
10c relative to 3¢ and 9e, respectively, which are probably due to larger n-electron systems of

the former than the latter.
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(a) (b)

-10.7 kcal mol™! -8.1 kcal mol™!

-11.3 kcal mol™ -8.0 kcal mol™

Figure 4-12. EPSs and values of the MEPs; the calculated position of the MEPs are 2 A above the center of the
benzene rings of (a) 3’ and (b) 9’ at the level of B3LYP/6-31+G(d,p)//B3LYP/6-31G(d). The Potentials are
drawn in the same color scale, with red indicating more-negative electrostatic potentials and blue, more-positive
potentials.

The self-association of 9¢ and 10¢ in MCH is enthalpically more favored but entropically
less favored than that in CDCls. The enthalpic contributions are involved in desolvation as
well as attractive electrostatic forces. A well-solvated solute commonly receives small
enthalpic contribution during its association, because the desolvation of the solvent and the
solute has to pay a large enthalpic cost. The author observed that 9¢ and 10c¢ together with
3¢ and 4c are highly soluble in CHCI; relative to MCH, which should rationalize the finding

that the 4H values of 9¢ and 10c in MCH are significantly negative relative to those in CHCls.
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4-7. Self-assembled Superstructures

In Chapter 2, the author has described that 3b and 4b formed 1D superstructures with high
aspect ratio by self-assembly driven by n—mr interactions; microbelts with lengths of > 300 um
and widths of 0.2—1 um were obtained from 3b, and nanofibers with lengths of > 1 um and
widths of 0.05-0.1 um were obtained from 4b. The author became interested in the
elucidation of the influence of the bulkiness of alkoxy groups appended to the phenanthrene
moieties and the size of the DA moiety on the morphology of superstructures and hence
carried out the fabrication of self-assembled structures of 3¢, 4c¢, 9¢, and 10c¢ through a
phase-transfer method. Thus, to a solution of 3¢, 4¢, 9¢, and 10c in CHCl; (5 x 107> mol
dm™), ca. 80 vol. % EtOH was slowly added so that two phases can be maintained. The
resulting mixtures were allowed to stand at room temperature for a day to afford the
aggregates, which were visualized by scanning electron microscopy (SEM) as shown in
Figure 4-13. DA 3c¢ formed microrods, namely prismatic structures with lengths of 5-100
um and widths of 1-10 pm, while 4¢ produced large platelet structures with lengths of 1-2
mm and widths of 100-200 um. The lower self-association ability of 3¢ and 4¢ than 3b and
4b may give rise to the lower aspect ratio of self-assembled structures of the former than the
latter. DAs 9¢ and 10¢ were found to form more flexible superstructures than 3¢ and 4c.
Thus, 9¢ produced slightly twisted microbelts with lengths of 10-1000 pm and widths of
0.3-3 um. A number of microrods with lengths of 5-50 um and widths of 0.3-2 pm also
coexisted. DA 10c¢ formed microrods with lengths of 5-10 um and widths of 0.5-1 um and
0D microspheres with diameters of 4-10 um. The microsphere was connected to the
neighboring one or microrod to form irregular clusters.

Solvent is an important factor for molecular self-assembly in the solution-based process.'®
Therefore, the author conducted the fabrication of self-assembled clusters for 3¢, 4¢, 9¢, and
10c¢ by replacement of the good solvent from CHCl; to MCH. As shown in Figure 4-14, the

morphology of superstructures of 3¢, 4¢, and 9c¢ obtained from MCH/EtOH system is
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essentially similar to that obtained from a CHCI3/EtOH system. Noticeably, the morphology
of self-assembled clusters of 10¢ obtained from MCH/EtOH system is quite different from
that obtained from CHCI3/EtOH system. Thus, helically twisted microrods with lengths of
10-20 pum and widths of 0.5-3 pm were observed together with microspheres (Figure 4—14g),
and a straight microrods formed from CHCI3/EtOH system was no longer observable. These

results suggest that the self-assembling processes of 10¢ in MCH/EtOH system are distinct

from those in CHCI3/EtOH system.

Figure 4-13. SEM images of (a,b) 3¢, (c,d) 4c¢, (e,f) 9¢, and (g,h) 10¢ obtained from CHCIs/EtOH system.
- .
Spum 50 pm
e e A 72
(e) 4] :

Figure 4-14. SEM images of (a,b) 3¢, (c,d) 4c¢, (e,f) 9¢, and (g,h) 10¢ obtained from MCH/EtOH system.

(c)
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Ostwald’s rule of order states that the less stable (namely metastable) polymorph forms

170171 it is possible that the initially

first and then gets converted to a more stable polymorph;
formed metastable polymorph converts to the more stable one directly and/or by repetition of
dissolution and adhesion of the molecules. From a closer inspection of the images obtained
for 10c (Figure 4-15), it is considered that the morphological changes of 10¢ are as follows.
In CHCI/EtOH system, molecules of 10c formed metastable 0D microspheres at the
beginning, which radiate to produce radially-connected, straight 1D microrods (Figure
4-15a—d), while in MCH/EtOH system initially formed microspheres deform elliptically
(Figure 4-15e,f) and subsequently evolve into helically twisted microrods (Figure 4-15g,h).
The observed supramolecular organization of 10c¢ depending on the solvents used, i.e.
supramolecular polymorphism, is considered to stem from a combination of the difference of
polarity between CHCls and MCH and the difference of the solubility of 10¢ toward CHCl;
and MCH; however, the reason why only 10¢ showed marked polymorphism is not clear at
present. It is pointed out the rapid precipitation of compounds from the molecularly

2 The morphology of the

dispersed solutions tends to afford kinetically trapped aggregates.'’
drop-casted films of 3¢, 4¢, 9¢, and 10¢ from MCH solutions (1 x 10~* mol dm™) on SiO> has
been visualized by atomic force microscope (AFM) (Figure 4-16). Interestingly, the AFM
image for 10c exhibited the appearance of globular aggregates uniformly, supporting the
formation of microspheres from 10c¢ at the initial stage of self-assembly by the phase-transfer

method. The images of 3¢, 4¢, and 9¢ showed the presence of needle-like aggregates as

expected from the SEM images of their superstructures.
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Figure 4-15. Different regions of the SEM images of superstructures of 10¢ (a—d) obtained
from CHCI3/EtOH system and (e-h) MCH/EtOH system.

Figure 4-16. AFM images of the drop cast films of (a) 3¢, (b)
4c, (d) 9¢c, and (d) 10c¢ obtained from MCH solution.

The self-assembled clusters of 3¢, 4¢, 9¢, and 10c were further investigated by wide-angle
X-ray diffraction (WAXD) measurements. The WAXD patterns of the superstructures
obtained from CHCI3/EtOH system were shown in Figure 4-17. Although a number of
peaks with strong intensity were observed in the region of 260 = 5-10°, the author could not
deduce the molcular-packing mode from these patterns; however, the effects of the length of

oligoyne linkages and the topology of the DA moieties on the crystallinity of the
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self-assembled clusters are visible from inspection of the peaks around 26 = 23° (d spacing =
3.8 A), which corresponds to n—x stacking distance along the growth direction of the cluster,
and the results are generally consistent with the SEM measurements. The diffraction pattern
of assembled 3¢ showed sharp peaks at 26 = 24.9°, 22.0° and 20.9° (d spacing = 3.6, 4.0. and
4.2 A, respectively). The assembled 4¢ exhibited peaks at 20 = 25.0° and 21.1° (d spacing =
3.6 and 4.2, respectively). As compared to the assembled 3¢, the WAXD pattern of the
assembled 9c¢ displayed broad peaks at 20 = 24.1°, 21.6°, and 20.7° (d spacing = 3.7, 4.1, and
43 A). The assembled 10¢ showed a significantly broad peak at 26 = 19-25°. The overall
results suggest that the extension of oligoyne linkages decreases the crystallinity of the
self-assembled clusters, and the [12]- and [20]DA moieties with a ellipsoidal topology are
responsible for the high crystallinity of the suparstructures relative to the [18]- and [30]DA
moieties with a triangular topology, respectively.

The WAXD patterns of the superstructures of 3¢, 4¢, and 9¢ obtained from MCH/EtOH
system are quite similar to the patterns of the corresponding superstructures obtained from
CHCI3/EtOH system in a whole region (Figure 4-18). This demonstrates that the molecular
arrangement and the crystallinity of the superstructures of 3¢, 4¢, and 9¢ are almost
independent of the good solvents used for self-assembly as expected from the SEM
observations. Interestingly, the assembled 10c also afforded similar diffraction patterns
irrespective of solvents, suggesting that the molecular arrangement in the clusters of 10c¢
obtained from MCH/EtOH system resembles that obtained from CHCIl3/EtOH system in spite

of the drastically different morphology depending on the solvents.
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Figure 4-17. WAXD profiles of superstructures of (a) 3¢, (b) 4¢, (¢) 9¢, and (d) 10c obtained from
CHCI3/EtOH solvent system at 25 °C.
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Figure 4-18. WAXD profiles of superstructures of (a) 3¢, (b) 4¢, (c) 9¢, and (d) 10c obtained from MCH/EtOH

solvent system at 25 °C.
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4-8. Conclusions

The author has synthesized tetraalkoxyphenanthrene-fused [20]- and [30]DAs 9¢ and 10c
possessing octatetrayne linkages together with [12]- and [18]DAs 3¢ and 4¢ possessing
butadiyne linkages. DAs 9¢ and 10c are remarkably stable enough to be readily handled in a
neat form, which is in stark contrast to the previously reported macrocycles with an
octatetrayne unit. The expansion of DA core by extension of the acetylenic linkages from
butadiyne to octatetrayne units decreases the tropicity, and thus 9¢ and 10¢ are considered to
be weakly antiaromatic and nonaromatic, respectively. Both the HOMO and LUMO levels
of 9¢ and 10c become lower than those of 3¢ and 4c reflecting the stronger electron
withdrawing effect of an octatetrayne unit than a butadiyne unit. DAs 9¢ and 10c were
found to self-associate more strongly than 3¢ and 4c¢. For the first time, the detailed
thermodynamic study on self-association behavior of conjugated macrocycles possessing
octatetrayne linkages was carried out. The more negative 4H values for the self-association
of 9¢ and 10c than 3¢ and 4c¢ clearly demonstrates that the octatetrayne linkages effectively
promote n—7 stacking interactions due to their electron-withdrawing ability, which is in line
with the polar/r model. The increase in the enthalpic contribution is counterbalanced by
increasing the entropic cost, that is, enthalpy-entropy compensation applies. DAs 3¢, 4c¢, 9c,
and 10c produced 1D self-assembled clusters, which differ in the morphology and the
crystallinity depending on the length of the acetylenic linkages, the topology of DA core, and
the bulkiness of alkoxy groups appended to the phenanthrene moieties. The intriguing

supramolecular organization of 10¢ depending on the solvent polarity was observed.

4-9. Experimental Section
Preparation of 13c: To a solution of 12¢ (4.04 g, 5.58 mmol) in CH>Cl, was added TiCl4
(2.45 mL, 22.3 mmol) at 0 °C under argon atmosphere and the resulting mixture was stirred

for 5 min. MoCls (3.35 g, 12.29 mmol) was added and the mixture was stirred for 10 min at
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room temperature, and then an ice-cold HoO was added. The organic phase was separated,
and the aqueous phase was extracted with CH>Clh.  The combined organic phase was washed
with H>O, dried over anhydrous MgSQOs, and evaporated under reduced pressure. The
residue was purified by silica gel column chromatography (hexane/ethyl acetate, 1:30 to 1:1)
to afford 13¢ (2.24 g, 3.10 mmol, 55%) as deeply red solids. M.p. 113-120 °C; 'H NMR
(CDCls, 600 MHz): 0 0.90 (t, 6H, J = 7.2 Hz), 0.90 (t, 6H, J = 6.9 Hz), 0.94 (t, 6H, J = 7.2
Hz), 0.98 (t, 6H, J = 7.5 Hz), 1.31-1.58 (m, 32H), 1.75-1.84 (m, 4H), 3.90-3.96 (m, 4H),
4.07 (d, 4H, J = 5.4 Hz), 7.10 (s, 2H), 7.51 (s, 2H); '*C NMR (CDCls, 150 MHz): 6 11.32,
11.47, 14.20, 23.16, 23.18, 24.05, 29.21, 29.28, 30.70, 30.75, 39.54, 39.64, 71.57, 71.73,
106.93, 112.81, 124.45, 131.30, 149.91, 156.02, 179.38 (21 signals out of 23 expected);
UV-vis (CH2CL): Amax™ (relative intensity) = 293 (0.91, sh), 300 (1.00), 367 (0.29), 518
(0.02) nm; MALDI-TOF-MS (dith, positive): 743.20 [M+Na]*; Elemental analysis calcd (%)
for C46H7206: C 76.62, H 10.06, found: C 76.27, H 9.83.

Preparation of 27b: To a solution of TMSA (1.00 mL, 7.05 mmol) in THF (15 mL) was
added dropwise a n-BuLi hexane solution (2.69 mol dm, 2.49 mL, 6.72 mmol) at =78 °C
under argon atmosphere. After stirring at room temperature for 30 min, a solution of 13b
(1.40 g, 1.68 mmol) in THF (10 mL) was added dropwise to the mixture at =78 °C. After
stirring at room temperature for 40 min, (MeO)>SO; (1.11 mL, 11.8 mmol) was added
dropwise to the mixture at =78 °C.  After the mixture was stirred at room temperature for 15
h, the resulting mixture was diluted with H>O. The organic phase was separated, and the
aqueous phase was extracted with ethyl acetate. The combined organic phase was washed
with H>O, dried over anhydrous MgSO4, and evaporated under reduced pressure. The
residue was purified by silica gel column chromatography (hexane/CH>Cly, 1:1) to afford 27b
(1.18 g, 1.12 mmol, 66%) as yellow oil. 'H NMR (CDCls, 300 MHz): § 0.32 (s, 18H), 0.90
(t, 12H, J = 6.6 Hz), 1.30-1.51 (m, 56H), 1.81-1.92 (m, 8H), 3.17 (s, 6H), 4.09 (t, 8H, J= 6.3

Hz), 7.17 (s, 2H), 7.47 (s, 2H); 3C NMR (CDCls, 75 MHz): 6 0.17, 14.23, 22.80, 22.84,
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26.24, 29.52, 29.60, 29.76, 29.81, 31.74, 32.07, 52.29, 69.05, 70.09, 80.99, 94.55, 102.49,
110.72, 115.84, 124.71, 125.37, 147.94, 149.59 (23 signals out of 31 expected); UV—vis
(CH2CL): Amax™ (relative intensity) = 252 (1.0) 320 (0.51) nm; MALDI-TOF-MS (dith,
positive): m/z 1056.74 [M]*; Elemental analysis calcd (%) for CesH11206Si2: C 74.94, H 10.67,
found: C 74.69, H 10.73.

Preparation of 27¢: To a solution of TMSA (1.01 mL, 7.21 mmol) in THF (15 mL) was
added dropwise a n-BuLi hexane solution (2.65 mol dm™, 2.61 mL, 6.93 mmol) at —78 °C
under argon atmosphere.  After stirring at —78 °C for 30 min, a solution of 13b (1.00 g, 1.38
mmol) in THF (15 mL) was added dropwise to the mixture. After stirring at room
temperature for 90 min, (Me0)>SO> (0.89 mL, 9.70 mmol) was added dropwise to the mixture
at =78 °C. After the mixture was stirred at room temperature for 15 h, the resulting mixture
was diluted with H,O. The organic phase was separated, and the aqueous phase was
extracted with CHCl;. The combined organic phase was washed with H>O, dried over
anhydrous MgSOs, and evaporated under reduced pressure. The residue was purified by
silica gel column chromatography (hexane/ethyl acetate, 40:1 to 30:1) to afford 27¢ (1.10 g,
1.16 mmol, 84%) as yellow oil. '"H NMR (CDCls, 400 MHz): 6 0.29 (s, 18H), 0.87-0.98 (m,
24H), 1.27-1.54 (m, 32H), 1.75-1.83 (m, 4H), 3.15 (s, 6H), 3.93-3.96 (m, 8H), 7.12 (s, 2H),
7.43 (s, 2H); '3C NMR (CDCls, 75 MHz): 6 0.21, 11.37, 11.43, 14.27, 22.82, 23.27, 24.08,
29.27, 29.33, 30.74, 30.80, 31.75, 39.69, 39.80, 52.38, 71.58, 72.33, 81.03, 94.56, 102.60,
110.29, 115.65, 124.48, 125.32, 148.20, 149.95; UV—vis (CH2CL): Amax™® (relative intensity)
= 253 (1.0), 322 (0.28) nm; MALDI-TOF-MS (dith, positive): m/z 944.84 [M]"; Elemental
analysis calcd (%) for CssHosO6S12: C 73.67, H 10.15, found: C 73.37, H 10.95.

Preparation of 29b: A mixture of 27b (800 mg, 0.76 mmol) and K>CO3 (209 mg, 1.51 mmol)
in THF/MeOH (1:1, 10 mL) was stirred at room temperature for 30 min. After the mixture
was diluted with CH2Cla, the insoluble material was removed by filtration and the filtrate was

evaporated under reduced pressure. The residue was purified by silica gel column
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chromatography (acetone) to give desilylated diyne 28b. To a suspension of CuCl (75 mg,
0.76 mmol) and n-BuNH> (2.61 mL, 26.4 mmol) in H>O (20 mL) and CH>Cl> (20 mL) was
added NH,OH-HC1 (7 mg, 0.1 mmol) at 0 °C. A solution of 28b and
(2-bromoethynyl)triisopropylsilane (885 mg, 3.39 mmol) in CH2CI> (10 mL) was then added
dropwise to the mixture. After the mixture was stirred at 30 °C for 15 h, H>O was added to
the resulting mixture. The organic phase was separated, and the aqueous phase was
extracted with CH,Cl,. The combined organic phase was dried over anhydrous MgSO4 and
evaporated under reduced pressure. The residue was purified by silica gel column
chromatography (hexane/CH2Cla, 1:0 to 1:1) to afford 29b (877 mg, 0.70 mmol, 92%) as
yellow oil. 'H NMR (CDCls, 600 MHz) 6 0.89 (t, 6H, J = 6.9 Hz), 0.89 (t, 6H, J = 7.2 Hz),
1.13 (brs, 42H), 1.24-1.40 (m, 48H), 1.46-1.52 (m, 8H), 1.82—1.87 (m, 8H), 3.17 (s, 6H),
4.07-4.14 (m, 8H), 7.15 (s, 2H), 7.37 (s, 2H); *C NMR (CDCls, 150 MHz): 6 11.45, 14.28,
18.72, 22.86, 26.18, 26.23, 29.50, 29.52, 29.55, 29.59, 29.62, 29.76, 29.81, 29.83, 32.08,
32.09, 52.93, 69.30, 70.04, 73.82, 75.02, 81.68, 85.33, 89.38, 110.53, 116.07, 123.85, 125.17,
148.12, 149.97 (30 signals out of 34 expected); UV—vis (CH2Cl2): Amax™® (relative intensity) =
260 (1.0), 321 (0.35) nm; MALDI-TOF-MS (dith, positive): 1273.87 [M+H]"; Elemental
analysis caled (%) for C74H12006S12: C 77.30, H 10.76, found: C 77.18, H 11.13.

Preparation of 29c¢: A mixture of 27¢ (1.11 g, 1.17 mmol) and K>COs3 (325 mg, 2.35 mmol)
in THF/MeOH (1:1, 10 mL) was stirred at room temperature for 30 min. After the mixture
was diluted with CH>Cl,, the insoluble material was removed by filtration and the filtrate was
evaporated under reduced pressure. The residue was purified by silica gel column
chromatography (acetone) to give desilylated alkyne 28¢c. To a suspension of CuCl (116 mg,
1.17 mmol) and n-BuNH> (4.07 mL, 41.1 mmol) in HoO (5 mL) and CH>Cl, (5 mL) was
added NH,OH-HCl (12 mg, 0.2 mmol) at 0 °C. A solution of 28c¢ and
(2-bromoethynyl)triisopropylsilane (1.22 g, 4.70 mmol) in CH2Cl> (5 mL) was then added

dropwise to the mixture. After the mixture was stirred at 30 °C for 15 h, H,O was added to
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the resulting mixture. The organic phase was separated, and the aqueous phase was
extracted with CH>Cl,. The combined organic phase was dried over anhydrous MgSO4 and
evaporated under reduced pressure. The residue was purified by silica gel column
chromatography (hexane/CH>Clz, 1:1) to afford 29¢ (1.20 g, 1.03 mmol, 88%) as yellow
solids. M.p. 88-90 °C; 'H NMR (CDCls, 300 MHz) § 0.91-0.98 (m, 24H), 1.12 (brs, 42H),
1.32-1.59 (m, 32H), 1.72-1.82 (m, 4H), 3.18 (s, 6H), 3.96 (d, 4H, J= 5.5 Hz), 3.97 (d, 4H, J
= 5.4 Hz), 7.13 (s, 2H), 7.35 (s, 2H); *C NMR (CDCls, 150 MHz): § 11.48, 14.26, 18.73,
23.23, 23.25, 24.04, 24.09, 29.23, 29.26, 29.34, 29.39, 30.74, 30.80, 30.83, 39.71, 39.79,
52.97, 71.57, 71.68, 72.23, 72.27, 73.91, 74.96, 81.75, 85.20, 89.44, 110.16, 115.81, 123.59,
125.11, 148.37, 150.33, 150.36; UV—vis (CH2Cl,): Amax™ (relative intensity) = 260 (1.0), 332
(0.35) nm; MALDI-TOF-MS (dith, positive): 1161.80 [M+H]"; Elemental analysis calcd (%)
for C74H12006S12: C 76.49, H 10.41, found: C 76.43, H 10.41.

Preparation of 30b: To a suspension of 29b (1.30 g, 1.02 mmol) and SnCl>-H>O (1.14 g, 5.10
mmol) in THF (20 mL) was added H2SO4 (1 N, 10 puL) under argon atmosphere. After the
mixture was refluxed for 15 h, H,O was added to the resulting mixture. The organic phase
was separated, and the aqueous phase was extracted with CH>Clb. The combined organic
phase was dried over anhydrous MgSOs4 and evaporated under reduced pressure. The
residue was purified by silica gel column (hexane/CH>Cl,, 2:1) to afford 30b (1.00 g, 0.82
mmol, 81%) as yellow solids. M.p. 85-93 °C; 'H NMR (CDCls, 400 MHz): 6 0.88 (t, 12H,
J=6.6 Hz), 1.15-1.16 (m, 42H), 1.28-1.45 (m, 8H), 1.51-1.58 (m, 8H), 1.89—-1.97 (m, 8H),
421 (t,4H, J= 6.6 Hz), 4.22 (t, 4H, J= 6.6 Hz), 7.70 (s, 2H), 7.71 (s, 2H); 3*C NMR (CDCl;,
75 MHz): 6 11.54, 14.28, 18.77, 22.87, 26.21, 26.31, 29.28, 29.44, 29.56, 29.66, 29.78, 29.83,
32.10, 69.07, 69.59, 73.84, 83.11, 90.02, 90.62, 105.07, 108.66, 120.91, 124.58, 126.18,
149.75, 150.60 (26 signals out of 33 expected); UV—vis (CH2Cl2): Amax™ (relative intensity) =
256 (0.53), 291 (1.0), 306 (0.89), 318 (0.60), 375 (0.43), 395 (0.60), 423 (0.19) nm;

MALDI-TOF-MS (dith, positive): 1212.00 [M]"; Elemental analysis caled (%) for
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CsoH13004Si2: C 79.27, H 10.81, found: C 79.20, H 10.77.

Preparation of 30c: To a suspension of 29¢ (1.05 g, 0.90 mmol) and SnCl>-H>O (1.01 g, 4.51
mmol) in THF (10 mL) was added H>SO4 (1 N, 10 pL) under argon atmosphere. After the
mixture was refluxed for 21 h, H>O was added to the resulting mixture. The organic phase
was separated, and the aqueous phase was extracted with CH>Cl.. The combined organic
phase was dried over anhydrous MgSOs4 and evaporated under reduced pressure. The
residue was purified by silica gel column (hexane/CH>Clz, 2:1) to afford 30¢ (840 mg, 0.76
mmol, 84%) as yellow solids. M.p. 113-118 °C; 'H NMR (CDCls;, 400 MHz): J 0.92 (t,
12H, J=7.0 Hz), 0.99 (t, 6H, J = 7.4 Hz), 1.00 (t, 6H, J= 7.6 Hz), 1.15 (brs, 42H), 1.30-1.64
(m, 32H), 1.83-1.93 (m, 4H), 4.05-4.12 (m, 8H), 7.69 (s, 4H); *C NMR (CDCls, 75 MHz): 6
11.41, 11.55, 14.27, 18.76, 23.25, 24.17, 29.27, 29.35, 30.90, 39.43, 39.68, 71.36, 71.77,
73.94, 83.06, 90.06, 90.56, 104.72, 108.33, 120.81, 124.56, 126.12, 150.09, 150.98 (24
signals out of 29 expected); UV—vis (CHCI3): Amax™ () = 292 (62300), 307 (55300), 319
(36700), 376 (27200), 396 (37700), 426 nm (11400 dm® mol ! cm™'); MALDI-TOF-MS (dith,
positive): 1098.85 [M]"; Elemental analysis caled (%) for C72H11404Siz: C 78.63, H 10.45,
found: C 78.40, H 10.84.

Preparation of 9¢ and 10c¢ (Cu-mediated method): To a solution of 30c¢ (300 mg, 0.27
mmol) in THF (15 mL) was added dropwise a TBAF THF solution (1 mol dm™, 1.36 mL,
1.36 mmol) at 0 °C.  After the mixture was stirring for 15 min at 0 °C, the resulting mixture
was diluted with CH>Cl> (20 mL). The mixture was concentrated under reduced pressure to
approximately 1 mL.  The resulting mixture was purified by silica gel column
chromatography (CH2Cl) to give a yellow solution of desilylated diyne 31¢, which was used
in the next coupling reaction without further purification due to the instability. To a solution
of 31¢ in CH>Cl, (27 mL) was added CuCl (135 mg, 1.36 mmol) and TMEDA (0.21 mL, 1.36
mmol) at room temperature. After the mixture was stirred at room temperature for 4 h under

air, the suspension was filtrated through a bed of silica gel. The filtrate was evaporated
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under reduced pressure. The residue was purified by silica gel column chromatography
(CH2Cl2/hexane, 1:4) and subsequent recycling GPC eluting with CHCI3 to afford 9¢ (120 mg,
0.076 mmol, 56%) and 10c¢ (11 mg, 0.0046 mmol, 5%) as red solids. 9c: M.p. 188 °C
(decomp.); 'H NMR (CDCls, 600 MHz, 2.11 x 102 mol dm™): 6 0.91 (t, 12H, J = 6.9 Hz),
0.92 (t. 12H, J = 6.6 Hz), 0.97 (t, 12H, J = 7.5 Hz), 0.99 (t, 12H, J = 7.5 Hz), 1.35-1.61 (m,
64H), 1.81-1.87 (m, 8H), 3.94-3.99 (m, 8H), 4.07 (d, 8H, J = 5.4 Hz), 7.16 (s, 4H), 7.54 (s,
4H); 3C NMR (CDCls, 150 MHz): § 11.47, 11.53, 14.28, 23.28, 24.14, 24.17, 29.33, 29.38,
30.83, 30.88, 39.58, 39.61, 68.86, 71.13, 71.61, 72.25, 83.23, 85.27, 104.21, 107.56, 124.69,
124.79, 125.05, 150.14, 151.29 (25 signals out of 27 expected); UV—vis (CHCI3): Amax™ () =
262 (122900), 279 (168800), 298 (155000), 337 (53000), 362 (80700), 390 (83700), 493
(41100), 552 nm (7400 dm?® mol! cm™!); MALDI-TOF-MS (dith, positive): 1569.46 [M]";
Elemental analysis calcd (%) for CiosH14405-0.12CHCl3: C 81.95, H 9.16, found: C 81.95, H
9.36. 10c: M.p. 223 °C (decomp.); 'H NMR (CDCls, 600 MHz, 2.69 x 107> mol dm™): §
0.93 (t, 18H, J=6.9 Hz), 0.97 (t, 18H, J= 6.9 Hz), 1.03 (t, 18H, J=7.2 Hz), 1.04 (t, 18H, J =
7.2 Hz), 1.26-1.64 (m, 96H), 1.89-1.92 (m, 12H), 4.09 (brs, 12H), 4.13 (d, 12H, J = 5.4 Hz),
7.61 (s, 6H), 7.65 (s, 6H); *C NMR (CDCls, 150 MHz): § 11.58, 14.29, 14.34, 23.27, 23.33,
24.20, 24.25, 29.40, 29.46, 30.94, 39.60, 39.73, 65.67, 70.67, 71.23, 71.71, 76.26, 83.12,
104.58, 107.76, 120.93, 124.81, 126.07, 150.40, 151.43 (25 signals out of 27 expected);
UV-vis (CHCL3): Amax™ (£) = 290 (183800), 462 (98600), 504 nm (102200 dm* mol™! cm™);
MALDI-TOF-MS (dith, positive): 2353.83 [M]"; Elemental analysis calcd (%) for
Ci62H216012-0.35CHCls: C 81.34, H 9.10, found: C 81.35, H 9.47.

Preparation of 10c (Pd-mediated method): To a solution of 30¢ (300 mg, 0.27 mmol) in
THF (15 mL) was added dropwise a TBAF THF solution (1 mol dm™, 1.36 mL, 1.36 mmol)
at 0 °C. After the mixture was stirring for 15 min at 0 °C, the resulting mixture was
concentrated under reduced pressure to approximately 1 mL. The resulting mixture was

purified by silica gel column chromatography (THF) to give a yellow solution of desilylated
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diyne 31¢, which was used in the next coupling reaction without further purification due to
the instability. [PdCl2(PPh3z)2] (191 mg, 0.27 mmol), Cul (26 mg, 0.13 mmol), and EtN
(0.15 mL, 1.09 mmol) were added to a solution of 31c in THF (9 mL). The resulting
mixture was stirred at room temperature for 3 h. After the solvent was removed under
reduced pressure, the residue was purified by silica gel column chromatography
(CH2Cly/hexane, 1:2) and recycling GPC (CHCl3) to give 10¢ (34 mg, 14.4 umol, 16%) as
yellow solids.

Preparation of 17c¢: To a suspension of 27¢ (380 mg, 0.40 mmol) and SnCl,-2H>0 (452 mg,
2.00 mmol) in THF (20 mL) was added H2SO4 (1 N, 0.03 mL) under argon atmosphere.
After the mixture was reflux for 11 h, brine was added into the mixture. The organic phase
was separated, and the aqueous phase was extracted with CH>Cl,. The combined organic
phase was dried over anhydrous MgSO4 and evaporated under reduced pressure. The
residue was purified by silica gel column (hexane/CH>Cl,, 5:1) to afford 17¢ (300 mg, 0.76
mmol, 84%) as yellow oil. 'H NMR (CDCls, 300 MHz): § 0.37 (s, 18H), 0.92 (t, 12H, J =
7.0 Hz), 0.99 (t, 6H, J = 7.6 Hz), 1.00 (t, 6H, J = 7.4 Hz), 1.32—1.64 (m, 32H), 1.85-1.92 (m,
4H), 3.99-4.07 (m, 4H), 4.11 (d, 4H, J = 6.0 Hz), 7.70 (s, 2H), 7.79 (s, 2H); 1*C NMR (CDCls,
150 MHz): 0 0.37, 11.32, 11.51, 14.25, 23.25, 23.29, 24.19, 29.22, 29.35, 30.85, 30.93, 39.48,
39.71, 71.37, 71.80, 103.18, 103.34, 104.82, 108.82, 120.67, 124.24, 125.60, 149.77, 150.42
(24 signals out of 26 expected); UV—vis (CHCI3): Amax™ (&) = 267 (62800), 298 (40800), 305
(42900), 345 (19600), 360 (25300), 397 nm (6900 dm® mol! cm™'); MALDI-TOF-MS (dith,
positive): 883.95 [M+H]"; Elemental analysis calcd (%) for Cs¢HooO4Si2-0.07CHCl3: C 75.51,
H 10.17, found: C 75.50, H 10.36.

Preparation of 3c and 4c (Cu-mediated method): A mixture of 17¢ (130 mg, 0.14 mmol)
and K>COs (101 mg, 0.73 mmol) in THF/MeOH (1:1, 10 mL) was stirred at room temperature
for 30 min. After the mixture was concentrated under reduced pressure to approximately 1

mL, the resulting mixture was purified by silica gel column chromatography (CH2Cl») to give
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a colorless solution of desilylated diyne 15¢. The solvent was replaced with CH>Cl> by
evaporation followed by dilution, and the solution was used in the next reaction immediately.
CuCl (72 mg, 0.73 mmol) and TMEDA (0.1 mL, 0.73 mmol) were added to a solution of 15¢
in CH2Cl» (28 mL) was added. The resulting mixture was refluxed for 5 h under a supply of
air.  After the solvent was removed under reduced pressure, the residue was suspended with
CHCI3, and the resulting mixture was washed with H>O. The organic phase was dried over
anhydrous MgSO4 and evaporated under reduced pressure. The residue was purified by
silica gel column chromatography (CHCls/hexane = 1:4) and recycling GPC eluting with
CHClI;s to give 3¢ (57 mg, 0.038 mmol, 55%) as red solids and 4¢ (5 mg, 2.26 x 10> mmol,
5%) as yellow solids. 3¢: M.p. 188190 °C; '"H NMR (CDCls, 600 MHz): 6 0.91 (t, 12H, J
= 7.0 Hz), 0.94 (t, 12H, J = 6.5 Hz), 0.97 (t, 12H, J = 7.5 Hz), 0.99 (t, 12H, J = 7.5 Hz),
1.32-1.62 (m, 64H), 1.81-1.88 (m, 8H), 3.94-4.00 (m, 8H), 4.07 (d, 8H, J = 5.5 Hz), 7.01 (s,
4H), 7.53 (s, 4H); '*C NMR (CDCl3, 150 MHz): § 11.43, 11.54, 14.26, 14.29, 23.25, 23.28,
24.19, 24.22, 29.36, 29.40, 30.84, 30.91, 39.66, 39.71, 71.18, 71.68, 88.35, 93.94, 104.39,
107.78, 124.49, 124.70, 126.68, 150.07, 150.99; UV—-vis (CHCIl3): Amax™ (g) = 275 (85000),
306 (79700), 332 (59800), 347 (86700), 387 (12700), 405 (14300), 473 (26300), 560 nm
(1600 dm® mol™! cm™); MALDI-TOF-MS (dith, positive): 1473.10 [M]"; Elemental analysis
calcd (%) for Ci0oH14405-0.07CHCI3: C 81.06, H 9.79, found: C 81.05, H 9.76. 4c¢: M.p.
101-104 °C; 'H NMR (CDCl3, 600 MHz): 6 0.88 (t, 18H, J = 7.2 Hz), 0.94 (t, 18H, J = 7.1
Hz), 1.04 (t, 18H, J= 7.4 Hz), 1.05 (t, 18H, J = 7.1 Hz), 1.30-1.68 (m, 96H), 1.87 (sep, 12H,
J=6.0 Hz), 1.93 (sep, 12H, J= 6.1 Hz), 4.18 (d, 12H, J = 5.4 Hz), 4.28 (d, 12H, J = 3.6 Hz),
7.83 (s, 6H), 8.07 (s, 6H); 1°C NMR (CDCls, 150 MHz): § 11.55, 11.85, 14.22, 14.30, 23.30,
24.20, 24.35, 29.40, 29.50, 30.95, 31.10, 31.12, 39.73, 71.56, 71.67, 82.72, 83.34, 104.89,
109.59, 120.81, 124.69, 126.00, 150.01, 151.35; UV—vis (CHCI3): Amax™® (¢) = 275 (128000),
405 (88900), 426 (92300), 441 (81400) 458 nm (101000 dm® mol™' cm™'); MALDI-TOF-MS

(dith, positive): 2353.83 [M]"; Elemental analysis calcd (%) for Cis0H216012: C 81.47, H 9.85,
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found: C 81.18, H 10.04.

Preparation of 4c (Pd-catalyzed method): A mixture of 17¢ (224 mg, 0.25 mmol) and
K>COs (175 mg, 1.26 mmol) in THF/MeOH (1:1, 10 mL) was stirred at room temperature for
30 min. After the mixture was concentrated under reduced pressure to approximately 1 mL,
the resulting mixture was purified by silica gel column chromatography (THF) to give a
colorless solution of desilylated diyne 15¢. The solvent was replaced with CH>Cl, by
evaporation followed by dilution, and the solution was used in the next reaction immediately.
EtsN (25 mL) was added to a solution of 15¢ in THF (25 mL), and the resulting solution was
bubbled with argon with stirring for 30 min. [PdCl2(PPh3)2] (17 mg, 0.025 mmol), Cul (9
mg, 0.050 mmol), and p-benzoquinone (24 mg, 0.22 mmol) were added to the solution.
After the mixture was stirred at 70 °C for 2 h, the suspension was filtered through a bed of
silica gel, and the filtrate was evaporated under reduced pressure. The residue was purified
by silica gel column chromatography (CH2Clz/hexane = 1:3) and recycling GPC eluting with

CHCI; to give 4¢ (20 mg, 9.04 umol, 10%) as yellow solids.
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Chapter 5. Concluding and Future Remarks

In this thesis, the author has described the syntheses, properties, and self-assembling
behavior of novel dehydroannulenes 3-10 fused with phenanthrene or benzene moieties
(Chapters 2—4).

In Chapter 2, the author has described the syntheses of tetraalkoxyphenanthrene-fused
octadehydro[12]-, dodecadehydro[18]-, and hexadecadehydro[24]annulenes 3—-5 by using
Cu-mediated or Pd-catalyzed oxidative macrocyclization reactions as key steps and their
electronic, optical, electrochemical, and self-assembling properties. X-ray crystallographic
analysis of a single crystal of 3a demonstrated that the molecules were arranged
longitudinally in a slipped m-stacked fashion to form a 1D column. 'H NMR and UV-vis
spectroscopic and cyclic voltammetric analysis in conjugation with nucleus-independent
chemical shift (NICS) calculations for 3—5 support that the annulation at the 9,10-positions of
phenanthrene to the dehydroannulene (DA) ring enhances the tropicity and decreases the
HOMO-LUMO gaps of the molecules relative to the benzannulation and that 3 possesses an
antiaromatic character. Self-association behavior due to the n—m stacking interactions in
CDCIs was observed for 3 and 4 and was quantified by concentration-dependent 'H NMR
spectroscopic measurements.  The self-assembly of 3 and 4 into well-defined 1D
superstructures with high aspect ratios was obtained, and the morphology and crystallinity of
these compounds were investigated by means of scanning electron microscope (SEM) and
wide-angle X-ray diffraction (WAXD) measurements. Furthermore, it was shown that 3b
and 4b display liquid-crystalline phases by means of differential scanning calorimetry (DSC),
polarizing optical microscopy (POM), and variable-temperature WAXD measurements.

In Chapter 3, the author has described the syntheses, characterization, electronic and
electrochemical properties, and self-associations of hexadecadehydrodibenzo[20]-,

tetracosadehydrotribenzo[30]-, and  dotriacontadehydrotetrabenzo[40]annulenes  6-8
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possessing octatetrayne linkages. X-ray diffraction analysis demonstrated that the molecules
of 7 and p-xylene form 2D sheetlike structure. Planar 6 and 7 show significantly weak or
almost no tropicity. The extension of the acetylenic linkages from butadiyne to octatetrayne
units narrows HOMO-LUMO gaps. The self-association behavior of 7 in solution resulting
from effective m—m stacking interactions was observed in contrast with 2a possessing
butadiyne linkages.

In Chapter 4, the author has described the syntheses of tetraalkoxyphenanthrene-fused
hexadecadehydro[20]- and tetracosadehydro[30]annulenes 9¢ and 10c¢ possessing octatetrayne
linkages and the investigation on their electronic, photophysical, electrochemical, and
self-assembling properties together with those of phenanthrene-fused octadehydro[12]- and
dodecadehydro[18]annulenes 3¢ and 4c¢.  Various spectroscopic and electrochemical
measurements as well as quantum chemical calculations support that planar 9¢ and 10c¢ are
weakly antiaromatic and nonaromatic, respectively. The extension of the acetylenic linkages
from butadiyne to octatetrayne units lowers both HOMO and LUMO levels. The detailed
concentration- and temperature-dependent 'H NMR and UV-vis data of 3¢, 4¢c, 9¢, and 10¢
provided unambiguous evidence for the enhancement of self-association properties by the
extension of the acetylenic linkages. The enthalpic terms of 9¢ and 10¢ were found to be
more negative than those of 3¢ and 4¢, and thereby it is reasonably concluded that the
extension of the acetylenic linkages withdraws the electron density from the phenanthrene
moieties and thus promotes n—r stacking interactions, which is in line with the polar/mr model.
The entropic cost increases with increase in the enthalpic contribution, and thus
enthalpic-entropic compensation applies. DAs 3¢, 4¢, 9¢, and 10c¢ formed 1D self-assembled
clusters and their morphology and crystallinity proved to depend on the length of acetylenic
linkages, the topology of DA core, and the bulkiness of alkoxy groups appended to the
phenanthrene moieties. The intriguing supramolecular polymorphism of 10c¢ depending on

solvents was observed.
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Indacene is a typical 12x antiaromatic, unstable compound, where a [12]annulene moiety is
perturbed by two c-bonds. Indenofluorene derivatives, where the two benzene rings are
fused to the indacene moiety, are stable and have attracted attention due to their
electrochemical amphoterism and small HOMO-LUMO gap associated with their
antiaromatic and quinodimethane substructures embedded in the 20m perimeter (Figure
5-1).173-175 Based on the studies of phenanthrene-fused DAs described in Chapters 2 and 4,
the author designed phenanthrene-fused indacene derivative, since the annulation at the
9,10-positions of phenanthrene to indacene was anticipated to enhance 127 antiaromatic
character relative to the benzannulation and hence provide interesting optoelectronic and
electrochemical properties of the resulting compounds. The first synthesis of
indeno[ 1,2-b]fluorene derivative was achieved by the reaction of dehydrobenzo[12]annulenes
([12]DBA) 1b with I, in the presence of molecular oxygen to form diketone as a key step
(Scheme 5-1).#°% Inspired by the synthesis of indeno[1,2-b]fluorene derivative, the reaction
of 3a using I in CHCI3 was examined (Scheme 5-2), but the reaction did not proceed. The
investigation on the different synthetic approach toward phenanthrene-fused indacene is

currently underway in our group.

o,
sgseass

indacene .
indenofluorene

phenanthrene-fused indacene

Figure 5-1. Structures of indacene, indenofluorene, and phenanthrene-fused indacene.

Scheme 5-1. Synthesis of indenofluorene reported in the literature.*®* Reagents and conditions: a) 1) I,

benzene, RT; 2) O,, benzene, RT; b) 1) TIPS—C=CH, [Pd(PPh;),Cl,], Cul, THF/(i-CsH7).NH (1:1 v/v), 60 °C; 2)
TIPS—C=CLi, THF, 0 °C; 3) SnCl,, toluene, 80 °C.
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R'=C4Hq

Scheme 5-2. Attempt to synthesize phenanthrene-fused indenofluorene. Reagents and conditions: a) I,
CHCls, reflux.

The incorporation of aryl groups into the periphery of m-conjugated framework is an
effective way to control over the electronic, photophysical, and electrochemical properties and
the self-assembling behavior associated with the extension of m-conjugation.!’¢"178
Following the work described in Chapter 2, the author designed phenanthrene-fused [12]- and
[18]DAs having trialkoxyphenyl groups, which are introduced to the phenanthrene moieties
either directly or via an ethynylene spacer (Figure 5-2); the trialkoxyphenyl groups were
anticipated to bring about not only the extension of m-conjugation but also the interesting
self-assembling properties to form gel, liquid crystal, and/or 1D cluster. These DAs differ in
the topology, size, and planarity of m-framework, and hence their extent of m-conjugation,
which is apparently responsible for photophysical and electrochemical properties, and
self-assembling behavior should be different from each other to some extent. The
elucidation of the relationships between tropicity, properties, and self-assembling behavior in
these DAs, in particular, the difference of the physicochemical and self-assembling properties
stemming from whether the trialkoxyphenyl groups are introduced to the phenanthrene
moieties directly or via an ethynylene spacer seems an interesting task. The author has very

recently accomplished the syntheses of these novel DAs and undertaken the investigation on

their properties and self-assembling behavior. The results will be reported elsewhere.
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(a)

R=CygHy,n=10r2

R=CygHyy,n=10r2

Figure 5-2. Structures of phenanthrene-fused DAs having (a) trialkoxyphenyl and (b) trialkoxyphenylethynyl

groups.
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Chapter 6. Appendix

6-1. Experimental Methods

General Experimental Methods: Column chromatography and plug filtrations were carried
out with SiO> 60. Thin-layer chromatography (TLC) was conducted on aluminum sheets
coated with SiO2 60 F»s4; visualization with a lamp (254 or 365 nm). Melting points (M.p.)
were measured with a Yanako melting point apparatus and are uncorrected. The NMR
spectra were recorded with a JNM-ECS300, JNM-ECS400, or JNM-ECA600 FT NMR
spectroscopy (JEOL). Residual solvent or tetramethylsilane signals in the 'H and '*C NMR
spectra were used as an internal reference (CDCls, 'H: § 7.26; 13C: § 77.16). Chemical shifts
(0) are given as 0 values. The coupling constants (J) are given in Hz. The apparent
resonance multiplicity is described as s (singlet), d (doublet), t (triplet), q (quartet), qui
(quintet), sex (sextet), sep (septet), m (multiplet), and brs (broad singlet). FAB-MS spectra
were recorded with a JMS-HX110A or a JMS-T100CS mass spectrometer with m-nitrobenzyl
alcohol (NBA) as a matrix. MALDI-TOF-MS spectra were recorded with SHIMADZU
AXIMA Performance mass spectrometer with dithranol (dith) or sinapinic acid (SA) as a
matrix. The most important signals are reported in m/z units with M as the molecular ion.
The UV-vis spectra were recorded on a SHIMADZU UV-2550 spectrometer. UV-—vis
spectra were recorded in CH2Cl, or CHCI3 at 101077 mol dm ™.  All peaks followed Beers
law, which confirms that the absorption are intrinsic to molecules rather than aggregates.
The fluorescence spectra were measured on a HITACHI F-4500 fluorescence
spectrophotometer. UV-vis spectroscopic measurements at various temperature were
carried by using a HITACHI U-3000 spectrometer with peltier-type temperature controller.
The spectra were measured in a cuvette of 0.01, 0.1, or 1 cm. The absorption maxima
(Amax™) is reported in nm with the relative intensity or the molar absorption coefficient in

brackets. Fluorescence lifetimes were determined by the time-correlated single-photon
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counting method based using a nanosecond laser system that was based on an LED pulse
(HORIBA). The absolute fluorescence quantum yields were determined by an integrating
sphere system (Hamamatsu Photonics K.K.). Gel-permeation chromatography (GPC) was
performed with a LC-918 (Japan Analytical Industry Co., LTD) using JAIGEL-1H (20 x 600
nm) and JAIGEL-2H (20 x 600 nm) columns eluting with CHCl3. Cyclic voltammetry and
differential pulse voltammetry (EC FRONTIER, Inc.) were performed by using a cell
equipped with a platinum as working electrode, a platinum wire as counter electrodes, and
Ag/AgNOs as a referential electrode. All electrochemical measurements were performed in
o-dichlorobenzene (0-DCB) solution (ca. 5 x 10* mol dm™) containing 0.1 mol dm™
n-BusNPFs at 25 °C.  All potentials are referenced to the ferrocene/ferrocenium ion (Fe/Fc™)
couple, used as a standard. SEM images were obtained with a Hitachi field-emission SEM
S-4800 operated at 1.0 kV. A Pt-Pd coating was applied using a HITACHI E-1045 ion
sputter.  WAXD measurements for the materials from dehydro[n]annulenes ([n]DAs)
through a phase transfer method were performed on a Rigaku MicroMax-007HF X-ray
diffractometer for which a Cu-Ko radiation (1 = 1.54 A) was used. The obtained WAXD
patterns were recorded using a cooled CCD camera (Hamamatsu Photonics K.K., C4742-98)
with an image intensifier (Hamamatsu Photonics K.K., V7739P). AFM measurements were
performed on a Shimadzu SPM9600: compounds were drop-casted from a MCH solution on
the SiO, surface. TG-DTA was performed on a TG/FTA6200 (Seiko Instruments Inc.) at

1

heating and cooling rates of 10 °C min~'. DSC was performed on a PerkinElmer Diamond

DSC at heating and cooling rates of 10 °C min™".

Optical textures at cross polarizers were
obtained with an OLYMPUS BXS50 polarization microscope equipped with a METTLER
TOLEDO FP82HT hot stage controller unit. ~Simultaneous WAXD and DSC measurements
for DAs were performed on a Rigaku SmartLab for which a Cu-Ka radiation (A = 1.54 A) was

used.
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Computational Methods: DFT calculations were performed using the Gaussian 09 program
package.!””  Geometry optimization was performed with the restricted Becke hybrid
(B3LYP) at the 6-31G(d) basis set. Further single-point calculations were performed at the
6-31+G(d,p) basis set to obtain the molecular orbital energies. The NICS values were
calculated using the GIAO method at the HF/6-31G(d) or B3LYP/6-311++G(2d,2p) level of
theory. The 'H NMR chemical shifts were calculated using the GIAO method at the
B3LYP/6-311++G(2d,2p) level of theory. TD calculations were performed at the
B3LYP/6-31G(d) level of theory. The calculated UV—vis transitions are vertical. NBO
analyses were performed with the B3LYP/6-311G(d,p) level. The ESPs and MEPs were
calculated at the B3LYP/6-31+G(d,p) level of theory. PM?7 optimization were performed

using MOPAC2012.17

X-ray crystal structure analysis: The X-ray crystal structures were solved by direct methods
(SIR-97)'%% and refined by full-matrix least-squares analysis (SHELXL-97),'®! using an
isotropic extinction correction. All non-hydrogen atoms were refined anisotropically;
hydrogen atoms were refined isotropically, whereby hydrogen positions are based on

stereochemical considerations.

6-2. Procedures for Determination of Association Constants
Monomer—dimer Model:'*> The monomer—dimer model is the model for the description of
dimerization. The 'H NMR spectra of DAs and dehydrobenzo[n]annulene ([#n]DBA) were
measured at various concentrations. According to the monomer—dimer model, the
relationship between the observed chemical shifts (dobs) and the total concentration (Ct) is
expressed as:

Jobs = Omon + (Fagg — Omon)(4KCr+ 1 — (8KCr+ 1)V2)/4KCr

where K is the association constant, d.ge 1S chemical shifts of aggregated species, Omon 18
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chemical shifts of monomer. The observed chemical-shift data were analyzed by a nonlinear
least-squares method fit to Kaleida Graph Program!'®? to give best-fit values for variables X,

5m0n, and 5agg.

Isodesmic Model (Concentration-dependence):'®?> The isodesmic models is the model for
the description of extended aggregates. In this model, the aggregates are assumed to be of
one dimensional character. For all the binding events i.e. the addition of one monomer to
another monomer or to any aggregated species, the equilibrium constants are equal. The 'H
NMR or UV—vis spectra of DAs were measured at various concentrations. According to the
isodesmic model, the relationship between dobs or observed molar excitation coefficient (gobs)
and Crt is expressed as:

Jobs = Omon + (Fagg — Omon)(1 — QKC1+ 1 — (4KCr+ 1)"2)2K*Cr?)

Eobs = Emon + (€age— Emon)(1 — (2KCr+ 1 — (4KCr+ 1)V)/2K>Cr?)
where K is association constant, €,z and emon are the molar excitation coefficients for the
monomer and the aggregated species, respectively. The observed chemical-shift or molar
excitation coefficients data were analyzed by a nonlinear least-squares method fit to Kaleida

Graph Program® to give best-fit values for variables K, dmon OF &mon, and dagg O Eage.

Isodesmic Model (Temperature-dependence):'3* The UV-vis spectra of DAs were
measured at various temperatures. According to the isodesmic model, the relationship
between eops and the temperature (7)) is expressed as:

Eobs = Emon T (€age — €mon)(1/(1 + exp(—0.9084H(T — T,,)/RT?))
where AH is enthalpic term, R is the gas constant, and 7}, is the melting temperature which is
the temperature at aage = 0.5. The observed molar excitation coefficient data were analyzed

by a nonlinear least-squares method fit to Kaleida Graph Program®? to give best-fit values for
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variables 4H, T, émon, and €agg. The degree of aggregation (aagg) 1s calculated by €obs, Emon,
and agg:

Otagg = (Eobs — Emon)/(€agg — Emon)

From aage, the number average aggregate (DPy) can be calculated directly:

DPy = 1/(1 ~ Gagg)"?

Furthermore, DPy is also related to the Ct and K:

DPyx=1/2 + (4KCt+ 1)"2/2
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6-3. Transient Absorption Spectra of 3¢, 4¢, 9¢, 10c, 17¢, and 30c¢
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Figure 6-1. Transient absorption spectra of (a) 3¢, (b) 4¢, and (c) 10c at 100 ns upon 266 nm laser pulsing in

Ar—purged CHCI; solution at 25 °C.  Inset; trace at (a) 550 nm, (b) 550 nm (upper), 415 nm (lower), (¢) 550 nm
(upper), and 460 nm (lower).
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Figure 6-2. Transient absorption spectra upon 266 nm laser pulsing in Ar—purged CHCl; solution of (a) 30c
and (b) 17¢c. Inset; (a) Trace at 545 nm for the Ar—purged (black line) and the aerated (blue line) solution. (b)
Trace at 545 nm. The decay profile was independent of the dissolved oxygen.
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6-4. Differential Pulse Voltammograms of 3¢, 4¢, 9¢, 10¢, 17¢, and 30c
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Figure 6-3. Differential pulse voltammograms of (a) 3¢, (b) 4¢, (c) 9¢, (d) 10¢, (e) 17¢, and (f) 30¢c measured
in 0-DCB (0.1 mol dm™ n-BusNPF) at a pulse width of 100 ms over a period of 200 ms.
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6-5. van’t Hoff Plots of 3¢, 4¢, 9¢, and 10c¢
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Figure 6-4. van’t Hoff plot of (a) 3¢ and (b) 4¢c in MCH by 'H NMR experiments (concentration dependence)
and (c) 9¢ and (d) 10¢ in CDCl; by 'H NMR experiments (concentration dependence), and (e) 9¢ and 10¢ in
MCH by UV-vis experiment (temperature dependence).
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6-6.
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'H and '3C NMR data
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"H NMR spectrum of 13a in CDCl; solution (125 MHz).




883 o8k 8 5 TR
[N <+ 7 o J )11 )]
\ ( / ’/;,'///
\l/ 7
Iif I~
8
{
|
-
2
(=]
i
- 2 [
I @
RO OR f ’( ‘
o ror |
— =
“HO OH
R = n-C4Hq
2 g8 ')
f ( J |
11/ / J / Mo/ /}
'\ ) ( AUvi
D V.Y S S A U . G AU B S O G, A
7 6 5 4 3 2 1 0
5/ ppm
Figure 6-7. 'H NMR spectrum of 14a in CDClI; solution (300 MHz).
O o w —n N NOQOM NS = wn w
&6 s s 52 & BEREsES 85 g 8
g¢ ] = o RREOEER wn g 3z
| | ﬁ‘,’ /l l | |H|
\" \ S \IJ
f (..
RO OR
o4 -or
—_— =
“HO OH
R = n-C4Hq
* A A ; oo gl A itbin wowd e Yo oot
140 120 100 80 80 40 20 0
5/ ppm

Figure 6-8. '3C NMR spectrum of 14a in CDCl; solution (75 MHz).
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The *C NMR spectrum of 3a could not be obtained due to the low solubility.
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Figure 6-14.

'"H NMR spectrum of 4a in CDCl; solution (500 MHz, 1.45 x 1072 mol dm™).
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Figure 6-17. '3C NMR spectrum of 4b in CDClI; solution (125 MHz).
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Figure 6-21. '3C NMR spectrum of 16a in CDCl; solution (75 MHz).
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Figure 6-25. '3C NMR spectrum of 2a in CDClI; solution (125 MHz).
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Figure 6-31. '3C NMR spectrum of 6 in CDCl; solution (150 MHz).
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Figure 6-33. '3C NMR spectrum of 7 in CDCl; solution (125 MHz).
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Figure 6-34. 'H NMR spectrum of 8 in CDCl; solution (500 MHz).

The 3C NMR spectrum of 8 could not be obtained due to the low solubility.
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Figure 6-37.

"H NMR spectrum of 27a in CDCl; solution (400 MHz).
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Figure 6-38.

13C NMR spectrum of 27a in CDCI; solution (75 MHz).
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Figure 6-39. 'H NMR spectrum of 27b in CDCI; solution (300 MHz).
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Figure 6-40. '3C NMR spectrum of 27b in CDCl; solution (75 MHz).
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Figure 6-42. '3C NMR spectrum of 29a in CDCl; solution (150 MHz).

153



20

40

80

I

e :
0880
E\m.o%
2860 ,H/
860
2960\
Rm,ol/
b20°L [
mmmﬁ)/ " yoTYL
SEET\N\ e = gl
BhE L N - o0 . BETEE
Zap I— Lzze ~ 180 —
€051 ) N PEOYE —
mmm.fl// ELVeE — o an PeZBE —.
mmmw% Te— ESCEC —
AN e . =
wmﬁ}.ﬂhw 8EE m F5e 0 —
mom.fﬁ\\ﬂ ™ A €E9°0E
veg'k « - )
g bR —
o
=
8
=]
=
]
»n .
o 2628
aze © m
811°E { @)
0UGTLL —,
= e
-] 68¢L /
a 906 €L —
£96°¢ 1818 £ ~ mwm“wm — I
R 0 — <l s BE=
- 3 ’ i
s
@ \ \ m 002°58
=}
x © % LPP'68
o )/ I & o
M v
' o 1] w“ a4
o
o =
\2 z
m o = €910}
@ \ = LESHE
»
o © <
= o 265 €Th————
® vLSeL
=
20
o
) ~
sehL 90T
08z, oz
I £33 —
peE0sI—

80
51 ppm

L Ll

100

13C NMR spectrum of 29b in CDCI; solution (150 MHz).

120

Figure 6-44.

140

N

154



7709
- ——7.700

Y4 AN §
TIPS TIPS 3
R = CyoHz4
o
dle
g2
g
o N g
o g @ -
: ~
b
me | e
8 7 6 5 4 2 1
&/ ppm
Figure 6-45. 'H NMR spectrum of 30a in CDCl; solution (400 MHz).
s R =2 8 og8e mo Igepanreaey 3 9
=0 © o L5 = Germ 6o CEROnTAREDS N 0
5] g 8 CER S S HANARAREENS ¥ =
[

— ——150.601
———149.759
26
24
120.912

)

S

<

TIPS TIPS
R = CqoHa1
N T 1
. e i IR e

Figure 6-46.

80
&/ ppm

b L\-Mhm’

P T

13C NMR spectrum of 30a in CDCI; solution (75 MHz).

155



4
5/ppm

B FANES—————
s =
sies =
||,ll‘1'i/’|l’| H"iu-llr
— |
9% 4 w_ ||I|J b
JLInFluL_ .
|
670" .
080 zLLe | L
SOL'b — Imlllﬂ
BLLP—
2]
5 o
o [=
(@) FZ
o
SN |
o) N, o
z L
x [
i
|
094 S
1892 or

"H NMR spectrum of 30b in CDCI; solution (400 MHz).

Figure 6-47.

8% ——=

Tl v0L
STE'80}

L0802}

€95¥ZL
[a-r4%

26005}
08605 —

N\
TIPS

RO
/ \

RO OQO OR

TIPS

80

100

V4
R

120

130

20

40

60

&/ ppm

13C NMR spectrum of 30b in CDCI; solution (75 MHz).

Figure 6-48.

156



7.495
7.260
7.148

!
."I @
/ 5
2 3
% r [
2 - ‘

|2 = [

;o /! / J Jj J
__..M.JN_.JJ J _}U“ J’Lﬂ \\.J o
[ T - T T T

3/ ppm

Figure 6-49. 'H NMR spectrum of 9a in CDCl; solution (600 MHz, 50 °C).

The 3C NMR spectrum of 9a could not be obtained due to the low solubility.
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